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FIGURE 26. SURFACE SCALING IN 1952 OTIS 
AGGREGATE CONCRETE. 
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scaling is related to availability of moisture, development of fracture pattern~ 
......... -···· 

beneath the lighter material, and tYPe of aggregate at the surface. These 

detached pieces occur as the removal of matrix material covering single coarse 

aggregate particles (pop outs) or as sheets of material covering concen-

trations of a particular type of highly fractured coarse aggregate. 

joint in a downward direction. Minor fractures are subparailel to the '? 4. Surface fracture patterns around joints are diverted away from the 

surface as the base of the light colored matrix area. 

5. Fracture patterns also develop from the bottom of the slab adjacent 

to th~ joint zone and are diverted away from the joint in an upward direction. ~ 
The intensity of fractures are related to the type of coarse aggregate pre- CJ 

sent. Well-developed fracture patterns in the bottom of cores resulted in 

several .short core samples. 

6. In air-entrained cores the bottom fracture pattern appeared more ex-

tensively developed than the upper core fracture pattern. Not enough cores 

were observed to indicate whether this is true for any but the cores sampled. 

However, it is suspected that recent cores which arJsealed underneath with .... 

polyethylene sheet are particularly susceptible to development of the bottom 

fracture pattern. For example, in the 1958 Otis fence series the bottom fracture 

sets were sufficiently developed to cause short cores at distances as much 

as three feet from the joint. 

Color changes 

In reflected light study of carbonate rocks one of the characteristic 

properties of a lithology is its color when viewed as a "wet" surface. The 

Q 
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use of acetate peel coverings on the surface of concrete samples permits 

comparison of the "wet" surfaces between samples. Since the coarse aggregate 

material came from Otis lithologies, the color of the coarse aggregate intro

duced into the highway should match the range of colors displayed by fresh and 

weathered rocks in the Otis Quarry. Colors which fall outside this range 

we assumed to result from interaction between the aggregate and its concrete 

environment. Some aggregates in Otis concrete show a progressive change from 

brown to yellow to white, depending on the length of time they have been in 

concrete and availability of moisture. Some aggregates change color as a 

unit in which the entire aggregate appears to fade. Other aggregate-types 

change color at the outer surface and are considered to form an inner rim. 

The rim progresses inward until the whole aggregate has the characteristic5 

of the inner rim. Observations indicate that as the coarse aggregate becomes 

bleached with time, the matrix darkens from the colored material removed from 

the coarse aggregate and deposited in voids forming films on interfaces and 

fracture surfaces in the concrete. Certain Otis aggregate types were found to 

develop inner rims more rapidly in air entrained concrete. This is attri

buted to higher leaching rate in air entrained material. 

Coarse aggregate inner rims 

For a long time it has been known that inner rims have material pro

perties which differ from the parent material. For example they are classi

fied on the basis of HCl etching into negative rims, if they form peripheral 

depressions, and positive rims if they form elevated resistant peripheries. 

The relationship between these peripheral reaction zone features and con

crete durability is not well understood. In our bending strength studies 
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of HR-86, inner rims were associated with the weak lithology. However, to 

most c0ncrete petrographers they have remained features unrelated to concrete 

behavior. In this fence study it has been observed that fractures develop 

preferentially within the inner rim of certain Otis aggregate types. Upon 

fracture of the entire concrete core, the inner rim material separates to 

form the onion skin replicas of the original aggregate surface connnonly 

associated with distressed concrete. Evidence supporting these observations 

are as follows: 

1. Paragenesis - the sequence developed in susceptible aggregate 

type found in older concretes show unaltered aggregate, rims, 

cracks in rims, onion skinned fracture. 

