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CHAPTER I 

INTRODUCTION 

The ability of concrete to withstand the damaging effects of the environment and 

of its service conditions without deterioration for a long period of time is referred to as its 

'durability' (Soroka, 1979). The durability of concrete is of great importance in 

engineering applications such as bridge decks. Consequently, durability has been widely 

discussed in available literatures (e.g.. Woods, 1968; ACI Committee 201, 1973; Soroka, 

1979; Neville, 1996). 

The durability of concrete can be reduced by various agents such as frost, 

abrasion and chemical corrosion of cement paste due to attack by sulphate solution, sea 

water, and acidic waters. The extent of such damage depends on both the particular agent 

involved and the quahty of the concrete. Some of the major factors, which have strong 

influence on the overall concrete durabihty, include water/cement ratio, concrete 

strength, air entrainment, aggregate quahty, abrasion resistance and curing. Among 

them, water/cement ratio has the largest influence on concrete durability and often the 

required durabiUty of the concrete can be attained by producing a concrete with low 

water/cement ratio (e.g., Soroka, 1979). When water/cement ratio is increased, the 

strength of concrete decreases while the permeability of concrete increases. The 

increased permeability promotes the ease with which fluids can enter into, and move 

through, the concrete and consequently increases the possibility of chemical corrosion of 

cement paste and the corrosion of steel reinforcement. 



Curing of Portland cement can have a lasting effect on its hydration, strength 

development and durability at a given water/cement ratio (Phelan et al., 1999). A proper 

and adequate curing is essential to improve the quality of the concrete in terms of both 

strength and durability. Many building codes and research results have stressed the 

importance of the initial 7-day curing of concrete and concrete stmcture (e.g., Haque, 

1990). In case of a bridge deck concrete, TxDOT currently requires a minimum of 8 days 

for wet mat curing with Type I cement and 10 days with Type II (or I/II cement) or with 

fly ash. However, as the pressure to open newly cast concrete bridge decks to fLill traffic 

increases because of roadway congestion and project financial pressure, early loading 

without sacrificing long-term durability of the stmcture has become an important issue. 

Consequently, a detailed study on the effect of wet mat curing on bridge deck concrete 

durability and strength was needed to better understand the effect of "early" loading to 

overall long-term performance of bridge deck concrete. 

The value of the petrographic microscope as a tool for the study of concrete has 

een widely recognized. It can provide useful information on concrete-related problems 

which is unobtainable by other testing methods. Microscopy is a useful technique for the 

examination of the concrete textures, deterioration and failures especially when it is 

combined with appropriate complementary techniques such as electron microscopy and 

chemical analysis. A full petrographic examination allows determination of the type and 

composition of the coarse and fine aggregates and the nature of hydrated cement paste. It 

also allows determining the proportions of the coarse and fine aggregates, the cement 

paste and entrapped and entrained air voids. The observation of calcium hydroxide and 



unhydrated cement clinker can provide information about the original water/cement ratio 

and cement type and age, respectively. 

The main purpose of this study was to perform petrographic examination of 

bridge deck concrete cores to better understand how curing, concrete mix design and 

environmental factors affect the long-term performance of bridge deck slabs in terms of 

overall concrete durability. Emphasis was placed on the petrographic evaluation of air 

voids, calcium hydroxide, unhydrated cement clinkers and textures associated with 

cement-aggregate interfaces and cracking. Even though various petrographic 

examination techniques have been used for the study of hardened concrete (e.g., scanning 

electron microscopy [SEM], fluorescence microscopy), discussions in this study are 

limited primarily to visual and polarized microscopy. 

1.1 Project Description 

This thesis is a part of a research project (project numer: 0-2116) titled "Effects of 

Wet Mat Curing and Earher Loading on Long-Term Durabihty of Bridge Decks" 

sponsored by Texas Department of Transportation (TxDOT). The project investigates the 

long-term effects of wet-mat curing duration and "early" loading on the durability of 

bridge decks (Phelan et al., 2001). Research tasks for the project include: (a) casting and 

monitoring of model deck slabs located across the state, (b) laboratory testing and (c) 

dynamic testing of the test bridge deck slabs. This research project is focused on the 

effect of reduced wet mat curing time and earher loading on long-term durability of 

concrete bridge decks. Research findings potentially will be used to update current wet 

mat curing and time-to-loading requirements in appropriate TxDOT specifications. 



1.2 Research Approach for the TxDOT Bridge Deck Project 

Based on climate and local constmction conditions (e.g., aggregate types and mix 

design variables) five test slab sites were selected for the research (Phelan et al., 1999). 

They include TxDOT districts in Lubbock, El Paso, Fort Worth, Houston and San 

Antonio. In addition, two other regional mixes from Atlanta and Pharr districts will also 

be evaluated in the laboratories. Test bridge decks constmcted in each site consists of six 

segments, each cured for different number of days: 0-, 2-, 4-, 8-, 10- and 14-curing days, 

respectively (Figure 1.1 and Figure 1.2). After the casting is completed for each of the 

five sites, field test specimens and cores from the bridge deck slab are colleted based on 

the test specimen schedule for laboratory tests. The lab tests include the rapid chloride 

permeability test (AASHTO T277) and petrographic examination of concrete cores as 

well as compressive strength test, abrasion test, flexural strength test, notched cylinder 

test, size-effect beam test and freeze-thaw test on field cast and cured concrete 

specimens. 

1.3 Research Approach for This Study 

This thesis is focused on the petrographic evaluation of the bridge deck concrete 

core samples from Lubbock, El Paso and Fort Worth sites. For each site concrete core 

samples were taken from each panel in the test slab based on a test specimen schedule 

(see Chapter III). One core sample was selected from cores used for the permeability test 

to perform petrographic examination. Three petrographic thin sections were made for 

each core sample and a detailed petrographic examination was conducted for each slab 

segment. Thin section air void contents were determined for each deck slab segment and 



other petrographic features (e.g., calcium hydroxide, aggregate/paste interface, cracks, 

unhydrated cement grains) were qualitatively described in detail. In all cases, the 

analysis is focused on the variations of petrograpic features with wet mat curing duration. 

If variations in void system, calcium hydroxide and/or unhydrated cement grains are 

detected through the different segments of the bridge deck, an effort was made to provide 

reasonable explanations for the observed variations especially in relation to curing days. 

The effect of the mineral additives and concrete mix design on void system and/or other 

petrographic features is also investigated by comparing the results from the three sites. 

The concrete mix design for each site was carefully chosen for this purpose and they are 

summarized in Tables 1.1 and 1.2. 

Some of the basic principles of petrographic evaluation of concrete samples and 

the optical properties of major mineral phases of hardened concrete are presented briefly 

in Chapter II. A description of sample preparation methods follows in Chapter EI. 

Characteristics of the air voids systems in samples from three test bridge deck sites are 

discussed in Chapter IV. These characteristics are based on both qualitative and 

quantitative approaches. Qualitative petrographic descriptions and discussions for 

cracks, unhydrated cement grains, calcium hydroxide and aggregates follow in Chapters 

V, VI, vn , and VIE, respectively. Chapter IX discusses the results and conclusions 

derived from this study. Finally, a glossary of terms is included in Table A. 1. 



Table 1.1 Summary of volumetric concrete mix design for Lubbock, El Paso and Fort 
Worth sites. 

Coarse Aggregate 

Fine Aggregate 

Cement 

Water 

Fly Ash 

GGBS 

Entrained air 

Yield 

Cement type 

Lubbock 

11.66 

6.79 

3.03 

4.17 

0 

0 

1.35 

27.00 

i/n 

El Paso 

10.15 

7.55 

1.55 

4.13 

0 

1.71 

1.89 

26.99 

im 

Fort Worth 

10.72 

7.53 

2.36 

3.53 

0.81 

0 

2.05 

27.00 

im 

Note: 
(1) Unit: ft^/yd^ concrete. 
(2) Note: For the volume calculations, the following specific gravities were assumed for 

the Fort Worth concrete mix design. Coarse aggregate: 2.689, Fine aggregate: 2.670, 
Cement: 3.10, Fly Ash: 2.6. Volume of the entrained air for Fort Worth site is 
calculated assuming a yield of 27 ft . 



Table 1.2 Summary of concrete mix design (mass) for Lubbock, El Paso and Fort Worth 
site. 

Coarse Aggregate 

Fine Aggregate 

Cement 

Water 

Fly Ash 

GGBS 

Entrained air 

Yield 

Water/cement ratio 
by mass 

Lubbock 

1960 

1133 

588 

260 

0 

0 

~ 

3941 

0.44 

El Paso 

1755 

1220 

306 

258 

0 

306 

" 

3850 

0.42 

Fort Worth 

1802 

1257 

458 

211 

131 

0 

~ 

3859 

0.36 

Note: 
Unit: Ib/yd^ concrete 
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Figure 1.1 A picture showing the constmction of test slab at Fort Worth site. 
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Figure 1.2 Six slab segments of a bridge deck, each was cured for a different duration 
(0-, 2-, 4-, 8-, 10- and 14-days). 
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CHAPTER II 

CONCRETE PETROGRAPHY: BACKGROUND 

2.1 Concrete Petrography 

The value of the petrographic microscope as a tool for the study of concrete has 

been widely recognized. Concrete petrography is an effective method of examining 

cement, concrete and other constmction materials and often provides useful information 

on problems associated with them. Microscopy is a useful technique for the examination 

of the concrete textures, deterioration and failures when combined with appropriate 

complementary techniques such as electron microscopy and chemical analysis. Although 

petrographic examination is a useful tool for the study of concrete, its full value and 

usefuLness often depend on the skills of the petrographer and also on the readers of the 

petrographic report (Suprenant and Mahsch, 1999). 

2.2 Petrographic Examination of Hardened Concrete in Thin Sections 

Both cut and pohshed slabs and petrographic thin sections are required to obtain 

maximum information from petrographic examination of concrete. Various low-power 

stereomicroscopes are very useful aids in the examination of slabs and hand-specimens. 

However, a full petrographic evaluation often requires petrographic thin-section analysis 

and involves (1) the examination of type and composition of coarse and fine aggregates 

and (2) the determination of the nature of the cement paste and the cement type. 

Standard practice for petrographic examination of hardened concrete is well explained in 

ASTM C856. Some of the general and specific features of petrographic description (St 



John et al., 1998), which are required during a routine petrographic examination, are 

summarized below. 

1. General features 

a. Volume proportions of coarse aggregate, fine aggregate, cement paste and 

air voids. 

b. Aggregate grading and shape. 

c. Presence or absence of artificial aggregates and cement replacements; The 

type, size and volume proportions of such particulate additions. 

d. Nature, type and proportions of air voids. 

2. Specific features 

a. Rock and mineral types present in coarse and fine aggregates and their 

proportions. The grade of weathering of the aggregate particles (whether 

they are cracked or have interacted with the surrounding paste or have been 

degraded while in the concrete). 

b. The nature, size and state of remnant clinker grains in the cement; Features 

of the cement hydrate gels; Size and disposition of calcium hydroxide 

crystals in the paste. The nature and extent of any carbonation of the cement 

paste. 

c. The presence and nature of any void or crack infillings; Evidence and 

nature of anomalous reactions within the cement paste or between aggregate 

particles and the paste. 

d. Evidence of segregation or preferred orientation of the aggregate. Original 

uneven distribution of water in the mix, incomplete mixing of the 

10 



constituents of the concrete, leaching of components of the hardened 

concrete. 

e. Evidence of sulfate attack, frost damage, types of chemical attack and alkali-

aggregate reactions if present, and estimates of their severity. 

2.3 Guidelines for Examination of Hardened Concrete in Thin Sections 

Some of the guidelines provided in ASTM C856 and in a handbook of 

investigative techniques for concrete petrography by St. John et al. (1998) contain useful 

information on petrographic studies of a hardened concrete paste imder visual and 

polarized microscope. The following sections are intended to bring together major 

optical data on aggregate, void system and some of the important mineral phases in 

concrete pastes. 

2.3.1 Calcium Silicate Hydrate 

The hydrated calcium silicate is mainly responsible for the binding properties of 

Portland cement. The calcium silicate hydrate (C-S-H) exhibits a highly variable 

chemical composition (lime:silica ratios typically range from 1 to 2) and is usually 

amorphous (St. John, 1998). The C-S-H in samples of concrete is difficult to study under 

any optical microscopic system and appears featureless and isotropic in thin-section (St. 

John, 1998). The composition of C-S-H, however, can be qualitatively determined by X-

ray diffraction methods. Several typical features of C-S-H under an optical microscope 

are summarized below. 
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1. It consists of plane-transmitted light of pale tan matter varying somewhat in 

refraction index and contains relict unhydrated cement grains. 

2. In a crossed polar, normal paste is black or very dark mottled gray with scattered 

anhydral poikilitic crystals or small segregations of calcium hydroxide and 

scattered relic grains of cement. 

