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Appendix D: Petrographic Analysis

Introduction

The petrographic analysis for this study was completed by two different registered petrographers.
These petrographic examinations were done according to ASTM C 856. Airports |, 1, and Il
were completed by Mr. Don Campbell of Campbell Petrographic &@eryvinc., while airports

IV T VIII were completed by Mr. James Schmitt of Schmitt Technical Services LLC. The goals
of the petrographic analysis were to first determine what the form of deterioration was and what
role did the chemical deicers play in thegree of thigleterioration The reports found below

are the results of the petrographic analysis of the individual airfield pavements.
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Introduction for Airports | i Il

Dr. PrasadR. Rangaraju, Ph.D., P.E. of Clemson University, Department of Engineering

has contractedCampbell Petrographic Servigdsc. to perform petrographic examinations of

core samples from thairfield pavementsThe cores are from one of several airfield pavements
selected to be included in Innovative Pavement Reséarghdation (IPRF) Project No. @3-

002057 , entitled APerformance of Concrete in tI
l denti fication of I nduced Distress Mechani sms
part of Tasks 5, 7 and 9 of the pmdf regarding forensic investigations of cores taken from the
pavements.

Airport |

Identification and Dimensions:

Victor 1 2: Length = 203mm; Diameter = 95mm; Intact.

Tangoi 3: Length = 215mm; Diameter = 95mm; In two segments, separated transvknsgly a
a slanted fracture surface, through aggregates, from a depth of 40 to 85mm.

Tangoi 6: Length = 260mm; Diameter = 95mm; Intact.

Echoi 2. Length = 335mm; Diameter = 95mm; Intact.

Echoi 6: Length = 165mm; Diameter = 95mm; Intact.

Core or Fragnent Surfaces:

Victor i 2: Core top surface retains faint ridge marks from original finishing operation;
numerous fine aggregates exposed. Core side is smoothly drilled. Base of core is
fresh transverse fracture surface passing through aggregates.

Tangoi 3: Core top surface is weathered but retains very faint marks from the original finish;
numerous fine aggregates exposed. Side of core is smoothly drilled. Inclined
fracture surface separating the core into segments (as received) at a depth of
approxmately 85mm exhibits a tan color and apparent paste alteration. Base is a
fresh fracture surface, passing through aggregates, but also shows a horizontally
drilled 40mm diameter hole, extending approximately ¥ the core diameter.

Tangoi 6: Core topsurface is deeply weathered, removing all traces of previous finish and
exposing numerous fine and a few coarse aggregates (topographic relief is
approximately 2mm). Side of core is smoothly drilled. Base of core is fresh
transverse fracture surface, piag through aggregates.

Echoi 2. Core top retains coarse linear markings from original finish. Side of core is
smoothly drilled. Base of core is fresh transverse fracture surface, passing through
aggregates.

Echoi 6: Top surface of core is deeply atbered, exposing many fine aggregates, but
retaining traces of the original finish. Side of core is smoothly drilled. Base is fresh
transverse fracture surface.

Large Voids, Joints, and Macrocracks (easily seen with unaided eye):
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Victor i 2: No signifcant large voids or joints observed. Vertically oriented macrocrack with a
partial filling of clear to cloudy calcite extends approximately % of the core
diameter, passing out of the core at a depth of 35mm.

Tangoi 3: No significant large voids or joisa observed. Top surface exhibits three
macrocracks that intersect (almost forming a trdént junction) on the top; cracks
appear to extend downward to a maximum depth of approximately 85mm, ending at
the surface dividing the core into the two segre@streceived.

Tangoi 6: Entrapped air voids with diameters of approximately 4mm are common. No joints
or macrocracks observed.

Echoi 2: A few irregular entrapped air voids were observed with dimensions up to
21x15x10mm. No joints seen. Thrawcrocracks are visible on the top surface,
extending downward as much as 35mm, where they intersect multiple horizontal
macrocracks visible throughout the concrete represented in the lapped section.
Lapped slices reveal a large number of cracks, manyhoth are horizontal and
vertically spaced at approximately -2B8mm, passing through aggregates. An
abundance of macrocracks are developed in the outer 1 to 2mm of the coarse
aggregate particles; others occur in the middle portions of the particle. dviadk®
with openings as much 2mm as seen within some of the many coarse aggregates and
some fine aggregates (coarse fraction) are numerous.

Echoi 6: A few round to irregular entrapped air voids observed. No joints. One macrocrack
seen on the top surfa@xtends downward to a depth of at least 28mm. Lapped slice
reveals a large number of aggregates. Widened cracks in the central part of many
coarse aggregates and some fine aggregates (coarse fraction) are numerous

Reinforcement and Corrosion
Victor i 2: None Observed
Tangoi 3: As statedabove
Tangoi 6: As stated above.
Echoi 2: As stated above.
Echoi 6: As stated above.

Aggregates

Coarse(C):

Victori 2: Crushed light gray to pale yellow limestone, of several varieties (oolitic,
microcrystalline, fossiliferous, and others). Some finely microcrystalline,

fossiliferous limestone has traces of chalcedony and microcrystalline quartz,
apparently as selected replacements of fossil fragments.

Tangoi 3. Crushed medium to light gray tpale green, very sandy limestone and limey

sandstone, and a small percentage of chert (the latter containing pseudomorphic
fossil shell fragmenjs
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Tangoi 6: Crushed limestone apparently identical to that in HcB@and Echad 6.

Echoi 2. Crushed tato brown to dark gray limestone of mostly a finely microcrystalline type
with fossils and traces of secondary chert; some limestones are sandy.

Echoi 6: As described above for Echic@.

Fine:
Victor1 2: Sand containing ordinary quartz, metaquartzsiétstone, finegrained sandstone,
limestone, feldspar, chert, basalt, and other rocks and minerals

Tangoi 3: Sand containing ordinary quartz, metaquartzite, chert, sandstone and limestone (as
described above), feldspar, and other rocks and minerals
Tangoi 6: As described for Tango 3.

Echoi 2: Sand containing ordinary quartz, metaquartate]-roundedsiltstoneand sandstone
(greywacke type) feldspar, chertwell-rounded limestoneand other rocks and
minerals Some coarse sand particles, rhairthe greywacke type, show
microcracking and associated ASR gel.

Echoi 6: As described above for Echic.

Gradation and Top Size:

Victor i 2: Evenly graded to top size of approximately 16mm (0.62 inch).
Tangoi 3: Evenly graded to top size approximately 17mm (0.66 inch).
Tangoi 6: Evenly graded to top size of approximately 20mm (0.78 inch).
Echoi 2. Evenly graded to top size of approximately 14mm (0.55 inch).
Echoi 6: Evenly graded to top size of approximately 14mm (0.55 inch).

Shape andistribution:
Victor 1 2: Angular, equidimensional uniformly distributed CA. Angular well-rounded
equidimensional to elongated, uniformly distributed FA.

Tangoi 3: Angular, equidimensional uniformly distributed CA. Angular weell-rounded
equidimensional to elongated, uniformly distributed FA.

Tangoi 6: CA is angular, equidimensional to prominently elongated, uniformly distributed. FA
is well rounded to angular, equidimensional to elongated, uniformly distributed.

Echoi 2: CA is angular,equidimensional to elongated, uniformly distributed. FA is well
rounded to angular, equidimensional to elongated, uniformly distributed.

Echoi 6: As described above for Echicd.

Paste Aggregate Bond:
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Evaluated according to number of crdssctured hed aggregates.

Victor 1 2: Tight, indicated by numerous creactured quartz grains.

Tangoi 3: Tight.

Tangoi 6: Tight.

Echoi 2. Generally tight in areas not riddled with microcracks, the latter causing the sample to
disintegrate with a light hammbtow.

Echoi 6: As above for Echo 2.

Paste

Air Content:

Estimated on finely lapped samut section and in thin section.

Victor 1 2: 3 to 5%, marginal air entrainment system, pending ASTM C 457
Tangoi 3: 3 to 6%, entrained air voids are relatively gar

Tangoi 6: 5 to 7%, air entrained.

Echoi 2. 5to 7%, air entrained.

Echoi 6: 5 to 7%, air entrained.

Depth of Carbonation**:

Detected with se of variable pH indicator sprand in thin section.
Victor i 2: Less than 0.5mm.

Tangoi 3: Less than 1.8m, with slight irregularity

Tangoi 6: Less than 1.0mm.

Echoi 2. Not measured.

Echoi 6: Not measured.

Color:

Observed on fresh fracture surface under the stereomicroscope with intense light.
Victor 1 2: Light gray to light tan to green, mottled.

Tangoi 3: Buff color.

Tangoi 6: Medium to light gray, mottled.

Echoi 2: Medium gray.

Echoi 6: Medium gray

Hardness:

Resistance to scratching with a curved, sharpened, steel dental pick under the stereomicroscope.
Victor i 2: Hard.

Tangoi 3: Hard.

Tangoi 6: Hard.

Echoi 2: Moderately hard.

Echoi 6: Moderately hard.

Luster:

Reflectivity of fresh fracture surface under the stereomicroscope with intense light.
Victor i 2: Vitreous.

Tangoi 3: Vitreous.

Tangoi 6: Vitreous.
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Echoi 2:
Echoi 6:

Vitreous.
Vitreous.

Calcium Hydroxide (CH):
Observed in thin section.