2. Chemical - use of the multiple acetate peel technique with ferrous 

and ferric iron determining dyes has demonstrated that a change 

from the ferrous to ferric iron state is associated with the change 

from parent to inner rim material in Otis aggregate concrete. Since 

the onion skin material is also associated with the ferric state 

it has the same properties as inner rim material. From this, it 

would appear that weakening of the aggregate to form the inner rim is 

a mechanism that accounts for onion skin type of failure. Since 

this rim formation is equated with both strong and weak aggregates 

a test similar to the bending strength study of HR-86 is needed to 

detect the weak rims among those aggregate types that form rims. If 

aggregate types that form weak rims were excluded from the original 

concrete material,then it would be expected that onion skin failures 

would be significantly reduced. 
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Voids and coatings 

The voids and interfaces of the matrix and coarse aggregate are covered 

with a brown film. Calcium carbonate, iron colored isotropic gel, an isotropic 

white gel and fibrous bundles of the same morphology as tobermoritc are 

observed in void areas. The fine aggregate appears to be attacked by the 

corrosive action of these filmso This is especially true f@D iron material 

and calcium carbonate which are found in grain boundaries of quartz and feld

spar fine aggregate. Almost complete disintegration of fine aggregate parti

cles is associated with some zones in older concrete sampleso These distressed 

fine aggregate particles form an onion skin surface in addition to grain 

boundary attack. In the transition zone between the lighter colored matrix 

and the darker matrix at the top core surface, the fine aggregate is atta.cked 

by the coating and possible volume change stresses to yield a zone\of highly 

fractured fine aggregate. Even relatively large fine aggregate particles 

appear fractured in this zone. The carbonation of the matrix in this lighter 

colored zone is associated with a change from coarse to fine in the apparent 

grain size of the iron coating material and a thickening of this coating on 

the fine gggregate. 

On the surface of the highway slab iron coating and the tobermorite 

morphology are associated with grooves in the fine aggregate and matrix which 

terminate in highly fractured fine aggregate particles. This appears to be 

one mechanism which acts to loosen the fine aggregate particles which are 

finally removed by traffic erosion. 

'I-
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Fractures 

In Otis aggregate concrete the fractures in coarse aggregates have devel-

oped in CD-56 concrete with compressive strengths as low as 8430psi. Fractures 

are more evident in older concrete cores and in moist deteriorated zones 

near joints. Fractures appear to start in coarse aggregates near sources of 

moisture such as large voids. In aggregates which form inner rims, fractures 

conunonly occur in inner rims and parallel the inner rim-unreacted aggregate 

boundary. Stronger tores also display cracks which start around the larger 

voids. This evidence supports the conclusions of the moisture study that 

the niatrix of high strength cores (high % Saturation) are susceptible to 

fractures. 

Sunnnary 

The overall pattern of distressed Otis Aggregate concrete appears to 

be as follows: 

1. Increase in strength of the concrete material with time. 

2. Leaching of iron material from the aggregate and deposition of this 
material within the matrix. 

3. The matrix becomes stronger than some aggregate types. 

4. Failure of the aggregates by progressive or fatigue type fracture 
within the weakest zone. 

5. Iron material is removed at a more rapid rate along the increased 
surface of the fractured zones. Coatings serve to keep fractures open. 

6. Fracture of the high strength concrete around large voids (possible 
freeze and thaw behavior). 

7. Interconnection of the major fractures with the coarse aggregate 
and ffiatrix • 

.. 8. Failure of the core along a fracture plane associated with onion 
skins of coarse and fine aggregate particles. 



CHEMICAL CHANGES WITH DEPTH AND ·IN CENTER OF CORES 

The preliminary investigation on the Otis aggregate concrete CD-52 

sample at surface, ~ and 1 inch depths indicated that chemical and mineral

ogical changes occurred· at and near the surface of the highway concreteo 

As a result, a systematic sampling and chemical study was undertaken on the 

1966 highway core samples to investigate these changes. A 1/8 inch thick 

slice was taken at the surface and ~ inch depths on two of the three cores 

designated for chemical studyo Then two 1/8 inch slices were taken at the 

1, 3,' and 5 inch depth on all three cores as shown in figure 1. The upper

most one inch of the one core was saved for petrographic study. Although 

the 1963 chemical data showed that the 1, 3, and 5 inch depths samples 

were in essence a measurement of the same material, the 1, 3, and 5 inch 

layers were again sampled to see if changes with time are reproducible. 
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These slices were carefully separated into matrix, aggregate and waste portionso 

The matrix material consisted of the hydrated cement compounds and the fine 

aggregate, the aggregate consisted of the coarse carbonate aggregate artd 

the waste consisted of the remaining material that was neither wholly matrix 

nor aggregate. The matrix samples from each core depth were blended into 

one sample for each depth respectively and dried at i10°c prior to chemical 

analysis. 

