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FOREWORD 

This bulletin presents a report of a special study of scaled and un
sealed concrete \vhich \Vas performed in conjunction vvith an investiga
ti-on on the durability of concrete being conducted hy the IVIichigan 
State Highway Department. 

The preparation of the thin sections and subsequent microscopic· 
analysis are the ·work of John A. Young, Petrologist, Geology and 
Geography Department, l'vlichigan State College. The physical and 
chemical phase of the work \vas conducted by Eichard Thnrm and George 
T. Haner, Research Chemists of the JVIichigan State High\\'ay Depart
ment. 'i he inn:.~stigation -.,;~,rc:t::; under the general supervision o[ the atttbor 
hnd .J. \V. Kushing, former Research Engineer of the lVfichigan State 
Highway Department, 

The Research Laboratory of the JVIichigan State Highway Depart
ment, of which Charles M, Ziegler is State I-Iigh~~:ay Commissioner, is 
located--in the R, E, Olds Hall of Engineering on the Michigan State 
College Campus, East Lansing-, lVIichig~n. 



Microscopic Investigation of Scaled 
and Unsealed Concrete 

TJy E. A. FINNEY 

INTRODUCTION 

One form of concrete deterioration prevalent m l\1ichigan is surface 
scaling and subsequent disintegration of the pavement from the surfa·cc 
downvvard. In 1939 a survey of concrete pavements on state trunk line 

highways in 1\1ichigan revealed that approximately 6.5 percent of the 
total pavement sttrfacc had scaled in varying degrees as follows: 6.3 
percent ligh( to medium surface scale. and 0.2 percent heavy scale to 

progressive disintegration. Other states in corresponding climatic zones 
have experienced similar scaling conditions. 'T'his condition has become 

more apparent as the use of chemical salts has increased for the re
moval of ice from pavements. The unsightliness of scaled areas, the 
necessary subsequent maintenance and the added possibility of further 

deterioration are of immediate concern to the highway engineer. 
Consequently in 1939, an investigation of scaling, to determine its 

causes and methods of prevention, \vas incorporated into the research 
progra·m of the l\1ichigan State Highway Department as a definite 
project under the title "Durability o£ Concrete". The investigation 
was dedicated to the establishment of certain fundamental principles in 
concrete construction and to the correlation of certain laboratory 
studies with construction methods in order to develop more durable 
concrete pavements. To obtain this end, the investigation was divided 
into two separate studies: first, a laboratory study of concrete dura
bility as related to scaling; and second, the construction of a special 
pavement for field observations which is widely knmvn 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 
problem resolves itself into several phases: first, the acquisition of cer
tain knm,vledge concerning the phenomenon of scaling; second, the 
improvement 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 surface treatments. All of these factors have been 

considered to some degree in the scope o£ the research program per
taining to the durability of concrete for pavements. 

This report presents the results of a study pertaining to the acquisi
tion of certain knmv1cdgc associated \vith the phenomenon of scaling. 
The study was undertaken in connection ·with .the investigation on 
durability of concrete in an at.tempt to discover atiy visible chemical 

or physical properties associated with scaling. 
'Ihe study includes 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 it0 composition, 
microscopic comparison of scaled and unsealed concrete, solubility 
characteristic of calcium hydroxide in calcium 'chloride solution, the 
concentration of calcium chloride on pavement surfaces and depth of 
penetration of calcium chloride into the concrete surface. 

Studies vverc. made of thi11 sections cut ottt of pavement cores taken 
from scaled and unsealed pavements as well as from fragments of scale 
-.,:vhich had come from scaled portions of the high\vay. The thin sec

tions \vcre made according to the technique commonly used in petrog
raphy and described in most petrographic tderencc hooks. The thin 
sections were then examined in polarized light under the petrographic 

microscop~. 

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 ,~rith very fme 
aggregate, and possessing physical and chemical properties analogous 
to those of the parent 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 surface. 