Victor i 2:

Tangoi 3:

Tangoi 6:

Echoi 2:

Echoi 6:

0.5 to 1.0%, occurring as relatively small poikilitic crystals in the body of the paste,
and to a minor extent, on aggregate surfaces.

2 to 4%, occurring aselatively small poikilitic crystals in the body of the paste, and
to a minor extent, on aggregate surfaces.

2 to 4%, occurring as relatively small poikilitic crystals in the body of the paste, and
to a minor extent, on aggregate surfaces.

1 to 2%, occurring as relatively small irregular poikilitic crystals and blade form
crystals, generally well scattered in the paste, rarely developed as coarse crystals on
aggregate particles.

1 to 2%, occurring as relatively small irtdgr poikilitic crystals and blade form
crystals, generally well scattered in the paste, rarely developed as coarse crystals on
aggregate particles.

Unhydrated Portland Cement Clinker Particles (UPCs)*:
Observed in thin section.

Victori 2:

Tangoi 3:

Tangoi 6:

Echoi 2:

Echoi 6:

2 to 4%, grayPortland cement clinker. Clinker constituents are impu® @lite),
C.S (belite), and a matrix of mostly calcium alumiieorite, individual phases in
particles or combined, well scattered in the paste.

2 to 4%, gray Portland cement clinke€linker constituents are impurg¥(alite),
C.S (belite), and a matrix of mostly calcium alumiieorite, individual phases in
particles or combined, well scattered in the paste.

2 to 4%, gray Portland cement clinker. Clinker constituanésimpure S (alite),
C.S (belite), and a matrix of mostly calcium alumiieorite, individual phases in
particles or combined, well scattered in the paste.

2 to 4%, gray Portland cement clinker. Clinker constituents are impa€aite),
C.S (belite), and a matrix of mostly calcium alumtiieorite, individual phases in
particles or combined, well scattered in the paste.

2 to 4%, gray Portland cement clinker. Clinker constituents are impa€abte),
C,S (belite), and a matrief mostly calcium aluminderrite, individual phases in
particles or combined, well scattered in the paste.

Fly Ash (fa)*:
Observed in thin section.
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Victor1 2:
Tangoi 3:
Tangoi 6:
Echoi 2:
Echoi 6:

10 to 15% of the paste as glassy bfashace slag.

9 to 12%, Class C on thmasis of scarcity of carbon particles

9 to 12%, Class C on the basis of scarcity of carbon particles
10 to 15%, Class C on the basis of scarcity of carbon particles
10 to 15%, Class C on the basis of scarcity of carbdic|es

Secondary Deposits:

Observed in stereomicroscope and thin section.

Victor i 2:

Tangoi 3:

Tangoi 6:

Echoi 2:

Echoi 6:

Ettringite observed in trace amounts in voids. No ASR gel observed. Brucite
possiblein carbonated paste adjacent to ACR dolostone and tan, resotiored,
clayeydolomitic limestone

Ettringite fills a small proportion of the air voids. No ASR gel observed.

Virtually no secondary deposits s#rned, except thin linings of ettringite in voids.
No ASRgel seen.

Ettringite fills, or prtially fills, almost every entrained air void. White and clear
finely microcrystalline ASR gel occurs beside many of the limestones (particularly
thosecontaining chertiand within microcracks in soft, tan finely microcrystalline
chert on the core basadaon thedrill-cut side where gel fills dritbit grooves. ASR

gel is abundant in the core, occurring mostly in voids anfilamture surfaces within
reactioarimmed limestone; some of the gel accumulations have an opa$tex

and color. ASR gel is atsassociated with particles of chert, siltstone, find
sandstone of theoarse fraction of the fine aggregate. -Gl&¢d voids associated
with microcracked limestone markday zones and seams containing clay were
notable in one of the thisections

Virtually identical secondary deposits (ettringite and A§H) as described above
for Echoi 2. Gel is commonhfoundin siltstone and sandstone microcracdke, gel
occurring mostlyin the outer200 to 300 microns of the reacting particknd
continuinginto the adjacent paste. White and cléaely microcrystalline ASR gel
occurs beside dark limestone and gaftfinely microcrystalline cherbn the core
base and on the drtlut side. Gel was observed in microcracked limestone
aggregatedut only in the few microns in the outer parts of the particle where the
paste is near.

Microcracking:

Observed in fluorescempoxy impregnated thin section and finely lapped specimen.

Victori 2:

Examination of the lappededion, counting numbered caraggregate particles,
revealed?7 of 37 particlesvith microcracks originating within the rock and passing
into the adjacent past8tudy of a thirsection, representingld0-mm depth in 2
reveals numerous microcracks, somewdfich are somewhat radlia arranged,
apparently beginningithin tan, reactiofrrimed, clayeydolomitic limestone coarse
aggregate, andnany other aggregateswith the partidly surrounding whieto
creamcolored carbonated pasfihe numberof microcracks isastoumling.
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Tangoi 3:

Tangoi 6:

Echoi 2:

Echoi 6:

Examination of the fluoresceepoxy impregnated surface, counting a total of 45
coarseaggregates, revealed only three (3) occurrences of microcracks passing from
within the particle anéxtending into the adjacent paste.

Of 50 coarse agggates counted on the fluoreseepbxy impregnated section, only
one (1)particle with a microcrack appearing to originate withive particle and
exten8ing into the adjacepaste was observed.

Microcracks areunusually abundant in the fluoresntepoxy impregnated slice,
someclearly passing from wiin limestone aggregate particles into the adjacent
paste, butmany more, alongtheir mostly horizontal paths, cut through sealer
aggregates, mostly the limestone. Many clexamples ofthin microcracks,
originating from within well-rounded sandstone and siltstone partieed tan to
brown limestone and chert of the coarse fraction of the fine aggregate, pass into the
adjacentpaste and terminate therein, voids containing alkali silica gel apdser
slightly more commonlyassociated with nearby limestone than fine-aggregate
sandstone and siltstone, however,statisticalcountsof this association have been
made.

The number of microcracks is farorethan can be counted and appearrigioate
within the chet-bearing limestones of thecoarse aggregategnd weltrounded
siltstones and fine sandstones, mainlyha coarsdraction of thefine aggregate,
showing a well developed ASR microcrackimgth abundant,adjacent, gefilled
voids. Utilizing fluorescent epoxy and counting coarse aggregates, resulted in 106
microcracks originating within the rock and passing into the ptmstesection study
revealsmicrocracks partially lineavith ASR gel within some of these particles, the
cracks leading into thesurrounding paste. The offending mind appears to be
chalcelonic and microcrysthhe quartz in chert of the coarse aggregate, and
siltstone to mediungrained sandstone (classified petrographically as
subgraywacke containing quartz fine-grained metamophic rock fragments,
feldspar, chert, micand other constituents).

as described above for Coiecho i 2. Examination of the fluoresceepoxy
impregnatedsurface, reveals 35 particlgdrom a total of 63 particles) with
microcracks passing into the adjacpaste.

Estimated Water-to- (Cement +Fly Ash) Ratio:

Victor i 2:
Tangoi 3:
Tangoi 6:
Echoi 2:
Echoi 6:

0.37 to 0.42.
As above.
As above.
As above.
As above.

Mi scellaneais:
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Victori 2:

Tangoi 3:
Tangoi 6:

Echoi 2:

Echoi 6:

Lapped section from top surface to depth of 140 rvertically oriented thin
sections frontop surfaceo depthof 20 mm, and h r n 70 to 90 mm, aindm 72 to
135 mm were studied.

Lapped section from topurfaceto a depthof 117 mm. Transversky oriented thin
sectionrepresents th&l8 to 128-mm interval.

Lapped section from the topirgaceto a depth of 150 mm. Thin section made from
Transverse surfac@ approximately 170 mm.

Lapped ®dions extend from the togurfae to a depth of 180 mm and fm
approximately202 to 325 mm. Thin sections vertically oriented, extending from 182
to 202 mmtheselected blanksut with the Isomet.

Lapped section extendsom the top surface to a depth of 180 mm. Té@ations
vertically oriented, selectefilom Isomet-cut blanks extendingrom 122 to 140 mm.
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Figure 1: (UpperTypical ACR macrocracking and microcrackingMictor i 2 Coreat a depth
of 90 mmin an epoxyimpregnated surface (without lapped removal of the excess/gpnder
the stereomicroscope in oblique, reflectedffulie light. Similar cracking was observed
throughout theentire length of the coreMillimeter scale divisions. (Lower) Tan dolomitic
coarseaggregate limestonender the stereomicroscope Victor i 2 Core at a depth of
approximately 140 mm, partially surroundiey a thin discontinuous band of whitarbonated
paste (mows), the carbonation believed to rdsuih an alkalicabonate reaction. LP # mm.
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Figure 2: (Upper) Thinsection view at 100Xof Victor i 2 Coreat a depth of 90 mm in
transmitted polarizedight with simultaneousreflectedUV light. Left side of photallustrates
relatively lov perneability reactio rim on dolomitic limestone aggregate (arroWwtugh which
a microcrack passeasto the adjacenpaste.LP = 1.0 mm.(Lower) Thinsection ofVictor 1 2
Coreat a level of 135 mnin crosspolarized transmitted lightat 100X. Dolomitic limestae
aggregates on left and right sidespbioto with intervemg carbonated pastérom ACR) and
rounded quartz grain kgck). The carbonatedaste is white to offvhite in thelappedsection
viewed undethestereomicrosqoe. LP = 1.0mm.
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Figure 3: (Upper) Extenior side ofEchoi 2 Core as received, undethe steremicroscope,
illustratingwhite ASR gel thaiiccumulatedat a depth ofl10 millimeters after corelrilling, and
suggestingnobilization of gel bythe drilling LP = 10 mm, (Lower) Fracture surface at depth of
65mmin Echoi 2 Coreunder the sterenicroscop, exposing aeactio-rim crack, coatedvith
white ASR gel ina dark coarsaggregate limestone (orange mow) and yellowish tan siltstone of
thefine aggregatégreen arrow). Dark area iower right is shadow aforg LP = 20 mm.
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Figure4: (Upper) Vertically orented thinsecton of "box" crack in Imesbne aggregate ikEcho