Figure 27 presents a flow sheet outlining the procedure for a systematic 

analysis of the various matrix samples. The data which reflect the work 

status as of present time is given in Table IX. The numbers reported for 
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the surface and ~ inch samples are the result of a single determination 

because of a limited quantity of sample. The numerical values shown for the 

1, 3, and 5 inch depths are the average of duplicate determinations. Dupli

cate determinations agreed within 3% of the value reported and commonly 

averaged 1%. This is considered very good agreement for the heterogenity 

expected of the chemical system sampled. 

The partitioning of the silica into the various categories is used to 

determine the possible chemical changes taking place within the silica system. 

Soluble silica is defined as that material which is in a cation form in the 

HCl solution. The primary source of it is from the cement hydrate compounds 

and assumed here to be entirely from this source. The coarse insoluble frac

tion represents the bulk of the fine aggregate material. The fine insoluble 

fraction is the remaining portion of the fine aggregate plus the HCl insoluble 

silica that may be present within the sample material. 

The calcium partition consists of the total calcium determined by EDTA 

Titration, the Ca(OH) 2reported as Cao determined by the isobutyl alcohol

ethyl acetoacetate extraction of Franke as modified by Brunauer, Copeland, 

Pressler & Kantro (1961). The CaO associated with Caco3 is calculated from 

the co
2 

content. The Cao in theCSH (hydrated calcium silicate compounds in 

the cement) is defined as follows: 

Ca(CSH) (total Cao) - (Cao in caco
3

) - (free Cao) 

The water content of the material can be subdivided in the following 

three categories: 



I 

f 

Fixed H2o = (Wto Loss @ 950°C) - (co2) 

Hydrolysis H
2
0 = Amount of water in Ca(OH)

2 

Hydration H2o = (Fixed H2o) - (Hydrolysis H
2
o) 

From the three partitions briefly explained above, an estimate of the 

hydrated cement compounds can be computed. 

Figures 28, 29, 30, and 31, giving the chemical changes with depth for 

CD-66-52-1 (1952 Otis aggregate concreteh are presented to give a graphic 

representation of the chemical changes observed at the surface of this con-
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creteo Upon consideration of the various depth versus concentration curves, 

it can be shown that the 1, 3, and 5 inch concentrations vary only a minor 

amount with depth. Therefore, the average value for the 1, 3, and 5 inch 

layers is assumed to be a reproducible value characteristic of a given 

center of slab highway material. 

Table X sunnnarizes the changes that are shown in figures 28,29,30, and 31. 

Table X: SURFACE CHEMICAL CHANGES 

Increasin at Surface 

1. 

2. 

3. 

4. 

Fine insoluble silica 

0 
Weight Loss @ 950 C 

Equivalent Na2o 

5. Ratio: H20 (Hydration) 
Si02 (Soluble) 

6. Ratio: H20 (Hydration) 

Cao (CSH Compounds) 

Decreasin' at Surface 

1. Fixed tt2o 

2. Hydration 11
2
0 

3. Hydrolysis H
2
0 

4. Soluble Silica 

5. Coarse Insoluble Fraction 

6. Total Cao 

7. Free Cao 

8. Cao (CSH Compounds) 
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Tentative conclusions and interrelationships drawn from the above data 

are as follows: 

1. The biggest change noted is the 3-fold increase of the co
2 

content 

at the surface. · This change is also correlated to the large decrease in free 

CaO content. Therefore the large C0
2 

content at the surface is in the form of 

Caco
3 

and results from the co
2 

attack on the Ca(OH)
2 

and later on the CSH 

compounds. Bogue (1956) states that the co
2 

content of concretes may be 

entirely attributed to Caco3• This Caco
3 

- rich zone at the surface will 

be referred to as the carbonate zoneo 

2. The decrease in amounts of soluble silica and Cao (CSH) (Cao from 

hydrated cement compounds) may be attributed to the co2 attack on the 

hydrated cement compoundso The CO attack on these compounds would innnediately 
2 

follow the removal of the Ca(OH)
2 

from the system as Caco
3

o The decrease 

in soluble silica and CaO(CSH) lends support to this idea. Assuming the 

soluble silica and CaO(CSH) results only from acid attack of hydrated cement 

compounds (CSH compounds), the co
2 

attack should reduce the relative abundance 
I 

of the CSH compounds yielding relatively less soluble silica and CaO(CSH). 