'J'he scaling phenomenon is caused by the sequence of several events, 
the first of which is the deposition of a thin layer of heterogeneous mate
rial on the pavement surface, O\ving 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 light and small particles to
wards the surface. This condition is accelerated hy the presence of 
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excess mixing vvater 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
ttCts 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 stu-face. Scale disintegrates 
physically, as manifested by cracking of the scale structure mving to 
abnormal physical forces incurred by crystal grovvths and excessive 
volume changes caused by fluctuations in temperature and moisture 
conditions. Finally, further breakdown and displacement of the scale 
from' the ixtvement stu-face 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
eralities 1:vith resp~ct 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 been somewhat altered owing to segregation of the ingredients 
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 shmved 
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 percent. 

On the other hand, it was observed that the cement content of the 
n1ortar paste in the parent concrete contained more cement than the 
scale. 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 taken from immediately below the scale area. Consequently, 
it is only natural to expect that the cement content at that point 1:vill 
be somewhat higher than the design calculated value -which amounts to 
13 ancl 30 percent in the concrete and mortar, respectively .. This varia
tion in cement content is believed 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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Fiy. 1. Enlarged 1.•iew of scale showing its reseJilblance 
to concrete 111ortw·. 

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 uncle1· 
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 between wet and dry specimens, and 
in different temperature ranges. The data in Table 1 show the variation 
in thermal coefficients ranging from app1'oximately 8 x lQ--U to 10 x 1()--6 

per degree centigrade for a temperature rang·e between 24 6 and soo C. 
The change in length from wet to dry state was of the order 20 x 10-5 

to 30 x 10-5 inches per inch at 24o C. The coefficients were determined 
b Cl d Tl A I • • • I ..f. U I/. II 2" y a 1evenar 1enno na yzer reqmnng a speCimen /8 x /4 x 
in length. 

Microscopic Study of Scale 

Under the petrographic microscope, scale resembles normal mortal· 
111 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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TABLE 1-C ol/lparative data 011 physical properties of scale aJld pareJlt coJlcrete 

Scale 
Top 

parent 
concrete 

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

Apparent specific gravity .... .. . 

Pore vollllne (percent) .... . 

Absorption (percent) ...... . 

Permeabilito' (inches per 2•1 hours) ..... 

Thermal coefficient of expansion-X1o-o Dry, 24°C. to f>0°C .. 

Thermal coefficient of expansion-X10-' Wet, 24°C. to 50°C. 

Change in length <lue to moisture-XlO-" at 24°C. (inclles per inch) ...... . 

2.30 

6.2 

9.06 

8/32' 

8.8 

9.5 

0.32 

2.43 

3.1 

4.6 

3/32" 

10.0 

9.2 

0.20 

deposits of crystals in considerable amounts. Among the crystals identi
fied were calcium carbonate and calcium hydroxide, with a trace of 
unhydratecl clicalcium silicate and tricalcium silicate. Scale containing 
crystals of calcium hydroxide is illustrated in Fig. 2. 

Fig. 2. Photol/licrograph of srction· of scale showi11g crj•stalliJle calciulll hj•dro,ride 
dispersed throughout the gef structure a11d coiici!lltrated i11 the craclls as desig11ated 
by zc•hite arras. Crossed Hicols, SOX. 



10 :MICHIGAN ENGINEERING BULLETIN 101 

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 

Fig. 3. Photomicrograph of calcium car
bollafe deposits in cracks formed in 11eat 
ceme11t subjected to a11 atmosphere of carbon 
dio:ride. 80X. 

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 between scale 
a11d underlying concrete re
vealed a prep onder an c e of 
large calcium hydroxide crys
tals. In nomal concrete cal
cmm hydroxide is microcrys
talline. 

Large crystals of calcium 
hydroxide were also distrib
uted uniformly throughout the 
scale structure. This is clearly 
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 pei1etrating 
much of the section. to a depth of at least }4 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 vvas present in moderate amount as defined by the 
white specks. 
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T•,;vo 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 g-rowth has been observed by other investigators ( 1) 

Fig. 4A. Photomicrograph of a section of scaled concrete showing cracks 
penetrating from surface. Large white areas are aggregate particles. Small 
white flecks are crystals of C.,S, CzS,* or Ca(OH)z. 80X. 