T 2 Core in transmitted plare-polarized light and simultaneougeflected UV light at a
magnificationof 40X and @pth d approcimately 195 mm. Oneof mary intricatecrack patterns
abundant irntheselimestone aggregates. LP = 2.6 mm, (Lower) Dark limestone in thin section at
200X, slowing peripheralmicrocrackpartially lined with ASR gel prang mows). Crack enters
page and érminates nearby. LP = 0.5mm.
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Figure 5: (Upper) Thin sectionof Echoi 2 Core at40X, illustratinga fine-aggregatechert
particle with microcrackingand adjacenASR el in voids @rrowg. LP = 26 mm (Lower)
Typical ASR microaacking in a chertcemented siltsine in the fine aggegate at 40X.
Transmitted polarizelight and simultaneous reftted UVlight LP = 2.6 mm.

i

RS 4
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Figure 6: (Uppen Thin sectionof Echoi 2 Coreat 200X in tansmitted plae-polarized light.
Arrows paint to a cluster of radiating crystals of calcidiydroxide (@ezite)formedfrom free
lime (not shownin the photo), an unusuakcurrencen concrete No associated damage was
found. Round air voidsontain fillingsand linings of etringite. LP = 0.5mm. (Lower) Lapped
section ofEchoi 6 Coreunderthe sereamicroscope. Limestonat top of ploto. Cental area
shows weHrounded siltstone particlasith horizontal microcracks, reaction rims or weathering
rims (or combination), and white ASR gelwoid (arrow). Depth in core = 140 mm. LP = 13
mm.
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Figure 7:(Upper) Vertically oriented thinestion of ASRmicrocrackedsiltstone, abndantin
the coarsefraction of the ine aggregate ifcchoi 6 Core Depth isapproxmately 150mm.
Adjacent voidscontain ASR gel. Simultaneous reflected UV light andglansnitted pgane
polarizedlight at40X. LP =2.6 mm. (Lower) Thinsectionview of limestame in Echoi 6 Core
at a depth of 140mm, showing a crackontaininga partial lining of ASR ge(arrow) at and
across theggregateaste interface, one of sevesmilar obsevations. [P = 0.5 nm.
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Figure8: (Upper)Relatively thick thin section dEchoi 6 Coreat 100X, showing microcrack
passingout of alimestone anoffsettingASR gel (arrow) in goartially filled void, indicating the
geldeposit isolder than the crack. LP = 1.0 mr{Lower) Lapped section of Victar2 Core at a

depth of 90mm below the core top under the stereomicroscope, showing typical, irregular, green
coloration of the paste, indicating use of glassy Hlastace slag (confirmeein thin section).
Millimeter scale divisions.
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Airport

Identification and Dimensions:

Core #1: Length = 455mm; Diameter = 117mm; Intact.
Core #5: Length = 460mm; Diameter = 117mm; Intact.
Core #7: Length = 455mm; Diameter = 117mintact.

Core or Fragment Surfaces:

Core #1: Deep tractiorgrooved tap surface with numerous fine aggregates and a few coarse
aggregates exposed. Side of core is smoothly drilled. Base of core is-@tsaw
surface.

Core #5: Deep tractiorgrooved top surface with numerofise aggregates and faw coarse
aggregates exposed. Side of core is smoothly drilled B&smre is a sawcut
surface.

Core #7: Relatively shdlow tractiongrooves on the top surface with numerdise and
coarseaggregates exposed, as well asa tof the original top. Side of core is
smoothly drilled. Base afore is a saveut surface.

Large Voids, Joints, and Macrocracks (easily seen with unaided eye):

Core #1: A few relatively large, irregularly shaped entrapped air voids occur throughout the
core.A verticalmaaocrack, passing through aggregatsy;jsible on the tap surface
and extendsapproximately2/3rds the corediameter; depthof crack is 45 mm,
terminaing in entrapped air voidith a diameter of 910 mm. No joints.

Core #5: Entrapped air voids as des@tbabove. A vertical macrocrack is visilia thetop
surfaceand extends across the cure diameter, passing besidegaargd coarse
aggregateparticle, initialed DC on the core sideand throughseveral aggregate
particles, terminating at a depth of approximaté€$ mm. No joints.

Core #7: Entrapped air voids as described aboveafrowvertical crack is visible on the top
surfaceand exteds across approximately the caliameter;depth is approximately
83 mm, with an offset a0 mm. Ngoints.

Reinforcement and Corrosion
Core #1: None Observed.
Core #5: None Observed.
Core #7: None Observed.

Aggregates
Coarse (C):
Core #1: Crustedgray and red granite with varioasystal sizes and variations in mineralogy,

plusbasalt andyatbro, also ofvarious crystal sires.
Core #5: As described above.
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Core #7: As described above.

Fine (F):

Core #1: Sand, containing ordinary quértfeldspar, limestone, dolostone, chert, granite,
gabbro, gneiss, a wide variety of other igneous, metamorphic, sedimentary
rocks.

Core #5: As described above.

Core #7: As described above.

Gradation and Top Size:

Core #1: Evenly graded to a togize of approximtely 33 mm (129 inches).
Core #5: As described above.

Core #7: As described above.

Shape and Distribution:

Core #1: Angular, equidimensional tslightly elongated CA, uniformlydistributed. FA is
well rounded to angular,equidimerional to slightly elongated, uniformly
distributed.

Core #5: As described above.

Core #7: As described above.

PasteAggregate Bond

Evaluated according to number of crdissctured hard aggregates.
Core #1: Tight, indicated by numerousrossfractured quartz grains.
Core #5: As described above.

Core #7: As described above.

Paste

Air Content:

Estimated on finely lapped sawut section and in thin section.
Core #1: 4 to 6%, air entrained.

Core #5: As described above.

Core #7: Asdescribed above.

Depth of Carbonation**:

Detected with use of variable pH indicator spray and in thin section.
Core #1: Less than 1.0mm.

Core #5. 1.0 to 2.0mm.

Core #7: 1.0 to 2.0mm, variable.

Color:

Observed on fresh fracture surface undeisteezomicroscope with intense light.
Core #1: Light tan.

Core #5: Light tan.

Core #7: Light tan.

Hardness:
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Resistance to scratching with a curved, sharpened, steel dental pick under the stereomicroscope.
Core #1: Hard.
Core #5: Hard.
Core #7: Hard.

Luster:

Reflectivity of fresh fracture surface under the stereomicroscope with intense light.
Core #1: Vitreous.

Core #5: Vitreous.

Core #7: Vitreous.

Calcium Hydroxide (CH):

Observed in thin section.

Core #1: 1 to 2%, occurring as small crystals within the body of the paste andminoa
extent,asrelatively coarse crystals on aggregate surfaces.

Core #5: As described above.

Core #7: As described above, except very few accumulations on aggregate surfaces

Unhydrated Portland Cement Clinker Particles (UPCs)*:

Observed in thin section.

Core #1: 4 to 7%, the particlebeing comprised of impure £5 (@lite), C,S (belite), and a
matrix of mostly calcium aluminderrite, individual phases in particles @ambined,
well scattered in the paste.

Core #5: As described above.

Core #7: As describea@bove.

Fly Ash (fa)*:

Observed in thin section.

Core #1: 15to 20% Class C (orthebasis of carbon scarcity).
Core #5: As described above.

Core #7: As descibedabove.

Secondary Deposits:
Observed in stereomicroscope and thin section.
Core #1: White, hardened ASR gel observed in voids located at depths &03@nd 330

mm. Hardened clear gel deposits in voids also observed elsewhtre dore, but

total volume of geloccurrence is very low. In thin section ASR gel observed
adjacent to @oawse-aggregatemicrogranitegneiss particlewith microcracks in the

latter leadingto the gel pocket and beyond. A very soft musigit-blue deposit
(immature AR get?)fills a5-mm-diameter void at a depth of 48 mm; drying a
sample of this deposit resulted in a hard, clear, microcrystalline substance, having
indices of refractior 1.54, and whin 20 mm of a relatively large void (8 mm) with

a lining ofclearhardened ASR gel.