3. It may appear as 'hydration rims' around clinker particles which stand out from 

the indefinite mass of hydrate material. 

2.3.2 Residual Cement Paste 

Hardened concrete contains various amount of unhydrated cement (or clinker) 

depending on composition, curing and exposure. Those unhydrated cement particles are 

visible in thin-sections of concrete and show the original textures of the chnker if their 

size is larger than 200|im (St. John, 1990). In case of relatively well-cured compact 

concrete, grains of partly hydrated cement are visible which usually range from 50|j.m 

upward in size (St. John, 1990). 

2.3.2.1 Tricalcium silicate (C3S) (Alite) 

Alite crystals are usually well formed and dispersed and dominated by pseudo-

hexagonal crystals. Optical features of alite crystals are summarized below. 

1. Has low dark gray birefringence in distorted quasi-hexagonal sections. 

2. Stands out because of high positive relief (according to Nesse [1991], the degree 

to which mineral grains stand out from the mounting medium of the thin section 

[Canada Balsam, epoxy, etc.] is called 'relief). 
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3. Is often lath- and tablet-like or equant. Crystals are usually six-sided m cross-

section. 

4. Is coloriess to slightly colored in transmitted light. 

2.3.2.2 Dicalcium silicate (C7S) (Belite) 

The belite crystals are usually from anhedral or sub-hedral crystals and m some 

cases the crystals appear well rounded in cross-section (St. John et al, 1998). Optical 

features of belite crystals are summarized below. 

1. May be bordered by one or two layers of gel having different indices of refraction 

or by a layer of calcium hydroxide. 

2. Birefiingence is usually second-order color and the lamellar twins are commonly 

observed in rounded grains of belite. 

3. Relics stand out because of high positive relief 

4. Occurs as rounded grains and often in clusters set in the clinker matrix. 

5. Is commonly colorless, pale yellow, yellow, amber or shades of green dependent 

on substitution. 

2.3.2.3 Tetra Calcium Aluminoferrite (C4AF) 

Tetra calcium aluminoferrite typically occurs as an interstitial material between 

the alite and belite. Optical features of tetra calcium aluminoferrite crystals are 

summarized below 

1. Has very high positive relief and a much higher refractive index than the other 

clinker constituents. 
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2. Birefringence is white to yellow of the first order. 

3. Is often bladed, prismatic, dendritic, fibrious, massive or infilling. 

4. Color varies from brown to yellow and often it is peleochroic varying from green 

to opaque. 

5. Ferrite and belite phases are commonly observed where fragments of clinker have 

failed to hydrate either because they are too large or the hardened paste has not 

fully hydrated. 

2.3.2.4 Tricalcium aluminate (CiA) 

Calcimn aluminate roughly forms 10 per cent of ordinary Portland cement and 

forms one component of the interstitial material between the alite and belite crystals with 

tetra calcium aluminoferrite 

1. Tricalcium aluminate is usually not recognized in thin section because the cubic 

form is isotropic or because it hydrates early in the hydration history of the 

concrete. 

2. Has high positive relief 

3. Birefiingence is low or nil. 

4. Occurs as a cubic form which typically fills interstices between crystals of belite 

and ferrite. Alkali aluminate occurs as tablets, laths and stavelike prismatic 

forms. 

5. Color is usually tan to brown in Portland cement. 
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2.3.3 Calcium hydroxide (Ca(0H)2) 

The hydration of the silicate phases (tricalcium and dicalcium silicate) and free lime 

(CaO) produce calcium hydroxide by the following reactions. No calcium hydroxide is 

produced from the hydration of the aluminate and ferrite phases. 

2(3CaO.Si02) + 6H2O ^ 3CaO.2SiO2.3H2O + 3Ca(OH)2 

2(2CaO.Si02) + 4H2O -^ 2CaO.2SiO2.3H2O + Ca(0H)2 

CaO + H2O -^ Ca(0H)2 

Calcium hydroxide is ubiquitous and one of the visible components of hydration 

in a concrete paste. Major optical features of calcium hydroxide are summarized below. 

1. It presents either as tablets tangential to aggregates or as poikilitic crystals in the 

paste enclosing residual cement grains or areas of gel. 

2. Birefiingence of calcium hydroxide is three times of that of quartz and the 

birefiingence of calcite is 6.4 times that of calcium hydroxide. Birefringence of 

aragonite is 5.7 times that of calcium hydroxide. 

3. It has no relief 

4. At normal thickness of 20}im, the highest birefiingence of calcium hydroxide 

viewed parallel to the cleavage is bright first-order yellow with an occasional 

orange of first-order red area or second-order blue. 

5. In concrete of high water-cement ratio and with siliceous aggregate, the calcium 

hydroxide crystals are as large as the maximum size of residual cement grains, 
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about lOOjam. In concrete of lower water-cement ratio, higher cement content, 

the maximum size of calcium hydroxide crystals is considerably smaller. WTiere 

all the aggregate is carbonate rock the maximum size of calcium hydroxide is 

smaller than in comparable concrete with siliceous aggregate (St. John et al., 

1998). 

6. Regardless of water-cement ratio and type of aggregate, calcium hydroxide 

crystals often occupy space tangential to the undersides of aggregates particles. 

2.3.4 Ettringite (2CaS04.2CaO.Al202.26-22H20) 

Ettimgite is produced by a reaction between C3A and g3^sum or by sulfates 

attack. The ettringite-forming reaction involves an increase in volume of the solids, and 

thus causes expansion. Major optical features of ettringite are summarized below. 

1. Always appear as needles. 

2. Maximum interference color is rarely above first order gray-white due to small 

dimension of needles. 

3. Has moderate to negative rehef 

4. Is usually colorless. 

5. Forms as initial hydration product in Portland cement concretes and as a 

recrystallization product in concrete associated with movement of water and 

alkaU-aggregate reaction. It is also one of the products formed by sulfate attack 

on concrete. 
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2.3.5 Aggregate Phases 

Most of the aggregates (e.g., calcareous aggregate and siliceous aggregate) can 

easily be identified by an optical microscope. Optical properties of quartz, calcite, 

feldspar and other common aggregate phases are well described in literature in optical 

mineralogy. Consequently, the discussion here is limited to the natural glasses. 

Natural glasses commonly observed in aggregate include obsidian, pumice and 

scoria. In thin-section the glass ranges from clear to brown in color and usually contains 

crystaUites. However, some of the obsidian fragments in concrete aggregates do not 

contain crystallites. Under a thin-section, pumices consist of a mass of vesicles separated 

by thin walls of clear or light colored glass. Glass of scoria is always dark in color and 

may contain considerable quantities of mineral dust and crystallites. 

2.3.6 Alkali-Silica Gel 

The alkali-silica reaction is the expansive reaction between the alkalis (e.g.. 

sodium and potassium) in the pore solution and sihceous aggregates (e.g., opal, 

chalcedony, cristobalite and volcanic glasses). The alkali-silica reaction involves the 

formation of alkah-silica gel which causes damage due to expansion during the gel-

forming process. Optical properties of the alkah-sihca gel are summarized below. 

1. It has fairly low negative rehef 

2. Tme gel is isotropic but portions of gel often convert to birefringent material with 

a first-order white color. 

3. It may be carbonated near surfaces when it will show higher-order interference 

colors more typical of carbonates. 

17 



4. It often contains conchoidal drying cracks especially where it fills inside cracks 

and pores. 

5. It commonly occurs as tongues of gel extmding from the mouths of cracks in 

aggregates. 

2.3.7 Mineral Admixutres 

It has been traditional practice for mineral admixtures to be blended with the 

Portland cement component during the concrete mixes or the cement manufacturing 

process. The potential benefits of using mineral additives are relatively well documented 

(e.g., Dewar and Anderson, 1992). The most commonly used mineral admixtures are fly 

ash and ground granulated blastfurnace slag (ggbs). Discussion in this research is limited 

to these two mineral additives. 

2.3.7.1 Fly Ash 

According to Cripwell (1992), fly ash can be defined as "the generic term for all 

finely divided residues collected or precipitated from the exhaust gases of any industrial 

fumace." The properties and potential benefits of fly ash were recently reviewed and 

compiled by a UK Concrete Society working party (Concrete Society, 1991). Among 

other advantages, fly ash increases the strength of the concrete and reduces the porosity 

and permeability. Consequently, fly ash improves resistance to chloride penetration and 

alkali-silica reactivity. 

Fly ash particles range from 1 ̂ im to 150 |im and therefore only the large particles 

are observable by optical microscope (St. John et al, 1998). Fly ash mainly comprises 
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vesicular spherical glassy or solid particles with inclusions of mullite and quartz which 

are frequently coated with the iron minerals. Particle color can range from coloriess to 

black and varies to yellow, brown, red and gray. 

2.3.7.2 Blastfurnace Slag 

Blastfurnace slag is a by-product of the iron-making process and granulated 

blastfurnace slag is produced by the rapid quenching of moken blastfurnace slag as it 

passes through water sprays followed by water granulation on a spinning dmm (Hooton, 

1987). Use of blastfurnace slag reduces the heat of hydration and improves a range of 

durability threats such as sulfate attack and alkah-silica reactivity (Concrete Society, 

1991). 

Blastfurnace slag has glass-like nature and shows angular or shard-like fracture 

habit and isotropic properties tmder the thin-section. Commonly blastfurnace particles 

are transparent or translucent and colorless or hght brown but occasionally exhibit white, 

green or darker brown color (St. John, 1998). Blastfumace grains have higher rehef than 

the cement paste and quartz aggregates in surrounding area and, rarely, contains 

inclusions of opaque iron grains. 

2.3.8 Air Void 

A fresh concrete mix is usually compacted by vibration or ramming to improve 

the packing of the aggregate and minimize the content of entrapped air. In spite of these 

compaction efforts, most concrete retains some entrapped air that ranges in size from 

microscopic spheres to irregulariy shaped gas pockets. In addition, the use of air 
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entraining concrete admixtures resuhs in a distribution of fine circular air voids. This 

distribution improves workability and reduces bleeding, which therefore increases the 

concrete resistance to freezing and thawing cycles and de-icing chemicals. After the 

concrete is hardened, entrapped and entrained air become air voids. 

The content of air voids is strongly controlled by the degree of compaction. 

Excess voids can be found in concrete with incomplete compaction, similar to that found 

in more dry concrete mixes such as those with a low water/cement ratio and mixes with 

low workability. The air void content and parameters of the air-void system in hardened 

cement has important imphcations on the durabihty of concrete, especially in the aspect 

of freeze-thaw conditions of a concrete. 

2.3.9 Other Voids in Concrete 

Other common types of voids in a hardened concrete paste include cracks, 

bleeding channels, voids and fissures due to plastic settlement and shrinkage. Bleeding 

chaimels and fissures from plastic settlement are present in ahnost all concretes and 

become prominent in wet concretes with a high bleeding capacity (St John et al., 1998). 

Bleeding channels are hregular in shape and fissures associated with the plastic 

settlement are often meniscus-like shapes. If the voids are filled with pore water for any 

length of time calcium hydroxide will be crystalhzed and fill the voids. The dimensions 

of capillary voids are beyond the observation limit of optical microscope. In practice 

they are observed by a scanning electron microscope or by an optical microscope 

incorporating a fluorescent dying method. 
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CHAPTER III 

SAMPLE PREPARATION 

3.1 Bulk sampling 

One of the preferred methods of sampling concrete for petrographic evaluation is 

to drill cores from the stmcture. In this case, the diameter of the core should be not less 

than three times of the maximum size of the aggregate (St. John et al., 1998). When 

smaller diameter cores are used the reasons and likely impact on the results should be 

included in the report. Core depths of 250 mm are usually adequate for the length of the 

concrete cores (ASTM C856-95). ASTM C823 also recommends core lengths between 

150 mm and 600 mm dependent on the type of stmctural element being sampled. 

A water-cooled diamond-bit coring machine was used for sampling concrete for 

compressive strength and permeability test for the study (Figure 3.2 and Figure 3.3). The 

diameter of the core is 4 inches and the core depths are roughly 150 mm. The sampled 

core was labeled and its orientation marked at the site. Each core was wrapped 

immediately in several layers of wet paper, sealed into a polyethylene bag to preserve its 

'on site' moisture condition, and the details of the core recorded. All of the concrete 

cores for the petrographic examination were taken when the test deck concrete was 56-

days old. 

3.2 Subsampling and Preparation Techniques 

The cores transported to the laboratory were unwrapped and inspected visually. 

The locations and sizes of the cutting planes in a core were then recorded in detail dunng 
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the subsampling process. The core samples (four-inch diameter) were initially cut into 

two-inch depth cores for the rapid chloride permeability test (AASHTO T277). Later the 

samples were again cut into a vertical and a horizontal slab using a cutting saw (Figure 

3.4). Then three 22mm x 40mm x 5mm slices (2 horizontal and 1 vertical slices) were 

prepared from the concrete slabs. The concrete slices were glued to an object glass and 

cut and ground down to a thin section of 20 micrometers in thickness. 