Fig. 4B. Same view as A with crossed nicols, 80X. Large cracl1 filled 
with crystalline calciu,m h3>dro:ride is visible. The white area e.'t'tending to right 
of crack is a large concentration of calcium hydJ·o.'t'ide crystals, apparently de
veloped by solutions permeating the porous gel structure. 

*C,S = 3 CaO , SiO, Tricalcium Silicate 
C,S = 2 CaO , SiO, Dicalcium Silicate 
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Fig. 5. Photo111icrograph of scaled concrete parallel to surface, crossed 
nicols, 80 X. Black area to left is region where frag111ent was brohen from 
sectio11. Note collcc/llration of crystalline calcinlll h.vdro.ride alo11g s111all crac!ls. 

(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 sections, 
especially where abundant calcium hydroxide is present, show only 
a tr~<ce of dicalcium silicate ancl tricalcium silicate, whereas the amor
phous cement Yz inch below the surface shows a trace of tricalcium 
silicate ancl a larger amount of clicalcium silicate particles. 

An analysis of an unsealed 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. 

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

*(1), (2), (3) See Bibliography. 
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consists of numerous concentrations of extremely mim!te crystals of 
calcium hydroxide. This zone extends only to a depth of 0.5 mm. be-
low the surface. The amount of calcium hy:lroxide present at the 
upper surface is very small. 

SOLUBILITY OF CALCIUM HYDROXIDE IN 

CALCIUM CHLORIDE SOLUTION 

The literature shows considerable evidence that calcium chloride 
1s 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. Pliotol/licrograpli sliowi11g co/lcelllratioll of crystalli11e ca/ciu/11 
hydroxide toward surface of paveJJteJJt. Crossed 11icols, SOX. 
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Fig. 7. Photomicrograph showing formation of calcinm hydro:ride crystals 
on a neat ce111ent plate e:\cposed to calcinllt chloride solutio11. SOX. 

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. SA. Photo11licrograph show
ing formation of calcium o;r:,>chloride 
crystals on a neat cement plate treated 
with calcium chloride solution. SOX. 

Fig. SB. Synthetic calcium oxy
cllloride cr:,>stals from pure co/npo
nents of calcimn hydro:lcide and 
calcium chloride in water. 
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Experiments in the laboratory on neat cement plates exposed to 
calcium chloride solutions revealed the conversion of minute particles 
of calcium hydroxide into large crystals of calcium hydroxide, as illus
tr·ated in Fig. 7. This confirms the hypothesis made on the basis of 
microscopic observation in Fig. 2. Further, it can be sho\'Vll 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 
f~rm as calcium oxychloride (Fig. 8). Available data fttrther indicate 
the existence of calcium oxychloride in dilute solutions of calcium 
chloride \Vhen in contact 1vith neat cement. Solubility characteristics 

I 
I 

I 
I 

Fig. 9. Graph showing soltt-b.ftity characteristics of calci-11-m hJidro:v-ide in 
'water and calcium chloride solution at different temperatures. (4) 

(4) See Bibliography, 
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for calcium hydroxide in water and in calcium chloride solutions are 

shown in Fig. 9. These chemical phenomena are conducive in a vat·iable 

degree to the ultimate decomposition of the scale material. 

The rate and degree of decomposition of the scale as affected by 

chloride salts are proportionate, to a certain cxte11t, 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 c~nditions has led to a study 

of these factors. 

CONCENTRATION OF CALCIUM CHLORIDE 

ON HIGHWAY SURF ACES 

1t is generally recommended that calcium chloride should not be 

applied to concrete pavemc11ts for ice removal purposes in amounts 

sufficient to result in concentrations exceeding 10 percent. 