ACR is suggested by inteslg carbonagd pastesurrounding several dddtone
particles in thdine aggregate; air voids in the zone of carbonation contain secondary
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crystals of calcite, locally apparenttyjosing the void. No associatedicrocracking
was detected inthese particles. Thin lagrs of ettringite occur in mast voids
throughout thecore

Core #5: ASR gel observed in smallvoid at a depth of 85 mm; and adjacent to agiechite
at 295mm; snowwhite microaystalline gel ngt to pink granite at 260 mm. Two
adjacent voidilling deposits of microcrystalline ASR gel, with n = 1.48, were
obsened 25 mm from the sawut base othe core; crystal sizes approximately 2.0
microns; one filling is now white, the otherlight tan. Avery soft mushy lightblue
deposit (immature ASR gel?) as previously described in Core #1 fills-mrh
diametervoid at a depth of 390 mmttEngite linings occur in virtuallyall air voids;
crystal sizesapproximately 4 to 6 microns imicroaystalline mosaics to drdritic
crystals up to 30 microns longartially isotropic; indices ofefradion less than
1.548. Evidence for ACR (carbonated paste arodabbstone particlespccurs
around almost all the dolostone particles intthie section.

Core #7: Exposedalong the verticamacrarack mentionedbove in "Large Voids, Joirg, ard
Macrocracks" is a very soft mushy ligbiue to gray deposit (immature ASR gel?),
filling a 15-mm diametervoid at a depth of 60 m; assocated with ASR gel, the
latter asa clear lining onthe void surface Thee irregular voids at the 8D mm
level on this same macrocrack surface are partially filledh a white
microcrystalline powder interior to clear, hardened, ASR gel lining the voids. Voids
containing white crystallized ASR gel are relativelynmonthroughout the entire
length of the core(as receivel Evidence for ACR (carbonated paste around
dolostone particles) occurs around almabtthe dolostone particles in the thin
section.Ettringite occurs on the surfaces of almost all void2G® 30 micronthick
coatingsthroughouthe core.

Microcracking:

Observed in fluorescempoxy impregnated thin section and finely lapped specimen.

Core #1: A count of 47 coarse aggregates in a lapjgarescertepoxy impregnated section
revealedonly 2 particlesfom within which microcracks progressed into #jacent
paste; virtually no similamicrocracking was observed in particles of the fine
aggregate, Abutting aggregatd¢o-aggregate microcracls (typical of ordinary
shrinkage)re cmspicuously scarce. Study tbfe thin section reveats microgranite
gneiss with microcracks arassocited ASR gel (see und&econéry Deposits”).

Core #5: Examimtion of 54 coarse aggregate in a verticallgoteédsection(as above) reveal
no aggregatesvith microaacks extending outward from within the particio the
adjacent pasteAbutting aggregat-to-aggregate microcracks (typical ofdinary
shrinkage) are scarce.

Core #7: After examination andouning 55 coarse agegates exposedcha lapped vertical
section(as above), nanicrocracks extending outwardrom within the particle into
the adjacent paste could fmind. The only parties showingthesetypesof cracks
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are coarsegrains of the fineaggregate Aggregateto-aggregate microcracks are
scarce.

Estimated Water-to-(Cement + Fly Ash) Ratio:
Victor 1 2: 0.40 to 0.45.

Tangoi 3: As above.

Tangoi 6: As above.

Echoi 2. As above.

Echoi 6: As above.

Miscellaneous:
Core #1: Lapped section é&nds from the top surface to a depth of 150 mm; thin section from
85 t0105 mm in a vertical plane.

Core #5: Lapped sction extends from the top surface to a depth of 150 mm; thin section is
transversely oriented at a depth of 150 mm,

Core #7: Lapped sectiorextendsfrom the top surfacéo a depth of 150 mm; thin section is
trarsversely oriented at a depth of 305 mm.
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Figurel: (Upper) Thin section ofore#1at 100X, showing ASR gel in void connected to

i mi granite® coarse aggregate (right). Gel in the interior of the void is light tarfiaeigt
microcrystalline, but in the void lining it is clear and amorphous. Dark bubbles in epoxy. Depth
in coreis 100 mm. LP =10 mm. (Lower) ACR carbonation of paste adjacentrgacting
dolostone (left).Some of the resulting calcite occurs as void fillings (arrows). Partially -cross
polarizediight. 200X. LP = 0.5 mm.
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Figure 2: Lapped surface of Core # 1 under thereomicrosope, showing three voids
containing ASR gearounda microcracked finaggregategarticle ofbrown siltstoneMillimeter
scale divisions.

NIENEEEEERE
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Airport Il 1

Identification and Dimensions:
Corel00: Length =420mm; Diameter = @8n; In two segments, separated at280mm level
along a fresliracture surface presumably produced dushgpmer.

Core 106: Length = 42%5m; Diameter = 98mm;n two segments, separated at248mm level
along a fresfiracture surface presumably produced dushgpmer.

Core 110: Length = 43@m; Diameter = 98mmin two segments, separated at24@mm level
along a fresfiracture surface presumably produced dushgpmer.

Core 114: Length = 428mm; Diameter = 98mnm two segments, separated at24@mm level
along a fresliracture surface presumably produaigingshipmen.

Core or Fragment Surfaces:

Core 100: Top surface isoughened fsm exposed fine aggregafajnt remnants of a&oarsely
broomedfinish. Side of core is smoothly drilled. Basécore retains 10 Mlimeters
of an asphaltisubbase.

Core 106: Top surface has sawut traction groves appoximately 2 to 3 mm deep and
roughenedrom expadl fine aggregate; faimemnants of a coarselyroomed finish.
Side of core is smoothigrilled. Baseof core has up to 66 millimeters of an asphaltic
subbase.

Core 110: Top surface has sawut traction grooves as described above. No remains of
broomedsurface(if previously present). Top also exhibits a polygonal pattern of
macrocracks. Side of core ssnoothly drilled. Lowererd of core has 30 m of
asphalt.

Core 114: Top surface is weathered tractigrooved surface, as abowejth a triple point
junction from polygonalmacrocracks. No remairsf broomedfinish, if originally
present. Side ismoothly drilled. Lower end retains approximately 20mmof
asphalt.

Large Voids, Joints, and Macrocracks (easily seen with unaided eye):

Core 100: A macrocrack, less than 0.25 mm wide partially extends over thesudpe,
extendingdownward as a microcrack at least 75 nmmaciocrackat its highest pint
is approximately 16 micronside; the microcrack width near the base of the crack is
roughly 1 to 2 rnicrons

Core 106: Significant,large, mostlyerttical, irregular elmgatedentrappedair voids observed
at the20, 60, 90, 130, andL60mmlevels. Nogjoints observed. A macrocrack, passing
through dark coarsaggregate in the upper 20 mm of concrete, extends across part of
the core top, and extends downwaodthe highest level of abowenentioned air
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voids. Large air voids in lower half of core are gaflg spherical, with diameters of
less than 3 mm.

Core 110: A few large, irregular, entrappeit voids ae present, mainly in the upper half of the
core. Avoid approximately 20 mm from core tap is linked to a meeck, the l&er
forming part of a polygonal system, the deptlof cracking exending to
approximately 50nm.No joints observed.

Core 114: Significant, large, mostly vertical, irregular elotgghentrapped air voids obsed
at the60, 90, and 10@m levels; consolidation poor. No jointdserved. Mawocrack
seen on top surfacextends to depth of approximately 50 mm, passing through
aggregates antbnnectingo irregular largeentrapped air voids.

Reinforcement and Corrosion:
Core 100: None Observed.
Core 106: None Observed.
Core 110: None Observed.
Core 114: None Observed.

Aggregates

Coarse(C):

Core 100: Partially crusted gravel, containing mainly varieties of tan sandy dolomite, cream
coloredto white limestone gray totan sandstone $§omewith calcite, dolomite, and
chert cements, zones shearing, and @t graing, siltstone, minor amounts of
mottled white and gray elicedonic ad micrarystalline chertmetaqurtzite, dark
basalt and oher rocks. Chert cements, common in tkandstong are bth
microquartzand daleedonic quartz, even in tharse particle. Sandstones havile
ranges ofntergranulaporosity,sometimes in the same particle.

Core 106: As stated above.

Core 110: As stated above.

Core 114: As stated above.

Fine (F):

Core 100: Ordinary quartz, metaquartzite, chert, sandstone fragments as described above, and
minor amounts of feldspar (mostly plagioclase), limestone, pumice, basalt, volcanic
rock fragments, and others.

Core 106: As stated above.

Core 110: As stated above.

Core 114: As stated above.

Gradation and Top Size

Core 100: Evenly graded to a top size of approximately 23mm (0.90 inch).
Core 106: As stated above.

Core 110: As stated above.

Core 114: As stated above.
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Shape and Distributiorn

Core 100: CA is well rounded to angular, equidimensional to slightly elongated, and uniformly
distributed. FA is generally angular to subrounded, equidimensional to elongated,
and uniformly distributed.

Core 106: As stated above.

Core 110: As statedhbove.

Core 114: As stated above.

PasteAggregate Bond

Evaluated according to number of créissctured hard aggregates.

Core 100: Tight. Numerous quartz grains of the fine aggregaterassfractured
Core 106: As stated above.

Core 110: Tight.

Core 114: Tight.

Paste

Air Content:

Estimated on finely lapped sawut section and in thin section.
Core 100: 5to 7%, air entrained; bubble clusters common.
Core 106: As stated above.

Core 110: As stated above.

Core 114: As stated above.

Depth of Carbonation**:

Detected with use of variable pH indicator spray and in thin section.
Core 100: 2 to 4mm, variable.

Core 106: 0.5mm, variable.

Core 110: 2 to 4mm, variable.

Core 114: 2 to 4mm, irregular and variable

Color:

Observed onrésh fracture surface under the stereomicroscope with intense light.
Core 100: Medium gray.

