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DETERIORATION OF CONCRETE FROM FLUE GASES IN A REINFORCED CONCRETE CHIMNEY – A 
CASE STUDY 

EXECUTIVE SUMMARY 

The present study involves laboratory studies of concrete cores from a reinforced concrete chimney for Project No. 

433338, Neal Station to investigate the conditions and future serviceability of concrete. Seven (7) concrete cores 

from different elevations and directions around the chimney were received that were identified as 6’6”E, 280’SE, 

289’SW, 310’S, 312’N, 394’SE, and 396’E. Core 6’6”E was examined by petrographic and chemical analyses and 

compressive strength. Core 280’SE was examined by petrographic examinations and chemical analyses. Core 396’E 

was examined by petrography. Cores 310’S, 312’N, 394’SE were tested for compressive strengths. Due to the 

presence of a long visible crack through the entire length of Core 289’SW, this core could not be tested.  

Petrographic examinations were done a la ASTM C 856, and, ASTM C 1723, which include optical microscopy, 

and, scanning electron microscopy with X-ray microanalysis, respectively. Chemical analyses were done for sulfate 

contents and major element oxide compositions by X-ray fluorescence. Additionally, X-ray diffraction and thermal 

analyses were done to complement results of microscopy in determining the deleterious effects of flue gases on 

concrete. Compressive strength tests were done a la ASTM C 42. All these studies helped to determine: (a) 

compositions of concretes, (b) concretes’ conditions after exposures in a chimney environment, (c) extents of effects 

of high temperatures and flue gases on concrete, (d) evidence of chemical and physical deteriorations of concrete 

in the chimney environment, and finally, (e) future serviceability of concrete, perhaps with an appropriate repair 

strategy.  

Concrete in Core 6’6”E is very different from the concrete in all other cores, hence represents a different concrete 

mix, perhaps from a different time period. Interior concrete in Core 6’6”E is made using 1-in. (25 mm) nominal 

sized crushed limestone coarse aggregate, 3/8 in. (9.5 mm) nominal size natural siliceous-calcareous sand fine 

aggregate, a Portland cement paste having a water-cement ratio estimated to be 0.45 to 0.50, a cement content 

estimated to be 51/2 to 6 bags per cubic yard, and excessive air entrainment having an estimated air content of 10 

to 12 percent. Compressive strength of concrete is 3690 psi where high air has reduced the overall strength.  

Interior concrete in Cores 280’SE and 396’E are compositionally similar and made using 3/4 in. (19 mm) nominal 

sized crushed ferruginous sandstone coarse aggregates, 3/8 in. (9.5 mm) nominal size natural siliceous-calcareous 

sand fine aggregates, Portland cement pastes having water-cement ratios estimated to be 0.45 to 0.50, cement 

contents estimated to be 51/2 to 6 bags per cubic yard, and air entrainments having estimated air contents of 6 to 7 

percent in Core 280’ SE and 4 to 5 percent in 396’ East.  

Compressive strength of concretes in Cores 310’S, 312’N, and 394’SE are 4970 psi, 4620 psi, and 5610 psi, 

respectively. Concretes in these last three cores tested for strength are judged to be compositionally similar to the 

concrete in Core 396’E, where the compositional similarities are based on detection of crushed ferruginous 

sandstone coarse aggregates in these cores as the one found in the concrete in Core 396’E. Concretes in all these 
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cores are air entrained where higher strength results in these cores compared to the concrete in Core 6’6”E are 

judged to be due to more reasonable air entrainments and lower air contents of 4 to 7 percent instead of 10 to 12 

percent air estimated in Core 6’6”E. All these cores probably represent a compositionally similar concrete mix that 

is very different from the mix used in Core 6’6”E.  