Lack of available data on the subject led to a brief investigation 
to determine the probable maximum concentration of chemical salts 

on higlnvay surfaces resulting from continued applications ancl sub

selluent evaporation o£ the water resulting from the melterl snmv and 

Ice. Certain areas on specially selected trunk lines were chosen for 

study -where it was expected maximum concentration 'Nould occur 

under 1101·mal icc co11trol treatments. In order to Ohtain a truly repre

sentative picture, four test areas were established. These four areas 

included sttcet and trunkline intersections svhere it 1vas known that 

frequent applications of calcium chloride l'vould be required, and on a 

two-lane and £om·-lane rural highway subjected to normal icc control 

treatments. 
The amount of calcium chloride present on the pavement surface 

was determined both hy analyzing the 1neltell snmv and icc and by 
examination of the cl.ry dust brushed from the pavement surface. The 
;;:amples were taken from badly scaled surfaces conducive to localized 
cot1ceni:rations in depretosions and hom unsealed pavement .surfaces 
1vhere it 1;~,ras natural to expect that lmv concentrations \Vonld be found 
because o{ traffic and drainage conditions. 

The results o[ these analyses as presented in Table 2 shu1v that high 
concentrations of calcium chloride may occur under favorable condi
tions even though the average concentration during application for 
ice contt·ol is kept at a lov,r value. 
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Fig. 10. Graph showing penetration characteristics of 
calcium chloride i11 concrete pavements. 

DEPTH OF PENETRATION OF CALCIUM CHLORIDE 

17 

In conjunction with the concentration studies, n~easurements for 
depth penetration of calcium chloride were made. Portions of the 
pavement slab were removed at intervals of ,Vs~;4~0~;x:i 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 Ys 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 Ys and 7i inch below 
the surface. Only traces of chloride were found at a depth beyond ;Vi 
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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TABLE 2-Concentration of calcium. chloride on pa.vement snrface 

Test. armt 

I I Concentration 
Concentration I of CaCb in 

I
. of eaCh in I moisture 

. . . . . . . . I 
. . . . . . . . . i 

. . . --. --. I 
I 

slush and contained 
water on in the sand 
surface. - and dust on 

Percent lJy I surface. 
weigM Pe~('ei~L_lY 

0. 31 
0.42 

0,44 
0.41 

0,22 
O.fil 

0.55 
0.37 

0.2::> 
0.41 

I 28 . ."i 
31.5 

42.8 
51.6 

20.2 
10.8 

39.7 
42.6 

15.5 
4{1.{) 

SUMMARY OF MICROSCOPIC STUDIES 

From a physical standpoint, concrete scale was found to 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 oi temperature and moisture. These characteristics promote sep
aration of the scale by 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 clue to freezing 
and chemical action. 

The scale has essentially the same composition as the mortar in. 
the parent concrete \Vith slight variations in the proportion;:; of the 
various components, the average cement content of the scale being 
somewhat higher than that of the parent concrete. 

11icroscopic analysis revealed deposits of calcium carbonate and 
calcium- hydroxiQ_~ in microscopic cracks throughout the scale. Also 
large 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 unsealed c;pncrete 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 grovdh of calcium hydroxide. It also removes calcium 
hydroxide from the cement gel by forming new chemical compounds, 
one of 1vhich can be positively identified in crystalline form as calcium 
oxychloride. Examination o{ pavement surfaces shm~rs that sufficient 
·concentration of calcium chloride is present to cause these reactions. 

The mechanism of these reactions is assumed to be as follov.,rs: 

1. 3 CaO . 2 SiO, . n H,O + Ca (OH), CaCl, . n H,O 
+ -------> 

Hydrated Cement Solution 

3 CaO . CaCI, . 15 H,O SiO, . n H,O 
+ 

Calcimn Oxychloricle Hydrated Silica 

2. Calcium Oxychloride +Temperature Change + Dilution-> 

Ca (OH), CaCI, . n J-1,0 
+ 

Crystalline Solution 

On the basis of the relationships found in this study it is evident 
that the decomposition of scale material is clue ln part to the inherent 
physical characteristics of scale resulting during its early formation 
and in part to the chemically deteriorating effect of chloride salts 1vhich 
promote crystal growth, resulting in abnormal interstitial pressures 
and the removal of certain cement constituents from the gel structure. 
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