3.3 Codes for Sample Notations 

Samples were identified according to the codes adapted for the bridge deck 

durabihty project shown in the Figure 3.1. Again, all samples for the petrographic 

examination came from 56-day permeability cores, which are represented by the letters 

"P" and "G" in the third and fourth characters, respectively. 
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L 

L = Lubbock 
E = El Paso 
D = Dallas 

A = 0 cure mat day 
B = 2 cure mat day 
C = 4 cure mat day 
D = 8 cure mat day 
E = 10 cure mat day 
F = 14 cure mat day 

Specimen 1 
Specimen 2 
Specimen 3 
Specimen 4 
Specimen 5 
Specimen 6 
Specimen 7 

A 
B = 
C = 
D 
E = 
F = 
G 
H 
1 = 
J = 
K 
L--

= Day4 
= Day 7 
= Day 10 
= Day 14 
= Day 21 
= Day 28 
=Day 56 
= Day 90 
Day 113 

= Day 180 
= Day 270 
= Day 365 

P = 4" Core (Permeability Test) 
C = 4" Core (Compressibe Strength Test) 
A = 6" X 6" X 20" Beam (Abrasion Test) 
F = 3" X 4" X 16" Cast Beam (Freeze Thaw Test) 
G = 6" X 6" X 20" Cast Beam (Scaling) 
K = 3" X 3" X 11" Cast Beam (Shrinkage Test) 
RifeL =4" Core & Cast Cylinder (Porosity & Capillary Size) 
Y = 6" X 12" Cast Cylinder (Compressive Strength Test) 
B = 6" X 6" X 20" Cast Beam (Flexural Strength Test) 
N = 6" X 12" Cast Cylinder (Notched Cylinder Test) 
S = Cast Beam (Size Effect Beam Test) 

Figure 3.1 Coding system for sample notation. 
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Figure 3.2 Coring of the bridge deck concrete for permeability test and petrographic 
analysis (El Paso site). 

Figure 3.3 Coring of the bridge deck concrete from different segments of the bridge deck 
with different curing durations (El Paso site). 

24 



4" diameter 22mm 

40mm 

Size of a concrete core 
prepared for rapid chloride 

permeability test 

Size of a concrete slice 
for a thin section 

(22mm X 40mm X 5mm 

4" diameter 

•+—' 

Q. 

• a 

CSJ 

Location of three 22mm X 40mm X 5mm slices 
from which thin sections were made 

Figure 3.4 A diagram showing the locations of a concrete core from which petrographic 

thin sections were made. 
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CHAPTER IV 

AIR VOID SYSTEM 

4.1 Microscopic Observation of Void Spaces in Concrete 

Voids larger than a few microns can be easily observed under the light 

microscope, which makes accurate and detailed observation of air void systems in a 

hardened concrete possible. The microscopic observation of the void system enables 

characterization of the parameters of the void system (e.g., size, shape, spacing factor, 

total air-void contents) and distinguishes different types of voids (e.g., entrapped air 

voids, bleeding chaimels, voids from plastic settlement, etc.). Definitions for various 

types of air voids by Figg (1989) are given in Table 4.1. Microscopic examinations of 

voids also include observation of calcium hydroxide and other hydration products filled 

hi the voids. To observe the full extent of void systems it is often required that the plane 

of section should be a vertical section from concrete (ASTM C457). 

Pores (e.g., capillary pores and gel pores) are generally not observed under an 

optical microscope and SEM is required for the detailed observation of the pores and pore 

stmctures. A classification of porosity in hydrated cement paste by Nindess and Young 

(1981) is given in Table 4.2 with its implication to properties of concrete paste. 

4.2 Quantitative Determination of Air-Void Content in Hardened Concrete 

The most rehable and accurate method for evaluating air void content of hardened 

concrete is the direct microscopical measurement techniques such as described in ASTM 

C457. According to this method the finely ground specimen surface is scanned under a 
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good quality optical traveling microscope using either a Imear-traverse or a modified 

point-count method. The data collected during the scan are tiien used to calculate vanous 

parameters of the air void system (e.g., total air content and spacing factor). With less 

accuracy, different types of voids can be distinguished and counted differently using the 

basic criteria on void size and morphology. ASTM CI25 classifies an entrapped air void 

as characteristically 1mm or more in width and irregular in shape (Figure 4.1) and an 

entrained air void as typically between 10pm and 1mm in diameter and spherical or 

nearly so (Figure 4.2). Other methods used to assess air void content include a high-

pressure method proposed by Erlin (1962) and modem image processing techniques (e.g.. 

Chatterji and Gudmundsson, 1977; Maclnnis and Racic, 1986). 

4.3 Methodology 

The main purpose of this study is to compare characteristics of air-void systems in 

concrete cores from sections of a bridge deck with different curing days. Detailed 

analyses of air void systems that include void shape, content, distribution and void-

fillings are therefore all essential for the purpose of this study. Three petrographic thin-

sections (22mm x 40 mm for each) were prepared for each concrete core instead of a 

polished concrete section which is required for the standard ASTM C457 methods for the 

air void system analysis in hardened concrete. Unlike a polished section, the thin-section 

provides a trained petrographer with several advantages. Thin-sectioning of a concrete 

core allows examination of micro-textural detail and enables the petrographer to access 

both ordinary and polarized light for mineral identification, hi this study, air-void 

systems were analyzed and measured using the prepared thin sections under the LEICA 
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DMLM material testing microscope with the help of IMAGE-PRO PLUS &• i m a g e o^ 

processing software. 

4.4 Examination Techniques 

Each thin-section was divided into 117 image sections (9X13) under 50x 

magnification. Micrographs for each section were captured and saved as graphic files. 

The air void systems of the captured images were then analyzed and recorded using 

IMAGE-PRO PLUS ® software. 

4.5 Air Contents (%) 

Air contents of the thin-sections were determined based on the general procedure 

stated in ASTM C457. However, the volumes of paste and air voids were measured 

using IMAGE-PRO PLUS ® software mstead of linear-transverse or point counting 

methods specified in ASTM C457 and later the paste to air ratio (r) was calculated from 

the measured values. The ratio of aggregate volume to paste volume (M) was calculated 

from the concrete mix design for the test bridge deck slabs (Table 1.1). The percent air 

(A) was then obtained using the following relationship given in ASTM C457. 

100 

~ r{l + M) + l 
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4 ^ Air Void Analysis for Lubbock Site 

4.6.1 Qualitative Assessment 

Samples of shorter curing days have distinctively higher total air void contents 

compared to those of longer curing days (Figure 4.3). The 0-day curing sample is 

charactenzed by abundant irregular entrapped air voids which are typically larger than 

1mm in size. The abundance of these irregular air voids decreased significantly in the 

sample of 2-day curing, while circular entrained air voids dominate the air void system in 

samples with longer curing days (4-, 8-, 10-, and 14-day curing). On the vertical section 

of 0-day curing sample, a bleeding chaimel was observed and characterized by irregular 

and tortuous voids around an aggregate (Figure 4.4). ft is not filled with calcium 

hydroxide or any other mineral deposit. It is characterized by a more narrow external 

mouth compared to the internal width of the channel (Figure 4.4). Often, some of the 

irregularly shaped air voids in the 0-day curing sample from this site often show a 

preferred orientation perpendicular to the horizontal slab surface (Figure 4.5). When air 

voids are partially filled with calcium hydroxide, the crystals are preferentially exposed at 

the bottom side of the voids (Figure 4.6). In samples of higher curing days (8-, 10-, 14-

curing days) relict air voids were filled with materials similar to surrounding cement 

pastes (Figure 4.7). Under the crossed polar, the relict air voids show severe carbonation 

which were characterized by mottled high birefiingence colors (Figure 4.8). 

4.6.2 Quantitative Analysis of Thin Section Air Content 

Results of the quantitative air void analyses are presented in Table 4.3. The total 

air void content (i.e., the sum of entrapped and entrained air voids) for 0- and 2-day 
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curing samples reaches up to 8.1% and the value is dramatically decreased to 4.0% for 

the 4-day curing sample (Figure 4.9). Total air void contents for the samples with longer 

curing days range from 3.0 to 4.2 % but the differences probably reflect random variation 

and localized irregularities in air voids content in the sample. The non-circular air void 

contents are analyzed separately, and in general, the trend in results is similar to those of 

the total air void contents (Table 4.3). However, non-circular air void content of 2-day 

curing sample is much lower than that of 0-day curing sample, which was not the case for 

total air void contents (Table 4.3 and Figure 4.10). 

The circular air voids (entrained air voids) exhibit a uniform distribution 

throughout the concrete matrix and mainly range between 10pm and 700pm in diameter 

(Table 4.4). The size distribution of the circular air voids does not show clear correlation 

with curing days (Figure 4.11). However, samples of 0- and 2-day curing have lower 

relative frequencies (%) in 0 ~ 79pm diameter range than in 80 ~ 158 pm diameter range, 

while opposite is tme for samples with longer curing days. 

Total air void contents do not show any correlation with the depth from the slab 

surface (Figure 4.12). However, this could be due to msufficient surface area for 

measmrement and future studies using a large-area thin section and/or a polished section 

may reveal better results. 

4.7 Air Void Analysis for El Paso Site 

4.7.1 Qualitative Assessment 

The 0-day curing sample has distinctively higher total air void contents compared 

to samples with longer curing durations. However, the differences in total air void 
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contents among those samples with longer than 2-day curing are not clear from the 

qualitative assessment. The entrapped air voids are rare in all of the samples from this 

site and the entrained air voids are far smaller in size compared to those in samples from 

the other two sites. No bleeding channels were found and the air voids are generally not 

filled with any mineral deposit such as calcium hydroxide. 

4.7.2 Quantitative Analysis of Thin Section Air Content 

The results of the quantitative air void analyses are presented in Table 4.5. The 

total air content for the 0-day curing sample reaches up to 6.6% and the value is 

dramatically decreased to 3.5% for the 2-day curing sample (Figure 4.13). Total air 

contents for the samples with longer than 2-day curing range from 2.1 to 3.1%. The 

differences probably reflect random variations during the sampling and from local 

irregularities in air void content in the samples. The overall air content in the samples 

from this site are the least among three sites. 

The circular air voids (entrained air voids) of the 0-day curing sample (EAPG) 

range in diameter between 8pm and 433 pm. The size distribution of the circular air 

voids gradually shifts toward smaller diameters as the number of curing day of the 

samples increase (Table 4.6). Consequently, the circular air voids in the 14-day curing 

sample (EFPG) range in diameter between 8pm and 184pm. The plot between the 

relative frequencies {%) of the size of the circular air voids and curing days indicates that 

the proportions of air voids with diameter ranging 0 ~ 79 pm increase in stepwise manner 
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while the proportions of those with diameter ranging 79 ~ 158 pm decrease as the curin 

day increases (Figure 4.14). 

4.8 Air Void Analysis for Fort Worth Site 

4.8.1 Qualitative Assessment 

Unlike the other two sites, the samples with shorter curing days (0- or 2-day 

curing) from this site do not have distinctively higher total air void contents than those of 

longer curing days. Total air void contents vary httle with curing days and do not show 

any clear correlation between them. The amount of entrapped air voids in the samples is 

lower than that of the Lubbock site but higher than that of the El Paso site. No clear 

bleeding channels were found in the samples. The air voids are not usually filled with 

any mineral deposit except that a few of them are filled with minute ettringite needles. 

4.8.2 Quantitative Analysis of Thin Section Air Content 

The results of the quantitative an void analyses are presented in Table 4.7- The 

total air void content for 0-day curing sample reaches up to 6.1%) but the air void contents 

do not decrease in noticeable amount in samples with longer curing days (Figure 4.15). 

Only the 14-day curing sample has relatively low total air void content (4.5%) compared 

to the other samples from this site which range from 5.3 to 5.7% in total air void content. 

The total air void contents in the samples with 4-, 8-, 10- and 14-day curing are much 

higher (5.3 in average) than those from Lubbock (3.8 in average) and El Paso site (2.7 in 

average). 
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The proportions of circular air voids with larger diameters are noticeably 

increased in samples from this site (Table 4.8). The calculated relative frequency •̂alues 

indicate bimodal distribution in terms of diameters of the circular air voids, which is 

characterized by abmpt volumetric increase in air voids with 79 ~ 237 pm diameter range 

in the 8-day curing sample (Figure 4.16). Both before and after this sudden porportional 

change in the 8-day curing sample, the size distribution of the circular air voids gradually 

shifts toward smaller diameters as the curing days of the samples increase (Figure 4.16). 

4.9 Discussion 

The 0- and 2-day curing samples from Lubbock site are distinct in the fact that 

they have unusually high irregular air voids. Some of them show characteristic features 

of a bleeding chaimel which was rarely observed in samples from other two sites. 