Core 106: Medium gray.

Core 110: Medium gray.

Core 114: Light to medium gray.

Hardness:

Resistance to scratching with a curved, sharpened, steel dektahder the stereomicroscope.
Core 100: Hard.

Core 106: Hard.

Core 110: Hard.

Core 114: Moderately hard.

Luster:
Reflectivity of fresh fracture surface under the stereomicroscope with intense light.

IPRFR01-G-00205-7 Appendix C28|P a g e



Core 100: Vitreous.
Core 106: Vitreous.
Core 110: Vitreous.
Core 114: Vitreous.

Calcium Hydroxide (CH):

Observed in thin section.

Core 100: 2 to 4%, occurring as irregular poikilitic crystals within the paste and, to a minor
extent as relatively coarse crystals on aggregate surfaces

Core 106: As described above.

Core 110: 1 to 3%, as described above.

Core 114: 1 to 3%, as described above, but practically none as coarse crystals attached to
aggregates.

Unhydrated Portland Cement Clinker Particles (UPCs)*:

Observed in thin sectin

Core 100: 5 to 7%, gray Portland cement clinker. Clinker constituents are imp&daite),
C.S (belite), and a matrix of mostly calcium alumiigorite, individually in particles
or combined, well scattered in the paste.

Core 106: As describedlaove.

Core 110: 4 to 6%, gray Portland cement clinker as described above.

Core 114: 4 to 6%, gray Portland cement clinker as described above.

Fly Ash (fa)*:

Observed in thin section.

Core 100: Approximately 10 to 15%, Class C (on the basis of tanbon percentage)
Core 106: Estimate at 13 to 17%.

Core 110: Approximately 8 to 12%.

Core 114: Approximately 13 to 17%.

Secondary Deposits:

Core 100: Void surfaceggenerally freeof secondaryeposits, except for a few thin linings of
ettringite. On the fracture surface of a chert coarse aggrpgédieleat a depth of
approximately 90mm from the base of the core, is a unidentified, birefringent,
microcrystalline phaseyith an index ofrefraction slightly lessthan 1.54 roughly
equdimensionalcrystal sizes itherange of 2o 4 microns;no reaction rim could be
seen.

Core 106: ASR gel idatified in lining of small void at depth of 70 mm (photo) andrkedon
fracture surface, within apptonately 3 mm from a mottled grayugrtzcemented,
fine-gained sandstone. ASR gel mixed with other phases occurs in frothy voids
located 40 mm from the base of itencete.
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Core 110:

Core 114:

Ettringite lines almost alfoids fromneartop surface to a depth appraximately 50
mm; at a depth ofoughly 110 mmvirtually none of the voidsantainetringite but
it is common at a deptbf approximately810 mm. No ASR gel observed.

Ettringite occurs commonly inhe air voids as linings. White deposits in oneha
large entrapped air voids mentioned above contain (1) clearldody, banded,
isotropic ASR gel(2) anunidentified, birefringent microcrystalline phasehe latter
with an index of refraction slightly legkan 1.54, oughly equidinensionalcrystal
sizes in therangeof 2 to 4 microns, (3) ascatering of relatively coarse irregular
crystals ofcalcite and(4) other unidentified phases.In a second void, similar
depositavere obsered (minus ASR gel); wittmicrocrystalline calcite dominatig.

Microcracking:
Observed in thin section and finely lapped specimen.

Core 100:

Core 106:

Core 110:

Core 114:

Microcracks, apparentlyppen, with widths on the order of 1 to 3 nauws are
common inthe paste throughout: the two lappediofiesent epoxyimpregnaed,
vertical sectias, the latter extending to thd50nm level. Similar microcracks were
observed on the transversection. The microcracks frquently abut aggregate
particle surfaceapparently pgrendicularly; none wereseento originate in the body

of theaggregatearticle and progress into the adjacent paste. A verigabcrack,

as seen in the thin section, shows many associated subparalletrackr(all
trending inapproximately the same direction); the cracks are open, xappely 4
microns wide at its teninal point and up to 80 microns wide at the upper end (some
edge damage, however, was observed¥ipg through hard aggregates. Counting
60 coarse aggregates in the longitudinal sectiomagmgied with fluorescent epoxy
resulted in 9 observenhicrocraks occurring in 6 aggregate particles, the cracks
passingrom within the aggregate into the adjacent paste, terminating therein.

Counting 67 coarse aggregates exposed on a ldppa@scenepoxyimpregnated
surfacerevealed nine (9) microacks, in 6 particles, apparentbyiginating mostly
within chett-cementedsandstone (thin section for better phao)l passing into the
adjacent paste; crack widtlare approxmaily two (2) microns wide within the
rock. The reaction rims, possibly combthwithweatheringims, do not contaithe
fluorescent epoxy.

53 coarse aggregates wereurted, as dscribedabove, and only 5 microcracks
transgressinghe pasteaggregate bond linen 4 particles, were detected; most of
thesewerefrom reactions within sandstone.

65 coarse aggregates werxamined and counted in the fluoresceepoxy
impregnatedsection, resulting in 5 microcrackis, 5 particles, as described above
for Core 110.

Estimated Water-to-(Cement + Fly Ash) Ratio:

Core 100:
Core 106:

0.371t00.42.
As stated above.
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Core 110: As stated above.
Core 114: As stated above.

Miscellaneous:

Core 100: Lapped section(longitudina) extends from the top surface to a depth of
apprximately 150mmiransverse lapped section at a level& mm. Thin section
from the top surface to a level @ippoximately 45mm.

Core 106: Lapped section (longitudinalextends fom the top surface to a depth of
approximately 180mm; Thin sectidrom thetop surface to a level of approximately
45 mm.

Core 110: Lapped section (longitdinal) extends from the topsurface to a depth of
approximately 178mm. Thin section is horizontally oriented at a level of
approximately Z5mm.

Core 114: Lapped longitudinasection from topsurfaceto a depth of165mm Thin section is
transversaection (horinntal) at a level of 165 mm.
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Figure 1: Lapped section o€ore 106at 40X magnification under reflectédV light, showing

an open mimcrack (magentaarron), beginning within a poous sandstone coarsggregate

passing into thadjacentpaste where therackterminated. Crack widthpproximately 4 to 10
micrors, depth incore is 55mm below togurface Incipient ASR. Legth of photo (LP), left to
right = 2.6 mm

Notes for Airport | T Il Petrographic Reports

*Percentage by volume of paste.

**Carbonaion intensity defintions: Light i [1] Scanty, pinpointdistributionin calcium slicate

hydrate (CSH), caldum hydroxide (CH) abundant. [2 Pinpoint carbonation inCSH abundant,
slight crystalenlargementbut lessthan3 microns CH gill abundant Mediumi [3] Almostall

CSH carbonatedsome @ calbonated Extensive smalkcaleenlargmen of pade carbonate
crystalsin 3 to 10 microrrange minor alcite crystallization in voidsHeavyi [4] CSH totally

carbonated, traces of Ckmain. Major calcite crystal enlargemento 10 mcrons ormore,
extensive develapent; somecrystallization of calciten voids. [5] C$H totally cabonated
traces of CHjf any. Pervasive crystal enlargementany greter than 10 microns abundant
euhedralcrystalsin voids calcite spherules possible.
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I ntroduction for Airports IV T VIII

Dr. PrasadR. Rangaraju, Ph.D., P.E. of Clemson University, Department of Gnglngering

has contracted Schmitt Technical Services, LLC (STS) to perform petrographic examinations of

core samples from thairfield pavementsThe cores are from one of several airfield pavements
selected to be included in Innovative Pavement Research Foundation (IPRF) Projeci@No. 01
002057 , entitled APerformance of Concrete in tI
Identification ofl nduced Distress Mechanisms. 0 Petrogra
part of Tasks 5, 7 and 9 of the project regarding forensic investigations of cores taken from the
pavements.

Examination Procedures for Airports IV T VIII

The concrete cores weexamined using selected techniques and procedures outlined in ASTM

C 856, AStandard Practice for Petrographic EX
Hi ghway Administrati ontRI-04RP6D]| i diagPteitam gNap hiFAHW
ExaminngHa dened Concrete: A Petrographic Manual . ¢

Each examination included sawing each core longitudinally, followed by lapping one half the
core slice with successively finer lapping grits to produce a finely ground (and nearly polished)
surface. The lapped gace of the core and freshly broken surfaces of concrete were examined
visually (with the unaided eye) and under a stereomicroscope at magnifications of 7 to 40X.

In addition, a thin section was made from each core, as were temporary, crushed fragment (i.

Ai mmer sion or powder o) mounts of paste and ag
were examined under plane and crpsfarized light at magnifications of 50 to 400X using a
polarizing light microscope.

Estimates of wateto-cement ratio were done using techniques outlined in FFHNRA-04-150
and methods developed by Dr. Donald Campbell (unpublished).

Airport IV

Core Locations

Core locations were selected by Clemson University. Specific locationsl@mtifications based
on information conveyed by you are as follows:

Core No. Approximate Location
1 De-Ice Pad
Echo 51 Core 4 Echo 5 Taxiway
C7C1 Charley Connector 7 TaxiwayCore 1
Gl Golf Taxiwayi Core 1

The 4 cores, (Figures 1 through 4), were received at STS on November 3, 2009. Petrographic
examination was requested on each of the cores to determine the cause(s) and extent of cracking,
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slab movement and othebservations pertinent induced distress mechanisms occurring in the
cores.