Another fact that the CSH compounds are attacked and completely broken down 

is that the soluble silica to CaO(CSH) ratio is essentially constant for 

throughout the inner coreo 

3. The increase in fine insoluble silica is partially attributed to · 

the breakdown of the hydrated cement compounds by C02o Silica in the CSH 

compounds probably is rendered acid insoluble as a Sio
2 

• H2o compound. 
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The other source of fine insoluble silica is the fracturing of the fine 

aggregate that was petrographically observed in and at the bottom edge of the 

surface zone. This fracturing of the fine aggregate is shown by a decrease of 

the coarse insoluble fraction, or the fine aggregate portion of the concrete. 

4. Figure 32 presents the alkali changes with depth for different ages 

of Otis aggregate concrete at the surface, ~' 1, 3, and 5 inch depths. The 

interior of the concretes all show about the same equilibrium concentration 

well below the original equivalent Na2o content in the raw cement. These 

data verify our original HR-86 data that the mobile alkali moves the con

crete. However, the surface and ~ inch depths show high alkali concentration 

where the alkali had migrated as a result of wetting and drying cycles. 

The CD-66-50-151 and CD-66-48-151 samples occur within city limits and 

have a much lower surficial alkali concentration possibly due to traffic 

erosion. These alkali data indicate that a high pH environment exists at 

the surface which can induce secondary reactions capable of changing the 

surficial properties of concrete. 
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SUMMARY AND CONCLUSIONS 

General Statement 

Several investigations have been described in this report which 

are all interrelated aspects of concrete behavior. Within this concrete-

centered approach, it soon becomes evident that a strong dependence on 

source of cement and/or aggregate exists when any aspect of concrete 

aging is considered. The reverse approach, aggregate-centered stud.ies 

based on service records, has long been recognized and accepted and has 

served as the essential basis for many research projects, few of which 

have given any direct answers for mechanisms by which aggregates cause 

distress in concrete. The major contribution of this approach is that 

it states the problem and focuses attention on the role of aggregates. 

' The concrete-centered approach exemplified by our concrete aging studies 

has, on the other hand, brought out and served as a better bas.is for 

understanding mechanisms of how aggregates are related to concrete ser-

vice since it focuses attention on the basic ingredients of the concrete 

system which are coarse aggregate, fine aggregate, cement, water, and time. 

Current research is showing that all of them are interrelated to over-

all concrete perfonnance which, in turn, proved the initial assumption 

of performance must be dependence on the ingredients. This generalization 

which served as the basic premise in our original research on concrete 

aging, has now been shown to be a reality in HR-116 because of the strong 

dependence of concrete performance on the source of cement or aggregate. 

This interdependence in turn will do much toward achieving a greater 

level of predictability for evaluating performance of aggregate and cements; 



for concretes from which realistic specifications can be set. 

This is a major conclusion drawn from all aspects of our research 

to date. It is also evident that this basic relationship as well as the 

other conclusions which will follow, are the product of a concentrated 
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study in ever greater detail on two systems of concrete made from aggregates 

with different and contrasting service (Otis and Alden) history. By 

developing new techniques of study on two basic systems of concrete, it 

has been possible to make more different kinds of observations which have 

provided for more meaningful understanding. An example of this approach 

is the collection of a considerable amount of data from many types of 

observations on a basic set of samples. Titis permits pyramiding infor

mation which allows one to check interrelationships of many variables; 

this is especially important in problems relating to mechanisms by which 

processes during concrete aging occur. After a mechanism has been deter

mined, it then becomes feasible to make a few special tests or observa

tions on many systems to check the range and applicability of a given type 

of test. 