Although bleeding channels are present in most concretes they become prominent in wet 

concretes with a high bleeding capacity (St. John et al, 1998). Another distinguishing 

feature of air voids in samples from Lubbock site is that they are often filled with well-

developed coarse calcium hydroxide crystals. It is often observed that small air voids are 

completely filled with calcium hydroxide crystals. It is also not uncommon that 

aggregate boundaries are mantled with calcium hydroxide crystals. According to French 

(1991), calcium hydroxide formed in concretes with high water/cement ratios tend to be 

well-defined, relatively coarse and predominantly situated along aggregate boundaries 

and void edges while those formed at lower water/cement ratios are often irregular in 

shape, smaller and distributed uniformly throughout the paste. Consequently the 

previously mentioned features of the air voids are consistent with high water cement 
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ratio, which is somewhat unexpected considering the water/cement ratio of 0.44 for the 

test bridge deck mix design for the Lubbock site. Another possible explanation for the 

increased content of non-circular air voids in the samples can be poor compaction efforts 

during the concrete mix. 

The contents of air voids dropped dramatically in the 4-day curing sample from 

the Lubbock site and remained relatively constant afterwards. In the samples with longer 

than 4-day curing, the irregular air voids are quite rare and bleeding channels are not 

observed although some of the air voids are still filled with well-developed calcium 

hydroxide crystals. Considering that other factors remained constant (e.g, water/cement 

ratio, cement fineness and type), the observed large decrease in air voids content is likely 

attributed to hydration (curing). 

A similar pattern was observed in air void contents in samples from the El Paso 

site. The total air void contents significantly dropped for the 2-day curing sample and 

remained relatively unchanged afterwards. Overall void contents are less than those of 

Lubbock site samples and irregular air voids are rare even in the 0-day curing sample 

from this site. No bleeding channel has been observed and air voids are usually not filled 

with any mineral deposits. One of the most noticeable features of the air voids in the El 

Paso samples is that they show systematic variations in size distribution with curing days. 

The air voids gradually shift toward smaller sizes as the number of curing days increases. 

Unless air-entrainment process is wholly responsible, which is highly unlikely, hydration 

(curing) is likely an important factor for the observed trend in air void size distribution. 

Air void contents in Fort Worth site samples lack any clear correlation with 

curing days and vary little for different curing durations (4.5 ~ 6.1%). The circular air 

34 



voids have widest range of diameters among samples from the three test sites, but there is 

no well-defined correlation with curing days. One possible explanation is that the lack of 

any clear decrease of total air void contents in well-cured samples is probably due to an 

unsuccessful air-entrainment, which is implicated in Figure 4.16. The decreased air void 

contents due to hydration may be compensated by increased entrained air voids owing to 

unevenly distributed entrained air voids. Also considering fly ash was used in the 

concrete mix for the Fort Worth site, high air void contents observed in samples with 

longer than 4-day curing from this site is difficult to explaine unless entrained air voids 

are increased accordingly. It is generally well accepted that inclusion of fly ash in a 

concrete mix significantly reduces air contents (e.g., Neville and Brooks, 1987). 

According to Neville and Brooks (1987), entrained air content can be increased by 

variations in temperature during mixing, mix workability, sand content and/or grading, 

cement fineness and/or alkah content, and the presence of other organic materials. 

The results of the above air void analysis have several implications on concrete 

strength and durability. The increased air void content reduces density and consequently 

lowers strength in proportion if the mix design remains the same. Samples with little or 

no curing (0- and 2-day curing) invariably have large air void contents ( > 6%) and 

consequently have increased potential for weak strength. Large proportions of irregular 

air voids and bleeding channels observed in those samples can also reduce their resisting 

abilities for chemical attacks (e.g., sulfate attack, acidic waters) and accordingly reduce 

their durability. 
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Table 4.1 Air-void system definitions (after Figg 1989). 

Term 

Air void 

Entrained air voids 

Entrapped air voids 

Water voids 

Gas voids 

Honeycombing 

Air-void content 
(A) 
Specific surface (a) 

Spacing factor (L) 

Air/paste ratio (A/p) 

Paste content (p) 

Definition 
A small space enclosed by the cement paste in concrete and 
occupied by air. This term does not refer to capillary or other 
openings of submicroscopical dimensions or to voids within 
particles of aggregate. 
Air voids characteristically spherical in shape between 10pm 
and 1mm in diameter and typically has a regular distribution in 
the concrete. 
Air voids mostly over 1mm in diameter, typically irregular in 
shape and usually having an irregular distribution in the 
concrete, often increasing in size and number towards the 
surface. Sometimes referred to as compaction voids. 
Filled with water at the time of setting of the concrete, water 
voids are irregular in shape, generally elongated and usually 
very large (several mm in size). Typically found beneath 
particles of coarse aggregate or reinforcing bars and their 
interior surface has a granular appearance instead of the usually 
glazed luster of air voids. 
Formed by the liberation of gas from the reaction between 
special admixtures and the cement. Their size and shape are 
variable. 
Interconnecting large entrapped air voids arising from 
inadequate compaction or lack of mortar. 
The proportional volume of air voids in concrete expressed as a 
volume percentage of hardened concrete. 
The surface area of the air voids expressed as mm per mm of air 
void volume. 
An index related to the maximum distance of any point in the 
cement paste from the periphery of an air void, expressed in pm 
or mm. In practice, this is approximately equivalent to half the 
mean air void spacing within the cement paste. 
The ratio of the volume of air voids to the volume of the cement 
paste in the hardened concrete. 
The proportional volume of the cement paste in concrete, 
expressed as a volume percentage of the hardened concrete. 
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Table 4.2 Classification of porosity in cement paste (after Mindess and Young, 1981). 

Designation 

Capillary pores 

Gel pores 

Diameter 

0.05 -10 pm 

10~50nm 

2.5~10nm 

0.5-2.5 nm 

< -0.5 nm 

Description 

Large 
capillaries 

Medium 
capillaries 

Small (gel) 
capillaries 

Micropores 

Micropores 
"interlayer" 

Role of water 

Behave as 
bulk water 

Moderate 
surface 
tension 
forces 
generated 

Strong surface 
tension 
forces 
generated 

Strongly 
adsorbed 
water; no 
menisci 
form 

Structural water 
involved in 
bonding 

Paste properties 
affected 

Strength; 
permeability 

Strength; 
permeability; 
shrinkage at 
high 
humidities 

Shinkage to 
50% RH 

Shrinkage; 
creep 

Shrinkage; 
creep 
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Table 4.3 Thin section total air content (%>) for the concrete cores from Lubbock site. 

Sample 

LAPG 

LBPG 

LCPG 

LDPG 

LEPG 

LFPG 

Curing 
Days 

0 

2 

4 

8 

10 

14 

Total Air 
Contents 

(%) 

8.1 

8.1 

4.0 

3.0 

3.8 

4.2 

Irregular 
Air 
Contents 
(%) 

6.7 

5.0 

2.1 

1.8 

2.3 

2.6 

Paste 

(vol %) 
31.7 

31.7 

31.7 

31.7 

31.7 

31.7 

Coarse 
Aggregate 

(vol %) 
43.2 

43.2 

43.2 

43.2 

43.2 

43.2 

Fine 
Aggregate 

(vol %) 
25.1 

25.1 

25.1 

25.1 

25.1 

25.1 
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Table 4.4 Size distribution of circular air-voids in samples from Lubbock site. 

Diameter 
(micro
meter) 

0 - 7 9 

7 9 - 1 5 8 

158-237 

2 3 7 - 3 1 7 

3 1 7 - 3 9 6 

3 9 6 - 4 7 6 

476 - 555 

5 5 5 - 6 3 4 

6 3 4 - 7 1 4 

7 1 4 - 7 9 3 

Relative frequency (%) 

LAPG 

39.0 

50.7 

8.4 

1.6 

0 

0.3 

0 

0.1 

0 

0 

LBPG 

44.1 

45.0 

8.1 

1.8 

0.6 

0.3 

0.0 

0.04 

0 

0.1 

LCPG 

51.6 

37.4 

7.5 

2.1 

0.6 

0.3 

0.2 

0.2 

0.1 

0 

LDPG 

46.4 

45.9 

6.6 

0.8 

0.2 

0 

0 

0 

0 

0 

LEPG 

55.0 

33.7 

7.4 

2.9 

0.6 

0.3 

0 

0 

0 

0 

LFPG 

48.0 

41.7 

8.6 

1.4 

0.1 

0.1 

0 

0.1 

0 

0.1 

39 



Table 4.5 Thin section total air content (%) for the concrete cores from El Paso site. 

Sample 

EAPG 

EBPG 

ECPG 

EDPG 

EEPG 

EFPG 

Curing 
Days 

0 

2 

4 

8 

10 

14 

Air 
Contents 
(%) 

6.6 

3.5 

3.1 

2.1 

2.9 

2.8 

Paste 

(vol %) 
34.4 

34.4 

34.4 

34.4 

34.4 

34.4 

Coarse 
Aggregate 
(vol %) 
37.6 

37.6 

37.6 

37.6 

37.6 

37.6 

Fine 
Aggregate 
(vol %) 
28.0 

28.0 

28.0 

28.0 

28.0 

28.0 
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Table 4.6 Size distribution of circular air-voids in samples from El Paso site. 

Diameter 
(micro
meter) 

0 - 7 9 

7 9 - 1 5 8 

158-237 

2 3 7 - 3 1 7 

3 1 7 - 3 9 6 

396 - 476 

4 7 6 - 5 5 5 

5 5 5 - 6 3 4 

6 3 4 - 7 1 4 

7 1 4 - 7 9 3 

Relative frequency (%) 

EAPG 

65.0 

31.0 

2.9 

0.6 

0.2 

0.3 

0 

0 

0 

0 

EBPG 

64.3 

31.2 

3.3 

0.8 

0.4 

0 

0 

0 

0 

0 

ECPG 

75.8 

23.1 

1.0 

0.2 

0 

0 

0 

0 

0 

0 

EDPG 

75.5 

23.4 

1.1 

0 

0 

0 

0 

0 

0 

0 

EEPG 

72.6 

25.7 

1.5 

0.2 

0 

0 

0 

0 

0 

0 

EFPG 

85.4 

13.4 

1.3 

0 

0 

0 

0 

0 

0 

0 

41 



Table 4.7 Thin section air content (%) for the concrete cores from Fort Worth site. 

Sample 

EAPG 

EBPG 

ECPG 

EDPG 

EEPG 

EFPG 

Curing 
Days 

0 

2 

4 

8 

10 

14 

Air 
Contents 
(%) 

6.1 

5.2 

5.3 

5.7 

5.7 

4.5 

Paste 

(vol %) 
32.4 

32.4 

32.4 

32.4 

32.4 

32.4 

Coarse 
Aggregate 
(vol %) 
39.7 

39.7 

39.7 

39.7 

39.7 

39.7 

Fine 
Aggregate 
(vol %) 
27.9 

27.9 

27.9 

27.9 

27.9 

27.9 
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Table 4.8 Size distribution of circular air-voids in samples from Fort Worth site. 

Diameter 
(micro
meter) 

0 - 7 9 

7 9 - 1 5 8 

158-237 

2 3 7 - 3 1 7 

3 1 7 - 3 9 6 

3 9 6 - 4 7 6 

4 7 6 - 5 5 5 

5 5 5 - 6 3 4 

6 3 4 - 7 1 4 

7 1 4 - 7 9 3 

793 - 873 

873 -952 

952-1030 

Relative frequency (%) 

EAPG 

41.1 

40.1 

12.4 

4.8 

0.8 

0.6 

0 

0.2 

0 

0 

0 

0 

0 

EBPG 

42.0 

40.2 

8.8 

3.9 

2.5 

1.4 

0 

0.7 

0 

0 

0.2 

0.2 

0 

ECPG 

46.7 

35.7 

11.6 

3.2 

1.0 

0.6 

0.4 

0 

0.6 

0 

0 

0 

0.2 

EDPG 

31.9 

46.4 

14.5 

4.8 

1.1 

0.6 

0.3 

0 

0.3 

0 

0 

0 

0 

EEPG 

34.0 

39.8 

19.5 

4.9 

1.2 

0.6 

0 

0 

0 

0 

0 

0 

0 

EFPG 

37.2 

43.3 

12.8 

5.3 

0.6 

0.3 

0 

0.6 

0 

0 

0 

0 

0 
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Figure 4.1 A large frregular entrapped air (Vt) void in LAPG (Polarized light). 

Figure 4.2 Circular entrained air-voids (Vr) in sample LFPG (Polarized light). 
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Figure 4.3 Air voids system in samples from Lubbock site (Width of field: 5.4 mm). 
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TOP 

Figure 4.4 A bleeding channel in LAPG. Note that the extemal mouth of the bleeding 
channel is much smaller compared to the intemal width of the channel 
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TOP 

Figure 4.5 Irregularly shaped air void in sample LAPG. Note that it shows preferred 
orientation perpendicular to the horizontal slab surface (Crossed polar). 