Results

Subject to the qualifications in the attached Appendix, results of the petrographic examinations
are as follows:

1. Wearing surface of the four (4) cores has fine surfaitng of the cement paste
extending to a depth of 1 to 2 mm (Figures 5 and 18). Cement paste adjacent to the pits
appears amorphous, devoid of calcium hydroxide and recently carbonated compared to
unpitted areas. These observations are often assoewdtedaninor, surficial chemical
attack’”) Therefore, it appears that one of the compounds (i.e., chemicals, fuels, etc.),
spilled or dripped onto the pavement, is causing slow chemical attack of the wearing
surface.

2. Concrete represented by the four (4)esoexhibits evidence of alkailarbonate reaction
(ACR). The alkalireactive aggregate component is the crushed, calcitic dolomite coarse
aggregate. The dolomite has a fgmined texture with a finer matrix composed of the
minerals calcite and dolomit@nd a reddish brown clay (Figures 6 and 9 through 11).
Larger rhombic shaped dolomite crystals and an occasional quartz sand grain are within
the finer matrix (Figures 10 and 11). The clay occurs as fine seams or stringers and finely
disseminated particlgroupings. Some of the dolomite rhombs have cores containing fine
argillaceous material surrounded by an outer argillacéeesrim of dolomite that may
be slowly dedolomitizing into calcite (Figure 6, 9 and 10). The dolomites often contain
reaction rimswithin the outer periphery of reacting particles (Figures 19, 20 and 23).
Rock textures described have been reported to typify alkétionate reactive rock types
and texture&®

3. Further evidence of alkatiarbonate reaction is cracking and micemking occurring
within rimmed dolomite coarse aggregate particles, with cracks radiating out from the
reacting particles into adjacent cement paste in all the cores except the Deicing Pad core
(Figures 7, 8, 11 through 14, 19 through 21, 23 and 24)ciideks and nearby voids are
lined to filled with secondary deposits known to be expansive alkationate reaction
products (Figures 7, 8, 11 through 16 and 19 throug¥26)These secondary deposits
include brucite (Mg(OH)), (tentatively) various ngnesium carbonate hydrate minerals,
calcium acetate, calcium carbonate and an amorphous, desiakididyel (Figures 25
and 26). The white, calcium acetate (although not expansive), is characterized by turning
into a flammable gel when sprayed with isopropanol. Optical properties indicate what
appear to be trace amounfsmagnesite (MgCg¢), hydromagnesittMgCO; - Mg(OHy) -
3H,0), lansfordite (MgC® - 5H,0) and nesquehonite (MgGO 3H,0). These latter
mineral occurrences require verification byray diffraction and differential thermal
analysisfor definitive identification.

4. Some of the secondary minevaldentified have been generally characterized as

secondary products of alkalarbonate reactiét; however, study of the thermodynamic
and kinetic stability of phase changes of reaction products and subsequent volume
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stability and their contribution talkali-carbonate related expansion are not well
understoof @ ® That is to say, possibly all the reactions and secondary products of
expansive alkalcarbonate reaction may not yet be fully identified, nor molar volume
changes calculated and documentearticularly in the presence of acetate deicers.
Further, characterization and investigation of secondary deposits in these cores (as
recommended above) may yield information as to their contribution to expansion.

. As indicated above, calcium acetates liieeen identified in cracks and voids of the three
(3) cores that exhibit cracking. Calcium acetate is found in voids throughout the entire
thickness of the pavement in each of the three (3) cores.

. All of the concretes examined, except thelPer Pad ©re, contain fly ash (Figures 11

and 17). Fly ash typically minimizes the potential for deleterious cracking by early
reaction with the alkalies in cement to prevent substantial expansive reaction. However, it
has been reported that some fly ashes, péatiguhose high in calcium, do not inhibit
expansion by alkalaggregate reaction, but rather, contribute soluble alkali sulfates that
might increase alkakggregate reactidfi® Fly ash in the concrete pavements examined
has not inhibited expansivekali-carbonate reaction.

. All of the cores contain what are interpreted to be cracks due to drying shrinkage at the
wearing surface. Therack extenddo various depths in the pavement slabs. These
surficial drying shrinkage cracks allow easy ingressnofsture and deicer deeper into

the pavement, thereby increasing surface area where-edkbbnate reactions can take
place. Sealing of drying shrinkage cracks (and maintaining a seal) may have lessened the
effects of deleterious alkatiarbonate reactrs.

. The relative degree of alkatarbonate reaction related cracking damage varies from
none in the Ddcer Pad Core to 150 mm (5.9 in.) depth in Echo 5 Core 4 and Core C7C1
and 205 mm (8.0 in) depth in Core G1. This represents damage to the uppértihelf

entire pavement thickness. Echo 5 Core 4 appears to have the most visually outward
signs of distress and Cores C7C1 and G1 show some cracking with the unaided eye.
However, Cores C7Cl1l and G1 are quite progressed in internal cracking and
microcrackirg due to alkalicarbonate reaction. The Beer Pad Core exhibits early signs

of alkali-carbonate reaction, but no damage.

. De-Icer Pad Core has an estimated air content of 6.5 to 8.0% andvandasystem that
appears capable of protecting the corefedm freezeéhaw damage. Echo 5 Core 4 has
an estimated air content of 0.5 to 2.0% to a depth of 50 mm (2.0 in.) and 3.5 to 6.0%
deeper in the core, but the voids are frequently clustered together. wdagontent

and airvoid system in Echo 5 Coré are not considered capable of protecting the
concrete against freezbaw damage. Core C7C1 has an estimated air content of 2.5 to
3.5%. The ahvoid content and aivoid system in Core C7C1 are not considered capable
of protecting the concrete againsedzethaw damage. Core G1 has an estimated air
content of 1.5 to 3.5%. The aipid content and aivoid system in Core G1 are not
considered capable of protecting the concrete against feaaedamage. Thus, it would
appear some of the pavement didressdue to cyclic freezhaw damage. Experience
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has shown that bulk expansion by alkadrbonate reaction, although usually less than
alkali-silica reaction, can be of the same order in the presence of cyclic freezing and
thawing, especially for margihair-void system$? The mechanism being that cracks
produced by alkalcarbonate reaction are exacerbated by critical saturation and
subsequent freezing and thawing. Conversely, some oldegintrained concretes,
particularly in the Midwest, exhibgecondary alkalaggregate reaction when containing
aggregates that normally would not react without cracking first by fiéreme damage.
Petrographic examination of these cores does not conclusively indicate which form of
distress occurred first. Howevdrased on the amount of cracking radiating from reactive
aggregate particles it appears aladrbonate reaction is the more dominant mechanism
of distress recently.

10.There is no evidence of alkalilica reaction nor rock or mineral types in the raggte
that are considered potentially alkallica reactive.

Details of the petrographic examinations are provided in the following sections of this report.
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Petrographic Examination
Core 17 De-Ice Pad

General Description

The sample consistsofaoncr et e core i dlenei Pacdd @Bi glCoe el )
214.0 mm (8.4 in.) long and has a diameter of 100.0 mm (3.9 in.).

The core top or wearing surface is a flat weathered surface (Figure 1a). There are remnants of
fine ridges on the wemg surface, indicating a broom finish. There are also some lightly pitted
areas at the wearing surface extending into the cement paste 1 to 2 mm (0.04 to 0.08 in.) depth
(Figure 5). One side of the core top is worn smooth by the core drill bit wobblioge setting

into the core hole (Figure 1a).

A 0.40 to 0.80 mm (0.015 to 0.030 in.) wide crack is present at the wearing surface (Figure 1a).
The crack narrows to 0.40 mm (0.015 in.) immediately below the wearing surface. The crack is
continuous, extendg entirely through the core (Figure 1b). The crack narrows with depth to
0.25 mm (0.001 in.) width at the core bottom. The crack is filled with surface dirt and debris to a
depth of 1 mm (0.04 in.). Below 1 mm (0.04 in.), the crack is lined to filled fmts from

drilling. The crack trends parallel to the direction of embedded steel reinforcement. The crack
passes around most aggregate particles, suggesting the crack formed early in the life of the
concrete, before significant pagteaggregate bond geloped. Cracking of these characteristics

is typical of early shrinkage, likely as a result of drying.

An uncorroded 12.7 mm (0.50 in.) diameter, deformed steel reinforcing bar is present at 101.6
mm (4.0 in.) depth in the core. A second similar reiciftg bar is adjacent to the first bar, but

only extends 12.0 mm (0.5 in.) into the side of the core. This second bar likely represents the end
of an overlapping reinforcing bar.

The core bottom is the imprint of the underlying base course.
Aggregates

Aggregate particles are uniformly dispersed throughout the concrete. Maximum aggregate size is
measured as 15 mm (0.625 in.). The aggregate is fairlygnaadled.

Coarse aggregate is composed of crushed calcitic dolomite. The rock hageaifieel texture

with a finer matrix composed of calcite, dolomite and reddish brown clay. Larger rhombic
shaped dolomite crystals and an occasional quartz sand grain are within the finer matrix. Some of
the clay occurs as fine seams or stringers. Some of the dolomiddsHuave cores containing

fine argillaceous material surrounded by an outer argillacteasrim of dolomite that may be
slowly dedolomitizing into calcite (Figure 6).