Our research, then)in HR-116 has consisted of taking an approach in 

which many levels and types of observations are made on two systems of con

crete. An example of this would be the compressive strength studies. If 

we were interested in testing the relationship of compressive strengths 

with time, a series of compressive strength tests could have been run on 

the Alden, Otis, Dubuque, and Iowa City aggregate concretes of different 

ages. Inconclusive data would have resulted from this approach which has 

been tried before by others in different systems. This is because there 

is so much variation in just the cement-dependent properties alone that 

any relationship would have been difficult to detect. If, however, com-



pressive strength is checked in addition to other dependent variables 

(such as water, air, cement source, type of aggregate and age) the true 

role of strength could then be evaluated. This has been the basic approach 

which has been followed in our research and is mentioned in our conclusions 

because it emphasizes the importance of studies in depth. 

The specific conclusions drawn from the several aspects reviewed in 

this report will be summarized, and then the practical aspects of these 

conclusions will be discussed. Suggestions for future research will con

clude the report. 

Specific Conclusions 

The study concerning phase changes in cement materials by Lentz indi

cated that the CSH compounds change with time. The. ratio1and type of 

change from monomer and dimer to higher polysilicate forms is dependent 

on the source of cement and aggregate. It indicates also that cements 

differ with regard to their initial contents of monomer, dimer and poly

silicate material and this variation may be related to their performance. 

The cementing materials in Alden cores are still hydrating into dimer 

forms. The cementing materials in Otis concretes are converting into 

higher polysilicate forms a~d are weakening. 

The study of the relationship of compressive strength to air and 

water content of the concrete produced data that compressive strength of 

concrete is related to the percent saturation which in turn is dependent 

on changes which are occurring in the pore structure of concrete. Pore 

structure changes are dependent on the contribution from the coarse 

aggregate. The data show that no matter how much air is designed into a 
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concrete, the unfilled voids remain between 1 to 2%. 

Petrographic fence studies extend further the observations initially 

made in Elwell-'-s study of Otis concretes. Iron gel occurs in all surfaces, 

cracks and voids in our deterioration zones. Iron gel is controlled by 

cracks and boundaries in the system including fine as well as coarse 

aggregates. The removal of iron gel through channels in negative rim zones 

definitely is related to the weakening of these zones. Upon migration of 

gel into the matrix it appears to have a disruptive effect on fine aggre

gate, especially at the matrix - fine aggregate contacts. It is difficult 

to say whether the freezing or the iron gel causes or contributes to dis

ruptive effects in rim and matrix areas. Sequential data obtained from 

aging and fence studi.es indicate that both appear to create a cummulative 

effect; freezing may cause cracks and gels help keep the crack open, 

thereby aiding crack migration. 

Vertical chemical changes are present in nearly all concretes. Mobile 

matter migrates up and is concentrated at the surface because of capillary 

and drying action all concrete slabs are subject to. This process causes 

a differentiation of materials in the concrete system depending on their 

relative mobility. The surface concentrations are slowly removed by 

flushing action of rain water and traffic erosion. Sodium and potassium 

are concentrated on the uppermost layer leaving the remaining concrete 
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with a much lower alkali concentration. This surficial alkali concentration 

raises the pH locally •. Evidence is also present that carbonation is in

creased at the surface, CSR compounds break down, and fine aggregates are 

disrupted in this zone. The net result is that the surface layer is of 

different composition, hence possesses different properties than the rest 

of the system. The net result such as spalling, in turn depends on rate 



of surface differentiation relative to surface lowering by erosion. 

In combining data from all aspects of our study it is apparent that 

the changes related to deterioration are related to a series of progressive 

physical and chemical changes in concrete. Presented below as the final 

summary is a tentative model derived from integrated data for the deteri

oration of Otis aggregate concrete. 