TOP 

Figure 4.6 Calcium hydroxide filling the bottom of the air voids in sample LAPG 

(Crossed polar). 
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Figure 4.7 Relict air voids filled with materials similar to surrounding cement pastes in 
sample LFPG (Polarized hght). 
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Figure 4.8 Severely carbonated relict air voids in LFPG (Crossed polar). 
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Figure 4.9 The plot of curing days versus total air contents (%) for Lubbock site. 
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Figure 4.10 The plot of curing days versus noncircular air contents (%>) for Lubbock 
site.. 
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Figure 4.11 Plot of relative frequencies versus curing days for samples from Lubbock 

site. 
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Figure 4.12 Vertical distribution of total air content (%) in LAPG. 
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Figure 4.13 The plot of curing days versus total air contents (%) for El Paso site. 
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Figure 4.14 Plot of relative frequencies (%) versus curing days for sample from El Paso 
site. 
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Figure 4.15 The plot of curing days versus total air contents (%) for Fort Worth site. 
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Figure 4.16 Plot of relative frequencies (%) versus curing days for samples from Fort 
Worth site. 
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CHAPTER V 

CRACKS 

5.1 Shrinkage cracks 

Cracking in concrete can be produced by a number of causes and consequently 

there is no entirely satisfactory scheme for classifying non-stmctural cracks in concrete. 

Figure 5.1 summaries the classification of cracks after St. John et al.(1998) which is 

modified originally from the classification scheme given in Concrete Society Technical 

Report No.22 (1992). Cracks in concrete not only reduce strength and stiffiiess but also 

mterconnect flow paths, mcrease permeabihty, allow more water and chemical ions to 

penetrate into the concrete and consequently facilitate concrete deterioration (Wang et al, 

1998). 

The decrease in the volume of the paste on drying is referred to as drying 

shrinkage. Higher drying shrinkage is expected with increasing ambient temperature and 

length of time for which concrete is subjected to drying and decreasing relative humidity. 

Another common type of shrinkage is carbonation shrinkage. The reaction between 

carbon dioxide and the hydration products (e.g., calcium hydroxide) is accompanied by a 

decrease in the volume of the paste, which is termed as carbonation shrinkage (Soroka, 

1979). Shrinking and/or absorptive aggregates can also cause localized shrinkage effects 

in the surroimding cement paste (St. John et al., 1998). Extensive surface cracking can be 

developed in cases where aggregates in a concrete have such shrinking and/or absorptive 
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properties (e.g., Stuterheim et al., 1967; St. John et al, 1998). The importance of these 

different types of shrinkage is that they all can trigger shrinkage cracking. 

5.2 Shrinkage cracks under microscope 

All extemal surfaces on concrete contain various degrees of drying shrinkage 

cracks. The thickness of the surface shrinkage cracks vary from 1-2 mm in most quality 

concrete to 5 mm in case that the quality of the surface decreases due to an overwatered 

mixture or a rich surface cement layer resulting from overworking (St. John, 1990). 

Drying shrinkage is also common in the concrete body and characterized by the localized 

fine mesh of interconnecting cracks (St. John, 1990). Drying shrinkage cracks in the 

body of a concrete rarely exceed 20 pm in width and where the cracks bridge between 

aggregates it can be confused with the early stages of alkali-aggregate reaction (St. John, 

1990). Carbonation shrinkage cracks are often lunited to the outer layer of the concrete 

because concrete with normal quality only carbonates to depths less than 1mm (St. John 

etal., 1998). 

5.3 Fissures 

Fissures are cracks in the plastic state that have not been filled with water. They 

are commonly characterized by highly irregular margins, which may vary from sharp to 

diffiise and do not mn through the aggregates (St. John et al., 1998). Fissures are usually 

produced by plastic settiement at aggregate margins and consequently most concretes 

show some settlement at aggregate margins (St. John, 1990). The fissures are best 

observed if the section represents a vertical plane in the stmcture. 
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5.4 Observations 

5.4.1 Lubbock Site 

Cracks not frequently observed in samples from the Lubbock site. When 

observed, they are more common in samples with longer curing days. Cracks obsen ed 

were mostly fine drying shrinkage cracks joining air voids and/or aggregates and 

generally had poor continuity (Figure 5.2). The observed drying shrinkage cracks rarely 

exceeded 15 pm in width. Cracks are lacking in the paste surrounding aggregates and 

fissures are not observed. 

5.4.2 El Paso Site 

Cracks are common throughout the samples from this site regardless of curing 

days. Most of the observed cracks are drying shrinkage cracks. Unlike single-branched 

fine cracks in the Lubbock site samples, the drying shrinkage cracks from this site often 

show a well-developed network of fine cracks and better continuity (Figure 5.3 and 

Figure 5.4). Most of the shrinkage cracks do not exceed 20pm in width but can be 

clearly observed under the optical microscope. The frequency of shrinkage crack 

development in samples from this site is much higher than those from other two sites. In 

a few cases case, cracks were observed in the periphery of highly porous calcareous 

aggregates (Figure 5.5). These cracks are not likely to be drying shrinkage cracks but 

cracks directly associated with the shrinking and/or absorptive nature of the aggregate. 

59 



5.4.3 Fort Worth Site 

Similar to samples from Lubbock site, shrinkage cracks are not frequent!}-

observed in samples from this site. When observed, they are mostly small fine cracks 

with a lack of continuity (Figure 5.6). The widths of the cracks are mostly less than 15 

pm. The development of shrinkage cracks does not appear to be have any relationship 

with curing duration. 

5.5 Discussion 

The petrograpic observation indicates that cracks are developed in a greater 

degree in samples from El Paso site than those from other two sites. Most of the cracks 

are drying shrinkage cracks in the hardened cement paste with exception to those 

developed in the periphery of an aggregate. Drying shrinkage is mostly related to water 

loss from the concrete. For that reason, factors affecting drying, such as humidity, 

temperature, etc., also affect the shrmkage of the cement paste (Soroka, 1979). The 

greater shrinkage is also expected with an increase in water/cement ratio (Soroka, 1979). 

Considering the lower water/cement ratio for the bridge deck concrete in El Paso 

compared to in the Lubbock site mix design, it is not likely that differences in 

water/cement ratio was responsible for the observed differences in crack development. A 

more preferred explanation is that climatic factors such as temperature and relative 

humidity may have played a role for the observed differences in crack development. In 

addition, shrinking and/or absorptive aggregates may have played a role for the well-

developed shrinkage cracks in El Paso site, which was indicated from the cracks 

developed in the cement paste adjacent to the aggregates. Although dr>'ing slinnkage 
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cracks are more often observed in samples with longer curing days in case of Lubbock 

site, qualitative assessment can not clearly distinguish the relationships ben\een the crack 

development and curing (or hydration) in all of the three sites. 

The durability of concrete bridge decks is strongly influenced by the presence of 

microcracks and the pore stmcture in hardened cement paste. The cracks interconnect 

flow paths and voids and consequently increase permeability of the concrete. The \\ ell-

developed shrinkage cracks in El Paso site samples therefore affect adversely for the 

overall durability of the concrete. 
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Cause of 
Cracking 

Outer layer 

Shrinkage 

Expansion 

Interior of 
Concrete 

Shrinkage 

Expansion 

Plastic settlement and bleeding 

Plastic shrinkage 

Drying shrinkage 

Carbonation shrinkage 

Surface cracks over an expanding core 

Corrosion of reinforcement 

Freeze/thaw attack 

Recrystalhsation of salts 

Thermal gradient from the environment 

Plastic settlement and bleeding 

Drying shrinkage 

Heat of hydration expansion and 
contraction 

Shrinkable aggregates 

Alkali-aggregate reaction 

Hard burnt lime, magnesia 

Reformation of ettringite in situ 

Figure 5.1 Crack classification scheme based on the Concrete Society Technical Report 
No.22 by St. John et al.(1998). 
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Figure 5.2 The inverted image of fine cracks joining air voids and an aggregate in LFPG. 
These are interpreted as drying shrinkage (Lubbock Site). 
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Figure 5.3 Intemal cracking possibly due to localized drying shrinkage in EAPG 
(Crossed polar). 
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Figure 5.4 Drying shrinkage cracks developed vertical to the slab surface in EFPG 
(Crossed polar). 

Figure 5.5 The film of void at the aggregate/paste interface in sample EDPG. Note the 
cracks developed in the periphery of the aggregate (Polarized light). 
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Figure 5.6 The inverted image of drying shrinkage cracks developed in FFPG. 
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CHAPTER VI 

UNHYDRATED CEMENT GRAINS AND MINERAL ADMIXTURES 

6.1 Anhydrated or Partially Hydrated Portland Cement Grains 

The sintered product of burning limestone and an aliminosilicate rock (clay or 

shale) at temperatures of up to 1500°C is known as Portland cement clinker (St. John et 

al , 1998). The cement is a heterogeneous substance made up of several different mineral 

phases which are formed during the inter-grinding process of the chnker. The properties 

of Portland cement can be modified by varying the raw feed materials, mix proportions 

and the rate of cooling of the clinker in order to produce different cement mineralogies 

and hence different Portland cement types (St. John, 1998). Portland cement clinker was 

first observed under the microscope by Le Chateher in the last years of nineteenth 

century and somewhat later by Tomebohm (Soroka, 1979). Tomebohm (1987) identified 

in the cement clinker four minerals which he gave the names ahte, behte, felite , and 

celite. Later work has shown that alite is essentially tricalcium silicate (C3S), belite and 

felite are two forms of dicalcium sihcate (PC2S and aC2S), and celite is a calcium 

aluminoferite phase. It is now well known that ordinary Portland cement clinker mainly 

consists of tricalcium sihcate (C3S), dicalcium sihcate (C2S), tricalcium aluminate (C3A) 

and tetracalcium aluminofenite (C4AF) with minor amount of lime (CaO), periclase 

(MgO) and gypsum. 
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6.2 General Observations 

6.2.1 Lubbock Site 

Unhydrated or partially hydrated cement grains are present in all of the samples 

with different curing days. The grains of alite (C3S) are usually well dispersed but belite 

(C2S) crystals vary from well-scattered grains to clusters or nests. The sizes of the alite 

grains commonly reach up to -80 pm in size. Generally, alite grains are colorless while 

most of belite crystals are slightly colored (yellow or brown) on the thin-section. The 

petrographic observation of the unhydrated cement grains reveals that the cement used 

(Type I/II) has rather high alite contents which is abimdant throughout the samples from 

this site. Alite crystals are clearly seen at high magnification as transparent minerals with 

high relief and a low birefiingence color. Samples with little or no curing (0- and 2-day 

curing) often contain well-developed euhedral hexagonal ahte crystals (Figure 6.1). 

Belites often occur as clusters of various sizes or polycrystalline grams which also 

contain ahte crystals and dark ferrite as an interstitial phase (Figure 6.2). 

Qualitative assessment of the unhydrated cement grains mdicates that on the 

whole the abundance of unhydrated cement grains are somewhat higher in samples of 

shorter curing days (0- and 2-day curing samples) than those in samples of longer curing 

days. However, the alite grains are abundant throughout the samples from the Lubbock 

site irrespective of curing days, again suggesting alite-rich nature of the cement used in 

Lubbock site (Figure 6.3). 
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6.2.2 El Paso Site 

Unhydrated cement grains in El Paso site are characterized by widespread belite 

grains of various sizes and infrequently distributed fine grains of alite. The overall 

abundances of unhydrated cement grains in samples from this site are far less than those 

in samples from the other two sites with the same curing days. Alite grains are mostiy 

less than 50 pm and reach up to ~65pm in size. Belite (C2S) grains occur as well-

scattered grains with some attached matrix materials but belite clusters or nests are also 

commonly observed especially in 0-day curing samples. However, the belite clusters are 

smaller (mostly less than -110pm) than those observed in samples from the other two 

sites which are often larger than 190 pm in size (Figure 6.4). Based on the qualitative 

assessment, the unhydrated cement grains are more abundant in samples of shorter curing 

days (0- and 2- day curing samples) than those of longer curing days. 

Ground granulated blastfumace slag (ggbs) forms 50%) of the binder in the 

concrete mix for this site. The ggbs grains are angular and shard-like with a glassy 

facture habit (Figure 6.5). They are easily distmguished from quartz by their higher relief 

and isotropic properties. Unlike cement grams they have no recognizable reaction rims 

around the grains. 

6.2.3 Fort Worth Site 

Sunilar to the samples from Lubbock site, those from Fort Worth site contain 

abundant unhydrated alite grains throughout the samples regardless of cunng duration. 

Belite is more commonly seen as polycrystalline grains which also contain femte as a 

dark, interstitial phase. Belites also occur as small rounded particles around the edges ol 
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the alite crystals (Figure 6.6). Size distribution of the unhydrated cement grains are 

similar to those observed in the Lubbock site samples. Qualitative assessment of the 

unhydrated cement grains indicate that the percentage of unhydrated cement grains is 

higher in samples of little or no curing (0- and 2-day curing samples) than samples of 

longer curing days. 