Exposed interior ends of all cores received i.e. the ends reportedly in contact with the flue gases and high 

temperatures of chimney show soft, fragile, powdery, discolored white pastes on which either fine or both coarse 

and fine aggregates are exposed indicating variable degrees of erosion, alteration, decomposition of pastes to the 

extent of exposing the underlying coarse aggregate particles, e.g., in Cores 280’SE, 289’SW, 310’S, 312’N, 394’SE, 

and 396’E. Concretes in all these cores contain crushed ferruginous sandstone coarse aggregates, hence judged to 

be compositionally similar (i.e. made using similar concrete mixes) and showed deep erosion of paste from their 

inside surface ends by exposing underlying coarse aggregates. By contrast, concrete in Core 6’6”E showed only fine 

aggregate exposure on the inside surface end and no crushed limestone coarse aggregate exposure, indicating lesser 

erosion and decomposition of paste from chimney gases than the pastes in concretes containing crushed sandstone 

coarse aggregates.  Since limestone has a better thermal stability than sandstone, concrete in Core 6’6”E is judged 

to have better overall thermal resistance in the chimney environment than the concretes containing crushed 

sandstone.  

Exposed exterior ends of all cores are spray painted, but, Cores examined petrographically i.e. 6’6”E, 280’SE, and 

396’E showed evidence of some alteration of paste e.g., shallow carbonation from the exposed ends in 6’6”E and 

396’E but deeper carbonation, lime leaching, microcracking, alteration, decomposition of paste at the exterior end 

of Core 280’SE i.e. as alterations found in the opposite inside surface end. Therefore at least for Core 280’E exposure 

to chimney gases is judged to have occurred at both exposed ends of the core with a much higher extent of effect 

at the inside surface end than the opposite exterior surface end.   

The exposed inside surface ends of all three cores examined petrographically i.e. 6’6”E, 280’SE, and 396’E showed 

discoloration of paste from atmospheric carbonation, exposure to carbon dioxide from flue gases and alterations at 

the direct exposed ends by flue gases. These include: (a) white discoloration of paste in direct contact with flue 

gases due to severe alteration, decomposition, and sulfate precipitation to depths of 1-2 mm in Core 396’E, 4-5 mm 

(and deeper along the vertical crack from inside surface end) in Core 280’SE, and 2-3 mm in Core 6’6”E followed 

by (b) pinkish discoloration due to high temperatures from chimney environment plus carbonation from flue CO2 

to noticeable distances, e.g., 10 mm, 80 mm, and 10 mm from inside surface ends for Cores 6’6”E, 280’SE, and 

396’E, respectively. Of these three cores, Core 280’SE showed the maximum alteration by carbonation to 80 mm 

distance i.e. almost half the total length of the core from the inside surface indicating a very deep penetration of 

flue gases i.e. almost half of the thickness of wall at this core location. Compared to rather shallow depths of severe 

alterations at the exposed inside surface ends (i.e. 2 to 5 mm), therefore, carbonation of pastes has extended to far 

greater depths, e.g., as deep as 80 mm in concrete containing crushed sandstone aggregates.  
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Exterior surfaces are all spray painted but for Core 280’SE beneath the painted exterior surface lies white discolored 

paste similar to the paste found in the inside surface end with decomposition and alteration of paste as mentioned 

before. The exterior surface ends of cores also show some alteration, dark reddish brown discoloration and staining, 

decomposition, though at a lesser extent than the interior surface ends.  Clearly, the end marked as ‘interior’ received 

more flue gases and higher temperatures than the end marked as ‘exterior’ in Core 280’SE. 

Carbonation of paste has occurred from both inside and outside surface ends, more from the inside surface end due 

to direct exposure to flue gases where deeper carbonation from inside surface end is due to carbonation from carbon 

dioxide both from the atmosphere and from flue gases whereas lesser depths of carbonation from exterior ends are 

due to carbonation mostly from atmospheric carbon dioxide not aggravated by flue gases (except perhaps in Core 

280’SE where both ends are judged to have been exposed to flue gases though at lesser degree at the outside surface 

end). Compared to rather shallow depths of alterations, decompositions at the exposed surface ends i.e. 2 to 5 mm, 

however, carbonation of paste has extended to noticeable distances, e.g., 10 mm, 80 mm, and 10 mm from inside 

surface ends for Cores 6’6”E, 280’SE, and 396’E, respectively, and 4 mm, 10 mm, and 2 mm from exterior surface 

ends for the three stated cores, respectively. Deep carbonation as in Core 280’SE can affect reinforcing steel in 

causing carbonation-induced corrosion of steel.  