Coarse aggregate particles are reddish pink to gray. Coarse aggregate is mduedjtdgnse;
angularto-subangular; equant to slightly elongated, fossiliferous and rough textured. Many of
the coarse aggregate particles contain darkened rims along their outer periphery.
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Fine aggregate is natural sand containing a variety of rock amerahtypes including, quartz,
various types of feldspars, megaartzite, granite, chert, mica, dolomite fines and other rock and
mineral types. The fine aggregate is predominantly composed of quartz, feldspar and meta
guartzite. Fine aggregate partlare variously colored from white to red to translucent; hard,
dense, subbounded to welrounded, generally spherical and having a smooth outer surface
texture.

No cracking of aggregate particles is observed.
Cement Paste

The cement paste is light gray, exhibits a vitreous luster, mgienoular texture, and hackly
fracture. The paste is hard, dense and tightly bonded to aggregate particles. Cement paste is
carbonated to a depth oft@-2 mm below the wearing surface.

Residual and relict cement particles are present in a moderately abundant amount. Residual and
relict cement particle content is estimated to be 12 to 15%, by volume of paste. Calcium
hydroxide, a normal hydration product, is estimated to b&-1%5% by vdume of paste, as
coarsely disseminated hexagonal crystals and tablets often along the fringes of aggregate
particles. Supplementary cementitious materials are not detected.

Properties of the paste previously described are evaluated to provide aneestithatwateto-
cement ratio. Based on paste properties observed,-t@atement ratio is estimated to be 0.35
to-0.45.

There are very few random microcracks present in the paste at varying depths. The microcracks
pass primarily around aggregate paescand are deemed to be due to normal, early drying
shrinkage of the concrete. No deterioration of the paste is observed.

Air Voids

The concrete contains numerous\aids, ranging from mostly very fine to occasionally coarse.
The voids present are geaby spherical (entrained air) with a few larger, irregularly shaped
voids indicative of entrapped air. The concrete is deemezhaiained.

The airvoids are uniformly dispersed throughout the concrete. Air content is estimated to be 6.5
to 8.0%.

Traces of white, fibrous, brucite (Mg(QW are observed as void linings in a small number of air
voids. Brucite is a common reaction product of the alkalbonate reaction.

Echo 51 Core 4 (Echo 5 Taxiway)
General Description

The sample consists of aconet e core identified as WAEcho 5
352.0 mm (13.9 in.) long and has a diameter of 100.0 mm (3.9 in.).

The core top or wearing surface is flat, weathered and worn, such that fine aggregate particles are
partially exposed (Figur2a). There are no remnant indications of the type of original finish on
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the wearing surface. One side of the core top is worn smooth by the core drill bit wobbling
before setting into the core hole (Figure 2a).

An uncorroded, 9.5 mm (0.375 in.) diametdeformed steel reinforcing bar is present at 203.2
mm (8.0 in.) depth in the core.

At the bottom of the concrete is an underlying bituminous impregnated fiber membrane. The
membrane is moderately wdlbnded to the overlying concrete.

Cracks

Multiple cracks occur at the wearing surface (Figure 2a). The cracks are at oblique angles to the
direction of the reinforcing steel. A portion of the wearing surface to a depth of 38 mm (1.5 in.)
has spalled from the core along one side. Cracks at the wearincesaméefilled and lined with
calcium carbonate and brucite. The cracks pass through many coarse aggregate particles,
suggesting crack formation after the development of significant-pasiggregate bond. Surface
cracks extend to a depth of 45 to 58 mn8(tb 2.3 in.) where the vertical cracks intersect and
truncate at a horizontal crack. The horizontal crack extends entirely through the core effectively
separating the top segment from the rest of the core. The horizontal crack is lined with calcium
carbaate and brucite. The horizontal crack also passes through many coarse aggregate particles
suggesting crack formation after the development of significant-pasiggregate bond.

A second horizontal crack occurs at 100 to 150 mm (3.9 to 5.9 in.) demhcratk extends
entirely through the core effectively separating the top segment from the rest of the core. The
horizontal crack is partially with calcium carbonate and brucite. The crack also passes through
many coarse aggregate particles, suggestinds éoamation after the development of significant
pasteto-aggregate bond.

Several random cracks and microcracks occur within the top 150 mm (5.9 in.) of the core. The
cracks radiate outward from dolomite coarse aggregate particles into the adjacentticeimenti
material paste (Figures 7, 8 and 11 through 16). The cracks are lined with a variety of white
secondary deposits including brucite (Mg (tentatively) various magnesium carbonate
hydrate minerals, calcium acetate, calcium carbonate and an ausrplesiccatedilkali gel.

The white, calcium acetate is characterized by turning into a flammable gel when sprayed with
isopropanol. Optical properties indicate whppear to be trace amountsmagnesite (MgCe),
hydromagnesite (MgC£ Mg(OH,) - 3H,0), lansfordite (MgC®- 5H,0) and nesquehonite
(MgCO;s - 3H,0). These latter mineral occurrences require verification-tgyxdiffraction and
differential thermal analysis for definitive identification.

Aggregates

Aggregates are similar to those deised for Core 1. Aggregate particles are uniformly dispersed
throughout the concrete. Maximum aggregate size is measured 15 mm (0.625 in.). The aggregate
is fairly well-graded.

Coarse aggregate is composed of crushed calcitic dolomite. The rock hagjeifieel texture

with a finer matrix composed of calcite, dolomite and reddish brown clay (Figure 9). Larger
rhombic shaped dolomite crystals and an occasional quartz sand grain are within the finer matrix.
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Some of the clay occurs as fine seams or string&ame of the dolomite rhombs have cores
containing fine argillaceous material surrounded by an outer argilladesmusim of dolomite
that is slowly dedolomitizing into calcite (Figures 9 and 10). Conversion of dolomite to calcite
is also evident adjant to cracks that radiate out of coarse aggregate particles (Figure 12).

Coarse aggregate particles are reddish pink to gray. Coarse aggregate is moderately hard; dense;
angularto-subangular; equant to slightly elongated, fossiliferous and rtexgbred. Many of

the coarse aggregate particles contain darkened rims along their outer periphery throughout the
full depth of the core.

Fine aggregate is natural sand containing a variety of rock and mineral types including, quartz,
various types of felspars, metguartzite, granite, chert, mica, dolomite fines and other rock and
mineral types. The fine aggregate is predominantly composed of quartz, feldspar and meta
guartzite. Fine aggregate particles are variously colored from white to red to temtsherd,
dense, subbounded to welrounded, generally spherical and having a smooth outer surface
texture.

Many of the dolomitic coarse aggregate particles are cracked in the upper 150 mm (5.9 in.) of the
core (Figures 7 and 8).

Cement Paste

Cementpaste is similar to that described for Core 1. The cement paste is brownish gray, exhibits
a vitreous luster, micrgranular texture, and hackly fracture. The paste is hard, dense and tightly
bonded to aggregate particles. Cement paste is carbonatetepthaof tto-2 mm below the
wearing surface

Residual cement particles are present in a moderate amount, somewhat coarse and mostly ferrite
and belite phases. Residual cement content is estimated to be 10 to 13%, by volume of paste.
Calcium hydroxidea normal hydration product, is estimated to He-8% by volume of paste,

as very fine hexagonal crystals and tablets.

Residual fly ash is present, representing the use of supplementary cementitious materials in the
mix (Figures 11 and 17). Residual #igh is estimated to be-1@17%, by volume of paste.

Properties of the paste previously described are evaluated to provide an estimate of ttee water
cementitious materials ratio. Based on paste properties observedioa@darentitious materials
ratio is estimated to be 0.36-0.45.

There is very little microcracking of the paste below 150 mm (5.9 in.) depth.
Air Voids

The concrete contains numerous\aids, ranging from mostly very fine to occasionally coarse.
The voids present are generallyhepcal (entrained air) with a few larger, irregularly shaped
voids indicative of entrapped air. The concrete is deemezhaiained.
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However, the aivoids are not uniformly dispersed throughout the concrete. Air content is low in
the top 50 mm (2.0 iy of the pavement Air content in the top portion of the core is estimated to
be 0.5 to 2.0%. Below 50 mm (2.0 in.), the air content is estimated to be 3.5 to 6.0%, but the
voids are frequently clustered together.

White secondary deposits including hitac(Mg(OH,)), various magnesium carbonate hydrate
minerals, calcium acetate, calcium carbonate and magnesium carbonate line many voids adjacent
to dolomitic coarse aggregate particles throughout the entire thickness of the pavement core.
These latter mirmal occurrences require verification byray diffraction and differential thermal
analysis for definitive identification.

C7C1 (Charley Connector 7 Taxiway- Core 1)

General Description

The sample consists of a C o0 nec3). &he eorecisn3bemm dent
(14.1 in.) long and has a diameter of 100 mm (3.9 in.).

The core top or wearing surface is a flat weathered surface (Figure 3a). There are remnants of
fine ridges on the wearing surface, indicating a broom finish. There are ailoligbtly pitted

areas at the wearing surface extending into the cement paste 1 to 2 mm depth (Figure 18). One
side of the core top is worn smooth by the core drill bit wobbling before setting into the core hole
(Figure 3a).

At the bottom of the concrete an underlying bituminous impregnated fiber membrane. The
membrane is moderately wdlbnded to the overlying concrete.

No reinforcing steel or remnants thereof are present in the core.