As air entrainment voids become progressively filled with reaction 

products derived from coarse aggregates, the mass of the matrix increases 

favoring an increase in strength. The filling process may be depleting 

voids faster than water is lost from air entrainment sized pores. This 

causes a net increase in the percent saturation and if this continues to 

a point below the margin of air needed for freezing protection, damage can 

occur. Observation of fractures following weakened rim zones, gel coated 

interfaces and the fact that they either originate from or connect large 

voids, shows the general way deterioration is preferentially controlled 

by features in turn affected or preconditioned by other physical and 

chemical processes. The chemical data and knowledge of the structural 

forms of our CSH compounds fits into the above picture when related to 

compressive strength data. Knowledge that our poor service record con

crete (Otis) has higher compressive strength than concretes with good 

service records indicates that the matrix has increased in strength be

yond the strength of the aggregates. This is also related either to the 

initial CSH content of the cement or the faster rates at which hydration 

occur. Alden concretes show lower strength, lower init:iral CSH content, 

evidence that CSH compounds are still forming and a good service record. 

These relationships all indicate the overall path and nature of the aging 

and deterioration process and how it can be effected by reaction processes 
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of aggregates with cementing materials in our concrete environment. 

Practical Aspects 

The petrographic study of the Otis aggregate in concrete demonstrated 

a way of identifying lithologies into weak and strong types. It was 

found that the weak lithologies (most of them) exist in the lower half of 

the section exposed in the Otis quarry. It appears feasible that some 

tests be made which contrast the per:fiormance in concretes of rock from the 

upper and lower ledges. 

The compressive strength, air, and water studies demonstrated a syste

matic way of approaching of determining the conditioning of concrete, and 

provide a way of establishing criteria for concrete condition. Such tests, 

if systematically employed and tested, may eventually provide means of 

having criteria upon which we can maintain our highways, and possibly 

modify some of our current practice with regard to design, placing of 

concrete, material specification and tests, and maintenance. 

Future Research 

The direction of future research, although similar to what was des

cribed in this report, will require more detailed studies in the following 

areas: 

(1). More detailed petrographic study of aged and deteriorated con

crete at higher magnification with the electron microscope to 

investigate the nature of coatings in voids and fractures. 

(2). Further studies .on relationship of compressive strength to air 

and moisture contents of concretes. 
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(3). Chemical studies of concrete which are integrated with the petro

graphic study described in (1) above. 



APPENDIX I 

AIR ENTRAINMENT STUDY 

Data for Air, Moisture, and Strength from ISHC Testing Lab 

By drying before the 48 hour soak, the air content obtained represents 
total entrained air. This includes those pores in the smaller sizes that 
have original water in them that has never escaped. This is ASTM procedure 
run on 11 B11 and 11 C11 designated cores. 

By not drying the cores, the air content represents the "effective" 
entrained air. That is, the pores that are actually filled with air. 
Whether or not these air filled pores are actually in the effective size 
range cannot be determined with the high pressure air meter. This procedure 
was run on "A11 designated cores. 

Specifications beginning with 1952 required 3 5% air 
II II II 19 56 II 4 - 6 % II 

II II II 1960 II 5 - 7% II 

NOTE ON ERRORS IN DATA 

* .CD-66-54-220 was not an Otis aggregate concrete. It is considered to 
be Iowa City stone.and its data is extraneous. 

** CD-66~51-W and CD-66-57 are not in chronolmgical sequence; their positions 
are reversed in the table received from the Highway Commission. 

*** A-66-57-20 was found to be a gravel aggregate concrete. These data are 
extraneous. 



/~ ( .•· / :' .... _.,-'-·( !"~1 
/ .· 

TABLE XI -- STRENGTH DATA OF 1963 CORES (HR86) 

Core Code Average Compressive Strength Age at Test Time Cement Source 

*A-30 7805 34 Hawkeye 

A-57 8001 32 Penn Dixie 

·A-60 7462 27 Penn Dixie 

; 

' - -· 

** CD-38 8627 25 Dewey 

CD-41 10,000 22 Penn Dixie 

CD-46: 9698 17 Dewey 

CD-52 8230 11 Dewey 

CD-56 8430 7 Dewey 

CD-58 8701 5 Penn Dixie 

CD-61 7136 2 Dewey . 

* A= Alden aggregate concrete; digits represent highway number 
**co = Otis aggregate concrete; digits represent year of paving 
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