The test concrete slab for this site contains 22%) fly ash by weight of the binder. 

Fly ash is easily identified on both a pohshed section and a thin section (Figure 6.7). 

Most of them are less than 30 pm but range up to 110 pm in size. The fly ash particles 

are mostly spherical and distinguished by bright yellow color under the polarized light. 

Some of them have dark (white on the polished section) rims around particles under the 

thin section. 

6.3 Discussion 

The qualitative assessment of the concrete samples from the three test bridge deck 

sites mdicates that the amount of unhydrated cement grams decrease with increasing 

curing period. The overall size and proportional distribution of unhydrated cement grains 

are similar in the samples from Lubbock and Fort Worth site. However, cement grains m 

El Paso samples are far smaller in their size and much less in volumetric amount 

mpared to those of other two sites. The amount and size of unhydrated cement grains 

hardened cement paste vary greatly according to a number of factors (e.g., cement 

fineness, water/cement ratio, temperature, cement type and mineral additives). The 

concrete for the El Paso site bndge deck slab consists of 50% cement and 50% ground 

granulated blast ftimace slag {ggbs), which is the most likely reason for the noticeably 
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reduced amount of the cement grains in the El Paso samples. The decreased size 

distribution of the cement grains in the El Paso samples are more difficuh to be 

explained. It could be due to: (1) the improved fineness of the cement used, (2) the 

advanced hydration due to increased water/cement ratio or/and curing temperature, or (3) 

the direct result of ggbs added in the concrete mix. 
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Figure 6.1 Well-developed euhedral hexagonal ahte crystals in LAPG (Polarized light). 
Note the dark hydration rim around the alite crystal. 
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Figure 6.2 Large belite (C2S) clusters in a 0-day curing sample (LAPG) from Lubbock 
site (Polarized light). Cluster size is about 195 pm. 

Figure 6.3 Unhydrated alite (C3S) grains in a 14-day curing sample (LFPG) from 
Lubbock site. Note abundant high relief alite grains with reaction rims (Polarized light). 



Figure 6.4 A Behte cluster in a 0-day curing sample (EAPG) from El Paso site 
(Polarized light). Note the drying shrinkage crack developed at the right side of the 
section. 

Figure 6.5 Ground granulated blastfrimace slag grains in sample EBPG (Glossed polar). 
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Figure 6.6 A polycrystalline fragment of unhydrtaed cement in a 0-curing day sample 
(FAPG) from Fort Worth site. Note the fragment contains white pseudo-hexagonal alite 
and yellowish round belite crystals in the dark ferrite matrix (Crossed polar). 

Figure 6.7 Fly ash particles in sample FBPG (Polished section). 
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CHAPTER v n 

CALCIUM HYDROXIDE AND ETTRINGITE 

7.1 Calcium Hydroxide and Ettringite 

Calcium hydroxide (Ca(0H)2) is one of the most common minerals in a hardened 

concrete paste in which pore fluid is present. As a resuh, its absence or alteration often 

provides useftil information on the cement types and the past history of the concrete (St 

John et al., 1998). No calcium hydroxide is produced from the hydration of the aluminate 

and ferrite phases. The hydration of the sihcate phases (tricalcium and dicalcium silicate) 

and free lime (CaO) produce calcium hydroxide by the following reactions. 

2(3CaO.Si02) + 6H2O -> 3CaO.2SiO2.3H2O + 3Ca(OH)2 

2(2CaO.Si02) + 4H2O -> 3CaO.2SiO2.3H2O + Ca(0H)2 

CaO + H2O -> Ca(0H)2 

Ettringite (CaS04.3CaO.Al203.12H20) is formed by reaction that requires an 

excess of the sulfate ion SOj^ over the aluminate phase in the pore solution (St. John et 

al., 1998). Its formation during the setting is expansive but as the concrete is still hi a 

plastic state the volume increase is easily accommodated (St. John et al, 1998). 

7.2 Observations 

7.2.1 Lubbock Site 

Calcium hydroxide is ubiquitous in samples from the Lubbock site. They are 

most commonly observed inside void spaces. Small or medium size air voids often 
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completed filled with well-developed coarse calcium sihcate crystals (Figure 7.1). 

Calcium hydroxide also often crystalhzes at the periphery of the aggregates (Figure 7.2). 

hi the cement paste they are uniformly distributed as crystals of various sizes but 

volumetrically they are much less than those in void spaces (Figure 7.3). In a few cases, 

numerous fine calcium hydroxide crystals are scattered over inside a fine aggregate 

suggesting a porous nature of the aggregate (Figure 7.4). The relationship between the 

content of calcium hydroxide content and curing duration is not clear from the qualitative 

assessment but the amount of calcium hydroxide filling air voids is higher in samples 

with short curing days than those of longer curing durations. Ettringite crystals are not 

observed in the samples from this site. 

7.2.2 El Paso Site 

Calcium hydroxide is rare throughout the samples with various curing days 

(Figure 7.5). The voids in most cases lack any infilling mineral deposit although calcium 

hydroxide crystals are often observed inside small an voids in samples with shorter 

curing days. In the cement paste, calcium hydroxide crystals are surprisingly rare and 

when observed, they occur as an isolated medium or as fine crystals. Ettringite crystals 

are not observed in samples from this site. 

7.2.3 Fort Worth Site 

Calcium hydroxide occurs as coarse tablets and minute crystals scattered in 

cement paste. They are more commonly observed in the cement pastes with longer 

curing days. Calcium hydroxide crystals are also observed at aggregate particle 
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boundaries (Figure 7.6). Whenever this is the case, calcium hydroxide is more 

conspicuous on sihceous aggregates (e.g, chert and quartz) than on carbonate ones. 

However, calcium hydroxide crystals are rarely observed in the voids. Calcium 

hydroxide in samples from this site is volumetrically far less than those in Lubbock site 

samples but somewhat higher than those in El Paso site samples. Ettringite needles are 

observed inside a few small air voids and characterized by low relief and low 

birefringence color. 

7.3 Discussion 

The crystallization of calcium hydroxide largely depends on the size of pores and 

presence of fluid in the pore space. Generally large laths of calcium hydroxide are 

crystallized in the pores or fissures with sufficient space and fluid while calcium 

hydroxide crystals will only form on surfaces where fluid has not filled the pore of fissure 

(St. John, 1998). The crystallization of calcium hydroxide also varies with water/cement 

ratio. This is because the size of the capillary pores rehes on the water/cement ratio. 

Concrete with a relatively high water/cement ratio will produce larger aggregations of 

calcium hydroxide compared to those with a lower water/cement ratio (St. John, 1998). 

Calcium hydroxide is ubiquitous in samples from the Lubbock site and it is not 

uncommon that some of the air voids in those samples are completely filled with coarse 

calcium hydroxide crystals. This indicates that the bridge deck concrete m Lubbock site 

was mixed very wet or there has been subsequent moisture movement. The high content 

of calcium hydroxide in Lubbock samples is also consistent with the concrete mix design 

for the site in which no mineral admixtures were used. 
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Calcium hydroxide m samples from El Paso and Fort Worth sites are volumetncally 

far less than those in Lubbock site samples. Further, calcium hydroxide is rare in 

samples from El Paso site. Lack of calcium hydroxide in hardened concrete can be 

explained by various reasons and some of the major factors are summarized below (John 

D.A. etal., 1998). 

1. There has been insufficient fluid in the pores, cracks and fissures for its formation due 

to lack of proper curing or low water/cement ratio. 

2. Either high-alumina or supersulfated cement has been used because these cements do 

not produce calcium hydroxide during hydration. 

3. The concrete contains a sihceous mineral admixture. 

4. There is an alkali-sihca reaction where the alkali-sihca gel absorbs the calcium. 

Explanations (2) and (4) can be easily discarded based on the fact that regular 

type I/n Portland cement was used for the test slab concretes and only minor possible 

alkali-aggregate reaction has been observed in the samples from El Paso. Although 

differences in water/cement ratio might have played a role, the major determining factor 

for the reduced calcium hydroxide crystallization in El Paso and Fort Worth site samples 

is likely due to the effects from the mineral admixtures used in the test slabs. The high 

proportion of ground granulated blast fumace slag {ggbs) in the El Paso site bridge deck 

concrete (50% of the binder in weight) reduces the lime/silica ratio and consequently 

suppresses the formation of calcium hydroxide (Ca(0H)2) (St. John et al., 1998). 

Although no hydration products are produced when ggbs is exposed to water, ggbs can 

react with calcium hydroxide which is formed during the hydration of Portland cement to 

form a cementitious material. Such a reaction reduces the amount of calcium hydroxide 
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in the hardened cement paste (e.g.. Lea, 1970; Hooton, 1987). The precise mechanisms 

by which fly ash participates in pozzolanic reactions are uncertain and the reactions are 

complex (e.g., Mehta, 1985, St. John el al., 1998). However, the possibe pozzolanic 

reactions and decrease in lime/silica ratio due to fly ash mixed in the bridge deck 

concrete may be responsible for the reduced presence of calcium hydroxide in the Fort 

Worth site samples. 

Abundant calcium hydroxide crystalhzation in air voids in the Lubbock site 

samples requires more explanation and possibly has unphcations on concrete durability. 

Considering the amount of void-infilling calcium hydroxide is higher in samples with 

shorter curing days, some of them are likely secondary origin due to subsequent moisture 

movement. The samples of 0- and 2-day curing from this site have high void contents 

which are often characterized by large proportions of irregular voids and bleeding 

channels. As a result these samples are expected to have high permeability and potential 

for moisture movement. The increased permeability allows more water and chemical 

ions to permeate into the concrete and thus facilitates concrete deterioration. 
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Figure 7.1 An air void in sample LAPG completely filled with calcium hydroxide 
crystals (Crossed polar). 

Figure 7.2 Calcium hydroxide crystals at the boundary of a coarse calcareous aggregate 
in sample LFPG (Crossed polar). 
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Figure 7.3 Calcium hydroxide disseminated in cement paste (1) and at the aggregate 
boundary (2) in sample LAPG (Crossed polar). 

Figure 7.4 Fine calcium hydroxide crystals scattered inside the fine chert aggregate in 
sample LFPG (Crossed polar). 
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Figure 7.5 Differences in calcium hydroxide crystallization, (a) A micrograph of sample 
EAPG. Note the lack of calcium hydroxide both in air voids and cement paste, (b) A 
micrograph of sample LAPG. Note abundant calcium hydroxide crystals infilling the air 
voids. 
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Figure 7.6 Calcium hydroxide crystallized at the boundary of a fine aggregate in sample 
FEPG (Closed polar). 
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CHAPTER VIII 

AGGREGATE AND AGGREGATE/PASTE BOUNDARY 

8.1 Aggregates 

Aggregate particles normally comprise about three-quarters of the volume of a 

concrete and their petrolocial type, surface texture, aggregate/surface interface and shape 

have a significant influence on the engineering properties of the concrete. Petrographic 

examination of aggregates is therefore an important consideration in evaluating the 

composition of any concrete. ASTM C295 provides "Standard Guide for Petrographic 

Examination of Aggregates for Concrete." However, the procedures to be followed are 

different according to the given purpose of the petrographic examination. Since the 

purpose of this thesis is the petrographic evaluation of the bridge deck concrete 

durability, focus is made mainly on the aggregate type, surface texture, aggregate/surface 

interface and aggregate/cement reactivity. 

8.2 Observation 

8.2.1 Lubbock Site 

8.2.1.1 Aggregate Types and Textures 

The coarse aggregates are mostly cmshed limestone. The limestone particles 

typically contain fossils which are generally various types of shells. Based on Folk 

(1959) classification scheme, the limestone can be classified as biomicrite. Coarse 

sparite often fills various sizes of irregular patches in micrite. No clear fissures and pores 

exist in the limestone particle but inside of the large fossil shells are often abundant in 
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voids, recrystallized sparry calcite and siliceous crystals unlike surrounding area in the 

limestone aggregate (Figure 8.1). 

Fine aggregates are angular to rounded and composed mainly of quartz, chert, 

mad, calcite, plagioclase and volcanic glass in order of decreasing abundance. Quartz 

grains often show intemal fissures and many chert grains are often highly deteriorated by 

possible alkali-aggregate reaction. The inside of the deteriorated chert grains are 

characterized by wide-spread cracks which are filled with dark-gel like materials (Figure 

8.2 and Figure 8.3). 

8.2.1.2 Aggregate/paste uiterface 

Some of the aggregates are mantled with recrystallized calcite crystals, calcium 

hydroxide or carbonated minute birefiingent minerals. This is more common at the 

peripheries of fine aggregates than coarse ones (Figure 8.4). At the bottom side of a large 

aggregate is often concentrated with elongated air voids parallel to the aggregate surface 

(0- and 2-day curing samples) (Figure 8.5). 