Cracks

A 0.10 to 0.25 mm wide crack is present at the weasumdace (Figure 3a). The crack is
continuous and extends to a depth of approximately 150 to 175 mm (6.0 to 7.0 in.), where it
dissipates. Microcracks branch off the vertical crack at several oblique angles. The crack and
microcracks most commonly pass thgh extensively microcracked dolomite coarse aggregate
particles (Figures 19 through 21). There are also several random microcracks in the top 150 mm
of the pavement. The cracks are lined with a variety of white secondary deposits including
brucite (Mg(OR)), (tentatively) various magnesium carbonate hydrate minerals, calcium acetate,
calcium carbonate and an amorphous, desiccatl&dli gel (Figure 22). The white, calcium
acetate is characterized by turning into a flammable gel when sprayed with is@br@yatrcal
properties indicate whaappear to be trace amourdé magnesite (MgCg), hydromagnesite
(MgCQO; - Mg(OHy) - 3H,0), lansfordite (MgC®@- 5H,0) and nesquehonite (MgG® 3H;0).

These latter mineral occurrences require verification-bgyxdiffraction and differential thermal
analysis for definitive identification.

Aggregates
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Aggregates are similar to those described for Core 1. Aggregate particles are uniformly dispersed
throughout the concrete. Maximum aggregate size is measured 15 mm (0.625 in.). The aggregate
is fairly well-graded.

Most of the coarse aggregate particles contain darkened rims along their outer periphery
throughout the full depth of the core. Many of th@ladnitic coarse aggregate particles are
cracked in the upper 150 mm (5.9 in.) of the core (Figures 19 and 20), although random
microcracking of rimmed coarse aggregate particles occurs less frequently throughout the core.

Cement Paste

Cement paste is sihar to that described for Core 1. The cement paste is dark brownish gray,
exhibits a vitreous luster, micigranular texture, and hackly fracture. The paste is hard, dense
and tightly bonded to aggregate particles. Cement paste is minimally carbonateelpth of 1

mm below the wearing surface.

Residual cement particles are present in a moderate amount, somewhat coarse, with alite, ferrite
and belite phases all present. Residual cement content is estimated to be 12 to 15%, by volume of
paste. Calciunhydroxide, a normal hydration product, is estimated to-tiel®% by volume of

paste, as very fine hexagonal crystals and tablets.

Residual fly ash is present, representing the use of supplementary cementitious materials in the
mix. Residual fly ash isstimated to be ®-20%, by volume of paste.

Properties of the paste previously described are evaluated to provide an estimate of itee water
cementitious materials ratio. Based on paste properties observed;toaaarentitious
materials ratio igstimated to be 0.3%-0.45.

There is little microcracking of the paste below 150 mm (5.9 in.) depth.
Air Voids

The concrete contains somewhat numerousva@ds, ranging from mostly very fine to
occasionally coarse. The voids present are generallyisph@ntrained air) with a few larger,
irregularly shaped voids indicative of entrapped air. The concrete is deereatirained.

Air-voids are nofuniformly dispersed throughout the concrete, with some areas nearly of void
clusters and other areas gtiaally void free. Air content is estimated to be 2.5 to 3.5%.

White secondary deposits including brucite (Mgg)Hvarious magnesium carbonate hydrate
minerals, calcium acetate, calcium carbonate and magnesium carbonate line many voids adjacent
to dolamitic coarse aggregate particles throughout the entire thickness of the pavement core.
These latter mineral occurrences require verification-bgyxdiffraction and differential thermal
analysis for definitive identification.
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G1 (Golf Taxiway i Core 1)

General Description

The sample consists of a concrete core identi

in.) long and has a diameter of 100 mm (3.9 in.).

The core top or wearing surface is a flat weathered surface (Figure 4a). There aresr@innant
fine ridges on the wearing surface, indicating a broom finish. There are also some lightly pitted
areas at the wearing surface extending into the cement paste 1 to 2 mm depth. One side of the
core top is worn smooth by the core drill bit wobbling befsetting into the core hole (Figure

4a).

At the bottom of the concrete has the imprint of an underlying bituminous impregnated fiber
membrane.

An uncorroded, 9.5 mm (0.375 in.) diameter, deformed steel reinforcing bar is partially
embedded in the sidé the core at 203.2 mm (8.0 in.) depth.

Cracks

Two less than 0.08 mm wide cracks occur at the wearing surface. The cracks are fine, but
continuous to a depth of approximately 10 to 25 mm (0.4 to 1.0 in.) respectively, where they
dissipate. The surfaceracks pass primarily around aggregate particles, suggesting formation
early in the life of the concrete, as by minor (due to narrow width) drying shrinkage.

Some horizontal trending and random, fine cracks and microcracks occur in the upper 150 to 205
mm (5.9 to 8.0 in.) of the core. The cracks and microcracks most commonly pass through
extensively microcracked dolomite coarse aggregate particles (Figure 24). The cracks are lined
with a variety of white secondary deposits including brucite (MgjDHtenttively) various
magnesium carbonate hydrate minerals, calcium acetate, calcium carbonate and an amorphous,
desiccated, alkali gel (Figures 25 and 26). The white, calcium acetate is characterized by turning
into a flammable gel when sprayed with isopropa@gptical properties indicate whappear to

be trace amount®f magnesite (MgCg), hydromagnesite (MgCO- Mg(OH,) - 3H0),
lansfordite (MgCQ@ - 5H,O) and nesquehonite (MgGO 3H;0). These latter mineral
occurrences require verification byray diffradion and differential thermal analysis for
definitive identification.

Very little cracking or microcracking is observed below 205 mm depth in the core.
Aggregates

Aggregates are similar to those described for Core 1. Aggregate particles are urdfspmitged
throughout the concrete. Maximum aggregate size is measured 15 mm (0.625 in.). The aggregate
is fairly well-graded.

Most of the coarse aggregate particles contain darkened rims along their outer periphery
throughout the full depth of the core. 8@ of the dolomitic coarse aggregate particles are
cracked in the upper 150 mm to 205 mm (5.9 to 8.0 in.) of the core (Figures 23 and 24), although
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random microcracking of rimmed coarse aggregate particles occur infrequently below these
depths.

Cement Pasg

Cement paste is similar to that described for Core 1. The cement paste is dark brownish gray,
exhibits a vitreous luster, micigranular texture, and hackly fracture. The paste is hard, dense
and tightly bonded to aggregate particles. Cement pastenisiatly carbonated to a depth of 1

to 3 mm below the wearing surface.

Residual cement particles are present in a moderate amount, somewhat coarse, with ferrite and
belite phases most common. Residual cement content is estimated to be 12 to 15%, bgfvolume
paste. Calcium hydroxide, a normal hydration product, is estimated tdob&%6 by volume of

paste, as very fine hexagonal crystals and tablets.

Residual fly ash is present, representing the use of supplementary cementitious materials in the
mix. Residual fly ash is estimated to betbs20%, by volume of paste.

Properties of the paste previously described are evaluated to provide an estimate of itee water
cementitious materials ratio. Based on paste properties observed;toaaarentitious
materials ratio is estimated to be 0185).45.

There is little microcracking of the paste below 150 to 205 mm (5.9 to 8.0 in.) depth.
Air Voids

The concrete contains somewhat numerousvads, ranging from mostly very fine to
occasionally coarse. Thaids present are generally spherical (entrained air) with a few larger,
irregularly shaped voids indicative of entrapped air. The concrete is deeraedrained.

Air-voids are nofuniformly dispersed throughout the concrete, with some areas neanbydof
clusters and other areas practically void free. Air content is estimated to be 1.5 to 3.5%.

White secondary deposits including brucite (Mgg)Hvarious magnesium carbonate hydrate
minerals, calcium acetate, calcium carbonate and magnesium cardimmmatany voids adjacent

to dolomitic coarse aggregate particles throughout the entire thickness of the pavement core
(Figure 25). These latter mineral occurrences require verification -tay »diffraction and
differential thermal analysis for definitivdentification.
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Conclusions

Petrographic examination was performed on four (4) concrete cores drilled from pavement slabs
at the Colorado Springs Municipal Airport, Colorado Springs, CO. Atialbonate reaction was
observed in all of the cores and dage by alkalcarbonate reaction in three (3) of the four (4)
cores. Evidence of significant intrusion of calcium acetate (eithedagearor reaction product

of dissolution of potassium acetatieicer if used) was observed. Fly ash is present in the
cracked concrete and appears to have been ineffective at mitigating the deleterious effects of
alkali-carbonate reaction. The cracked concretes also appear to contamostamsistant air
contents and ievoid systems, such that, some of the cracking is likely due to damage by
freezing and thawing while critically saturated.

Recommendations were made regarding additional characterization tests of reaction products and
study of the thermodynamic andnktic stability of phase changes of reaction products and
subsequent volume stability and their contribution to alk@lbonate related expansion.
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(b) Core side, top is to left. Scale is in inches.

Figure 1. Core 1 De-Ice Pad as received for petrographic examination.
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(b) Core side, top is taght. Scale is in inches.

Figure 2. Echo 5 Core 4 (Echo 5 Taxiway) as received for petrographic examination.
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(a) Core top/wearing surface. Scale is in centimeters.

(b) Core side, top is to the right. Scale is in inches.

Figure 3.Core C7C1(Charley Connector 7 Taxiway Core 1) as received for petrographic
examination.
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