8.2.2 El Paso Site 

8.2.2.1 Aggregate Types and Textures 

Coarse aggregates, similar to the Lubbock site, are mostly cmshed limestone with 

minor cmshed volcanic rocks. Cmshed limestone aggregates commonly lack fossil shells 

which were commonly observed in samples from the Lubbock site. They are often 

intmded by various sizes of calcite veins and contain noticeable amount of intemal 

fissures (Figure 8.6). Calcite crystals in the veins are usually much larger than those of 
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suiTounding limestone and commonly have clear cleavage planes. It is also observed that 

a few of the veins are cut by fissures developed inside the limestone (Figure 8.7). The 

limestone aggregates also show large compositional and textural variation unlike those 

the Lubbock site samples, ft is common that some part of the aggregate consists of well 

developed rhomb-shaped euhedral to subhedral dolomite crystals while the other part of 

the aggregate is mostly composed of fine micritic calcite crystals (Figure 8.8). A few 

siliceous coarse aggregates are also observed and often show well-developed intemal 

cracking which are filled with dark gel-like materials (Figure 8.9). 

Fine aggregates are angular to rounded and composed mainly of quartz, volcanic 

rock grains, calcite, chert, plagioclase and volcanic glass in order of decreasing 

abundance. However, samples from this site contain abundant cmshed volcanic rocks 

which are mostly basaltic andesite in composition (Figure 8.10). They contain abundant 

euhedral anorthite, amphibole and pyroxene phenocrysts in the fine groundmass. 

8.2.2.2 Aggregate/paste interface 

Void rich zones in the periphery of the aggregates such as those observed in 

Lubbock site samples are rare in samples from this site. However, if observed, it occurs 

as a thin fihn of void on the aggregate surface. The aggregates are also commonly 

encmsted by calcite or calcium hydroxide. 
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8.2.3 Fort Worth Site 

8.2.3.1 Aggregate Types and Textures 

The coarse aggregates are mostly cmshed limestone. Compositional and textural 

characteristics of the coarse aggregates are not different from those in samples from the 

Lubbock site. The fossil shells are often observed in the limestone and most of the 

limestone aggregates can be classified as biomicrite based on the Folk classification 

scheme. Minor fissures and calcite veins are present in most of the limestone aggregates. 

Fme aggregates are angular to rounded and composed mainly of quartz with 

minor chert, calcite, plagioclase and volcanic glass. Quartz grams often show intemal 

fissures and chert grains are often highly deteriorated by possible alkali-aggregate 

reaction. 

8.2.3.2 Aggregate/paste interface 

Textures at aggregate/cement paste interface are not dissimilar from those 

observed in samples from the Lubbock site. Calcium hydroxide or calcite crystals 

encrust some of the fine aggregates (Figure 8.11). Also, the lower side of an aggregate is 

often concentrated with a wide void-rich zone, especially in samples with shorter curing 

days (Figure 8.12). 

8.3 Discussion 

Cmshed limestone was used as coarse aggregates in all of the three test slab 

concretes although minor amount of cmshed mafic volcanic rocks also have been used in 

the bridge deck concrete in the El Paso site. The cmshed limestone aggregates in 
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Lubbock and Fort Wonh site bridge deck concrete do not show any clear te.xtural and 

mineralogical differences. However, those used in the El Paso site are frequenth' 

intmded by calcite veins and frequently contain intemal fissures. Cmshed limestone 

aggregates from this site often show clear textural variations from areas of coarse 

dolomitic crystals to those of fine micritic calcite crystals. These features observed in the 

aggregates from the El Paso site samples are obviously undesirable traits because they 

constitute textural flaws that may weaken the aggregates. Several siliceous coarse 

aggregates observed are likely from quartz veins intmding the limestone source rock and 

contain well-developed cracks which are often filled with dark gel-like materials possibly 

formed due to the alkali-aggregate reaction. 

Shorter curing day samples from the Lubbock site often have aggregates 

encmsted by wide void-rich zone (Figure 8.5). Samples from the Fort Worth site also 

show sinular features (Figure 8.12) at the aggregate/cement boundaries but in far less 

degree and frequency. However, aggregate/cement mterfaces with such features are 

lacking in El Paso samples. The interface between aggregate particle surfaces and 

cement paste is one of die most unportant parameters m determming the mechanical 

performance of concrete (St. John, 1998). This void-rich zone at the aggregate 

boundaries reduces bonding strength between the aggregate and cement paste and 

consequently cause poor mechanical performance. Reduced air void contents and lack of 

textural flaw at the boundaries of aggregates m the samples from El Paso and Fort Worth 

sites are probably resuhs of the beneficial effects of ground granulated blastfrimace slag 

and fly ash respectively (e.g., Thomas and Matthews, 1993). These types of void spaces 

at the aggregate boundanes totally disappear in samples with curing longer than 4-days, 
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which again suggests improved strength and mechanical performance of concrete with 

adequate curing (hydration). 

The petrographic examination also revealed that calcite and calcium hydroxide 

often encmst aggregate particles. According to Lea (1970), the film of fluid at the 

aggregate/paste interface naturally has the chemical composition which is characteristic 

of the pore fluid in freshly placed concrete, being rich in calcium hydroxide and sulfates. 

Layers of calcium hydroxide and/or ettringite crystals are therefore deposited at the 

aggregate/paste interface as the fluid evaporates. The efficiency of the bond between 

aggregates and hardened cement paste can be influenced by these mineral deposits which 

interpose between the components (St. John, 1998). 
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Figure 8.1 A fossil shell inside a coarse limestone aggregate in sample LAPG. Note the 
voids and sparry calcites inside the shell which contrast with micritic minute calcite 
crystals outside the shell (Polarized light). 

Figure 8.2 The siliceous aggregate (chert) on the right side in sample LAPG shows well 
developed cracks and dark gel-like materials. The cracks are filled with the gel-like 
material and believed to be due to the alkali-aggregate reaction. The calcareous fine 
aggregate on the left side does not show any deleterious textures (Polanzed light). 
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Figure 8.3 Circular fine grain of chert in sample LAPG. Note the cracks and dark gel
like materials developed inside the grain (Crossed polar). 

Figure 8.4 A gap of recrystalized calcite crystals developed on the surface of the 
calcareous fine aggregate in sample LAPG (Crossed polar). 
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Figure 8.5 Void-rich zone at the surface of coarse aggregates in sample LAPG (0-curing 
day) (a) and LBPG (2-day curing) (b). Samples of 4-curing day seldom show void-rich 
zone near the coarse aggregate (c). 
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Figure 8.6 micro-calcite veins intmding the dolomitic limestone aggregate in sample 
EAPG (Crossed polar). 

Figure 8.7 Fissures developed inside a coarse limestone aggregate in sample EAPG 
(Polarized light). Note that the calcite veins are cut by the fissure. 
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Figure 8.8 Compositional and textural variations in a coarse limestone aggregate in 
sample EAPG. Note the coarse rhomb-shaped euhedral to subhedral dolomite crystals at 
the upper part and micritic calcite crystals at the lower part of the section (Polarized 
hght). 

Figure 8.9 Highly deteriorated siliceous aggregate in sample ECPG. The cracks are 
filled with dark gel-like materials (Polarized light). 
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Figure 8.10 A fine aggregate of an igneous rock in sample EFPG which is 
compositionally close to the basaltic andesite. Note the well developed crystals of 
plagioclase, amphibole and pyroxene in the fine groundmass (Crossed polar). 

Figure 8.11 A zone of fine calcium hydroxide crystals developed on the surface of the 
calcareous fine aggregate in sample FAPG (Crossed polar). 

95 



Figure 8.12 Void-rich zone adjacent to the bottom side of the aggregate observed in 0-
curing day sample (FAPG) from Fort Worth site (Polarized light). 
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CHAPTER IX 

SUMMARY AND CONCLUSION 

The petrographic studies were conducted using a polarized optical microscope for 

the cores collected from the test slabs from Lubbock, El Paso and Fort Worth sites and 

the results were summarized in Table 9.1. The study indicated that curing (hydration), 

mineral additives, aggregates and possibly environmental factors can contribute to the 

development of characteristic features of hardened cement pastes which have great 

imphcation on the overall concrete strength and durability of a particular concrete. 

9.1 Effect of Curing (Hydration) 

9.1.1 Air Voids 

The air void contents m Lubbock and El Paso samples are strongly controlled by 

curing days. The 0- and 2-day curing samples from Lubbock site are distinct in the fact 

that they have unusually high total and irregular air voids. Some of them show 

characteristic features of a bleeding channel which was rarely observed in samples with 

longer than 2-day curing. The total air void contents are sharply dropped within 2- or 4-

day curing periods and remained relatively constant afterwards. The size distributions of 

circular air voids in the El Paso samples also show a clear correlation with curing. The 

air voids gradually shift toward smaller sizes as the curing duration is increased. 

Samples with littie or no curing (0- and 2-day curing) invariably have large air 

void contents ( > 6%)) and consequently have an increased potential for weak strength. A 

large proportion of irregular air voids and bleeding channels observed in those samples 
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can also reduce their resisting abihties for chemical attacks (e.g., sulfate attack, acidic 

waters) and accordingly can reduce durability of the concrete. 

9.1.2 Unhydrated Cement Grains 

The petrographic examination confirms that the amount of unhydrated cement 

grains decreases as curing duration increases. However, quantitative determination of the 

residual cement grains is needed to be followed to better understand the relationship 

between the degree of hydration and curing days. 

9.1.3 Calcium Hydroxide 

The amount of void-infilling calcium hydroxide is higher in samples with shorter 

curing days in as the cases of Lubbock and Fort Worth site samples. Some of the calcium 

hydroxide is likely to be of secondary origin due to subsequent moisture movement. This 

again suggests that an increased amount of void-infilling calcium hydroxide crystals in 

"msufficiently cured" samples probably reflect the higher permeability of tiiose samples. 

The samples of 0-and 2-day curing from these sites have high void contents which are 

often characterized by large proportions of hregular voids. Consequently these samples 

are expected to have higher permeabihty and an increased potential for moisture 

movement. The increased permeability allows more water and chemical ions to get into 

the concrete and thus facilitates concrete deterioration and consequently adversely affects 

the overall concrete durability. 
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9.1.4 Aggregate/Cement Paste hiterface 

Shorter curing day samples from Lubbock and Fort Worth sites (0- and 2-day 

curing samples) often have aggregates encmsted by a wide void-rich zone. This void-

rich zone at the aggregate boundaries reduces bonding strength between the aggregate 

and cement paste and consequently causes poor mechanical performance. 

9.2 Effect of Mineral Additives 

9.2.1 Unhydrated C ement Grains 

Unhydrated cement grains in El Paso site samples are far smaller in their size and 

much less in volumetric content compared to those of other two sites. The concrete for 

the El Paso deck slab consists of 50%) cement and 50%) ground granulated blast fumace 

slag (ggbs), which is the reason for the noticeably reduced amount of the cement grains in 

El Paso samples. 

9.2.2 Calcium Hyroxide 

Calcium hydroxide m samples from the El Paso and Fort Worth sites are 

volumetrically far less than those m Lubbock she samples. Further, calcium hydroxides 

are unexpectedly rare in samples from El Paso site. Major determining factors for the 

reduced calcium hydroxide crystallization m the El Paso and Fort Worth site samples are 

likely due to the effects from the mineral admixtures used in those sites. A high 

proportion of ground granulated blast fiunace slag (ggbs) in the El Paso deck slab (50% 

of the binder in weight) reduces lime/silica ratio and consequently suppresses the 

formation of calcium hydroxide (St. John et al.. 1998). Although no hydration products 
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are produced when ggbs is exposed to water, ggbs can react with calcium hydroxide 

which is formed during the hydration of Portland cement to form a cementitious material 

and thus reduce the amount of calcium hydroxide in hardened cement pastes (e.g., Lea, 

1970; Hooton, 1987). The precise mechanisms by which fly ash participates m 

pozzolanic reactions are uncertain and the reactions are complex (e.g., Mehta, 1985; St. 

John el al., 1998). However, the possibe pozzolanic reactions and decrease in lime/silica 

ratio due to fly ash in the concrete are likely responsible for the reduced calcium 

hydroxide formation in the Fort Worth site samples. 

9.3 Effect of Aggregates 

9.3.1 Cracks 

The petrograpic observation indicates that cracks are developed in a greater 

degree in the samples from the El Paso site than those from other two sites. Although a 

large proportion of the cracks are drying shrinkage cracks in the hardened cement paste, 

some of them are developed in the periphery of an aggregate and suggest that shrinking 

and/or absorptive aggregates may have played a role for the well-developed shrinkage 

cracks in the El Paso site. 

The durability of a concrete bridge deck is strongly influenced by the presence of 

microcracks and the pore stmcture in hardened cement paste. The cracks interconnect 

flow paths and voids and consequently increase permeability of the concrete. The well-

developed shrinkage cracks in El Paso site samples therefore adversely affect the overall 

durability of the concrete. 
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9.3.2 Aggregate Types and Textures 

Cmshed limestone was used as coarse aggregates in all of the three test slab 

concretes, although minor amounts of cmshed mafic volcanic rocks have also been used 

in the bridge deck concrete in the El Paso site. The cmshed limestone aggregates m the 

Lubbock and Fort Worth site bridge deck concretes do not show any clear textural and 

mineralogical differences. However, those used in the El Paso site are frequently 

intmded by calcite veins and frequentiy contain mtemal fissures. Cmshed limestone 

aggregates from this site often show clear textural variations from areas of coarse 

dolomitic crystals to those of fine micritic calcite crystals. These features observed in the 

aggregates from the El Paso site samples are obviously undesfrable traits because they 

constitute textural flaws that may weaken the aggregates. Several siliceous coarse 

aggregates observed are likely from quartz vems intmding the limestone source rock and 

contam well-developed cracks which are often filled with dark gel-like materials possibly 

formed due to the alkali-aggregate reaction. 

9.4 Effects of Environmental Factors 

9.4.1 Cracks 

Most of the cracks developed in samples from the El Paso site are drying 

shrinkage cracks in the hardened cement paste with exception to those developed in the 

periphery of an aggregate. Drying shrinkage is mostly related to water loss from the 

concrete. For that reason, factors affecting drying, such as humidity, temperature, etc., 

also affect the shrinkage of the cement paste (Soroka, 1979). The greater shrinkage is 

also expected with an increase in water/cement ratio (Soroka, 1979). Considering the 
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lower water/cement ratio for the bridge deck concrete m El Paso compared to m Lubbock 

site, it is not likely that differences in water/cement ratio was responsible for the observed 

differences in crack development. More preferred explanation is that climatic factors 

such as temperature and relative humidity are probably played role for the observed 

differences in crack development. The cracks interconnect flow paths and voids and 

consequently increase permeability of the concrete, which can also reduce their ability to 

resist chemical attacks (e.g., sulfate attack, acidic waters) and accordingly reducing 

durability. 

9.5 Suggestions and Future Research 

9.5.1 Suggestions 

Similar studies can be performed using samples from other two remaining sites 

(San Antonio and Houston sites). The results from this upcoming study will provide 

much larger set of data, which enables more comprehensive understanding on how curing 

(hydration), mineral additives, aggregates and environmental factors can contribute to the 

development of characteristic features of hardened cement pastes. The results from this 

study can be utilized as a prime data set which can be improved by and compared with 

those from the future petrographic studies. 

Some improvements are to be made in future microscopic examinations for the 

samples from remaining two sites to improve the accuracy and reliability of the 

quantitative determination of air void contents and qualitative assessment of other 

petrographic features (e.g, cracks, fissures, etc.). In this study, two horizontal and one 

vertical thin sections were prepared from each of a concrete core for petrographic 
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analysis. According to ASTM C457, the plane of section from concrete needs to be a 

vertical to observe the frill extent of void systems. It is therefore suggested that at least 

two vertical sections are prepared in fiiture samplmg process at the expense of one or two 

of the horizontal sections. Also, if time and efforts allow, one additional core can be 

prepared for each of the six bridge deck segments. Then, three more thin sections are 

prepared for the additional concrete core from a given segment of a test slab, which 

increases the area of surface for measurement and reduces local anomalies associated 

during the sampling process. 

9.5.2 Proposed Future Research 

9.5.2.1 Degree of Hydration 

There are two types of specimens that are most commonly used for microscopic 

analysis of concrete. These include polished sections and normal petrographic thin 

sections. All of the petrographic examinations in this study were conducted using thin 

sections prepared from the rapid chloride permeability test cores. Although thin sections 

allow a comprehensive analysis of concrete specimens, microscopical examination of 

polished sections treated with various etchants (e.g., distilled water, HF vapor, and HNO3 

in alcohol) often provides a direct method for quantitative determination of the amount of 

unhydrated cement grains and/or calcium hydroxides (St. John et al, 1998). 

The petrographic examination for the samples from Lubbock, Fort Worth and El 

Paso sites confirmed that the amount of unhydrated cement grains decreased with 

increasing curing period. However, quantitative determination of the residual cement 

grains needs to be done to better understand the relationship between the degree of 
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hydration and curing days. A suggested ftiture study mvolves determining the degree of 

hydration from the determined volumetric resuhs using the following equation described 

byRayenscroft(1982). 

n / ; - ( ^ ^ / ' ^ ^ - C ^ / & ) x l 0 0 
Cm/ Sm 

where Cm/Sm is the cement to sand ratio by mass in original concrete mix and 

Cs/Ss is the unhydrated cement to sand ratio by mass in the sample. Once values of the 

degree of hydration are determined for the samples with different curing durations, they 

can be used to better understand how the hydration of bridge deck concrete is affected by 

curing duration, concrete mix design and environmental factors (e.g, temperature and 

relative humidity). 

9.5.2.2 Petrographic Exammation of Concrete Samples With Different Ages 

All of the petrographic examination m this study was conducted using 56-day 

concrete cores. Similar petrographic studies can be performed using concrete cores with 

different ages (e.g., 28-day and/or 90-day samples). Then, the results can be compared 

together to verify the variations of concrete textures according to changes in concrete 

ages in addition to differences in curing durations. 
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9.5.2.3 Scanning Electron Microscopy rSEM) for Pns.c;ih1e 

Alkah-Carbonate Reactions 

The petrographic examination indicated that cracks are developed in a far greater 

degree in El Paso samples than those from the other two sites. Some of the cracks in El 

Paso samples are developed in the periphery of a coarse limestone aggregate, which 

suggests shrinking and/or absorptive aggregates may have played a role for the well-

developed shrinkage cracks. However, the mechanism responsible for such a volume 

change in those limestone aggregates is not clear and difficuh to be examined under the 

optical microscope. 

The expansion of limestone aggregate particles is often initiated by alkali-

carbonate reaction (St. John et al., 1998). Those limestones susceptible to such a 

destructive reaction has a characteristic texture in which large crystals of dolomite are 

scattered in a fine-grained matrix of calcite and clay (Waddell and Dobrowolski, 1993). 

The proposed SEM study will uivolve identifying the existence of clay materials inside 

the limestone aggregates as well as examining fine textural details of the aggregates. The 

resuhs from the future SEM study will then provide important clues which will be used to 

test the possibility of alkah-carbonate reaction as the main cause for the crack 

development m the periphery of the limestone aggregates in El Paso samples. 

105 



Table 9 1 Summary of resuhs from petrographic examinations of the samples from 
Lubbock, El Paso and Fort Worth site. 

A * " 1 

Air voids 

Cracks 

Lubbock ^ite 

0- and 2-(lay curing 
samples are distinct in 
the fact that they have 
unusually high total 
and irregular air void 
contents. 

Bleeding channels were 
observed in 0-day 
curing sample. 

The contents of air voids 
dropped dramatically 
in the 4-day curing 
sample and remained 
constant afterwards. 

Cracks are rare but when 
observed they are 
mostly fine drying 
shrinkage cracks with 
poor continuity. 

El Paso Site 
The contents of 

irregular air voids 
in 0-and 2-day 
curing samples are 
much less than 
those of Lubbock 
samples. 

The total air void 
contents 
significantly 
dropped for the 2-
day curing sample 
and remained 
constant 
afterwards. 

Circular air voids 
show systematic 
variations in size 
distribution with 
curing days. 

Cracks are developed 
in a greater degree 
than those 
observed in other 
two sites.Cracks 
developed in the 
hardened cement 
paste are mostly 
drying shrinkage 
cracks. 

Some of the cracks in 
El Paso samples 
are developed in 
the periphery of an 
aggregate. 

Fort Worth Site 
Air void contents lack 
any clear correlation 
with curing days. 
However, the sample 
with no curing has 
highest total air void 
content. 

1 
1 

Cracks are rare but 
when observed they 
are mostly fine 
drying shrinkage 
cracks with poor 
continuity. 
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Table 9.1 Continued. 

Unny orated 
Cement 
Grains 

Calcium 
Hydroxide 

Aggregate 

Aggregate/ 
Paste 
interface 

Lubbock iiite 

1 ne overall size and 
abundances of the 
unhydrated cement 
grains decrease in 
samples with longer 
curing duration. 

Calcium hydroxide is 
ubiquitous and some 
of the air voids are 
completely filled with 
coarse calcium 
hydroxide crystals. 

The coarse aggregates 
are mostly cmshed 
limestone. 

Fine aggregates are 
angular and rounded 
and composed mainly 
of quartz, chert. 
calcareous rock grains, 
plagioclase and 
volcanic glass. 

Little or no curing 
samples have 
aggregates encmsted 
by wide void-rich 
zone. 

Some of the aggregates 
are mantled with 
recrystallized calcite 
crystals, calcium 
hydroxide or 
carbonated minute 
birefiingent minerals. 

El Paso Site 
Samples have 

noticeably reduced 
amount of cement 
grains due to the 
mix of SOVo ggbs 
with 50% of 
Portland cement. 

Calcium hydroxide 
contents are far 
less than those in 
Lubbock site 
samples. 

Coarse aggregates are 
mostly dolomitic 
cmshed limestone 
which have large 
compositional 
textural variations. 

Fine aggregates are 
angular to rounded 
and composed 
mainly of quartz, 
volcanic rock 
grains, calcite, 
chert and 
plagioclase. 

Void -rich zones in 
the periphery of 
aggregates are rare. 

In a few cases. 
aggregates are 
encmsted by 
recrystallized 
calcite or calcium 
hydroxide. 

Fort Worth Site 
The overall size and 

abundances of the 
unhydrated cement 
grains decrease in 
samples with longer 
curing duration. 

Calcium hydroxide 
contents are less 
than Lubbock site 
samples but higher 
than El Paso site 
samples. 

The coarse aggregates 
are mostly cmshed 
limestone. 

Fine aggregates are 
angular and rounded 
and composed 
mainly of quartz 
with minor chert, 
calcite, plagioclase 
and volcanic glass. 

Aggregates of little or 
no curing are often 
encmsted by void-
rich zone but less 
degree than those in 
Lubbock site 
samples. 

Calcium hydroxide or 
calcite crystals 
encmst some of the 
fine aggregates. 
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Table A.l Glossary of terms 

Terms 

Biomicrite 

Birefiingence 

Calcareous 

Chert 

Crossed polar 

Dolomite 

Definition (Based on Bates and Jackson, 1980) 

A limestone consisting of a variable proportion of skeletal debris 
and carbonate mud (micrite). 

The ability of crystals other than those of the isometric system to 
split a beam of ordinary hght into two beams of unequal velocities 
and consequently produce a specific order of color under the 
crossed polar. 

Said of a substance that contains calcium carbonate. When applied 
to a rock name it implies that as much as 50% of the rock is calcium 
carbonate. 

A hard, extremely dense or compact, dull to semivitreous, 
microcrystalline or cryptocrystalline sedimentary rock, consistmg 
of interlocking crystals of quartz less than about 30 pm in diameter. 

In a polarizing microscope, two Nicol prisms or Polaroid plates are 
oriented so that the transmission planes of polarized light are at 
right angles. 

A common rock-forming rhombohedral mmeral (CaMg(C03)2.). 

Limestone A sedimentary rock consisting chiefly of calcium carbonate, 
primarily in the form of the mineral calcite, and with or without 
magnesium carbonates. 

Micrite A descriptive term used by Folk (1959) for the sedimentary 
crystalline matrix of limestones, consisting of chemically 
precipitated carbonate mud with crystals less than 4 microns in 
diameter. 

A black of dark-colored volcanic glass, usually of rhyolite 
composition, characterized by conchoidal fracture. It is sometimes 
banded or has microlites. 

Obsidian 

Plagioclase 

Poikilitic 

A group of triclinic feldspars of general formula 
(Na,Ca)Al(Si,Al)Si208. 

Said of the texture of an igneous rock in which small grains of one 
mineral (e.g., plagioclase) are irregularly scattered without common 
orientation in a typically anhedral larger crystal of another mineral. 
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Polarized hght 

Pyroclast 

Rehct 

Relief 

Scoria 

Vesicle 

Light that has been changed by passage through a prism or other 
polarizer so that its transverse vibrations occur in a single plane. 

An individual particle ejected during a volcanic emption. It is 
usually classified according to size. 

Pertaining to an original texture that remains after partial or total 
replacement. 

An apparently rough surface of a crystal section under the 
microscope. High relief indicates a great difference in index of 
refraction between the crystal and its mounting medium. 

A bomb-size pyroclast that is irregular in form and generally ver\' 
vesicular. 

A cavity of variable shape in lava, formed by the entrapment of a 
gas bubble during solidification of the lava. 
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