Leaching of lime has occurred only at the severely altered and decomposed exposed surface ends in contact with 

flue gases i.e. from the inside surface ends in all cores that have exposed the aggregates, and, at least for Core 

280’SE (and probably in other cores having similar crushed sandstone coarse aggregates) from the exposed outside 

surface end as well (though at a lesser extent than the inside surface end). Leaching of lime is due to a combination 

of high temperatures in chimney and the presence of moisture and flue gases that have reacted with cement 

hydration products in paste and dissolved lime away during erosion of paste from around the exposed aggregate 

particles.  

Two obvious chemical imprints of severe decomposition of paste at the exposed altered surface ends from 

interaction with flue gases are1: (a) enrichment in sulfate phases as detected from high sulfur in SEM-EDS’s sulfur X-

ray maps at the alerted zones, detection of gypsum in XRD and high sulfate results in XRF of altered zones; and, (b) 

enrichment of iron oxide from oxidation of ferruginous phases in concrete as detected from high iron in Fe-maps in 

SEM-EDS and dark reddish brown stain at the exposed ends in optical microscopy.  Similar to such enrichments, 

concomitant depletions in silica, alumina, and lime at the exposed altered ends compared to unaltered interior body 

are also noticed in SEM-EDS analyses of paste and XRF studies of bulk concrete.  

                                                   

1 Jana, D., Concrete Deterioration from Pyrite Staining, Sewer Gases, and Chimney Flue Gases – Case Studies 
Showing Microstructural Similarities - Proceedings of the 30th Conference on Cement Microscopy, ICMA, Reno, 
Nevada, 2008. 
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The exposed inside and outside surfaces of all cores showed no visible cracking when received (except in Core 

289’SW that showed visible cracking at both ends hence could not be used for strength testing). However, beneath 

the altered exposed surface in Core 6’6”E showed vertical cracking oriented perpendicular to the exposed inside 

surface end that has extended to a depth of at least 100 mm from inside surface, and also 30 mm from outside 

surface end but none in the interior body. Similarly, concrete in Core 280’SE showed vertical cracking beneath the 

altered inside surface that has extended to a distance of at least 120 mm from inside surface, and also 10 mm from 

outside surface end but none in the interior body. No vertical cracking from exposed ends or in the interior body 

was found in Core 396’E except a horizontal crack oriented parallel to inside surface end at a depth of 20 mm. All 

these visible cracks especially from the inside surface ends are judged to be due to the effect of high temperatures 

in chimney along with perhaps other reasons not related to any chemical or physical deteriorations of concrete. 

There is no evidence of any potentially deleterious alkali-aggregate reactions of aggregates found in the concrete to 

cause these visible cracks.  

Based on petrographic examinations and chemical analysis the following depths are determined to have affected 

the concrete severely by flue gases that need to be replaced: (a) 2-3 mm from inside surface end for Core 6’6”E, (b) 

4-5 mm from inside and 2-3 mm from outside surface ends for Core 280’SE, and (c) 1-2 mm from inside surface 

end for Core 396’E. Although carbonation of concrete has extended far deeper than these depths stated, but concrete 

in the carbonated zones (e.g., in Core 280’SE that has 80 mm deep carbonation beyond 4-5 mm and deeper along 

crack for severe alterations) not affected by cracks is judged to be serviceable. Therefore, as an overall measure of 

repair of existing exposed ends of concrete scarifying the exposed 5 mm from inside and similar depths from outside 

ends i.e. to exposed the interior unaltered concrete, followed by placement of an appropriate protective coating 

resistant to high temperatures and flue gases of chimney should provide future serviceability of the interior concrete. 

Existing cracks in many cores (e.g., 6’6”E, 280’SE, 289’SW), however, are pathways for migration of flue gases to 

deeper levels, e.g., 100 mm long crack from inside surface end of Core 6’6”E and 120 mm from inside surface end 

of Core 280’SE that can bring flue gases to those depths unless those existing cracks are effectively sealed by 

protective coating resistant to high temperatures and flue gases of chimney.  
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INTRODUCTION 

Reported herein are the results of detailed laboratory studies of seven (7) hardened concrete cores received from 

CLIENT.  The cores were, reportedly, collected from a chimney for Project No. PROJECT.  

BACKGROUND INFORMATION 

No background information about the subject chimney was provided. 

PURPOSE OF PRESENT INVESTIGATION  

The purposes of the present investigation are to determine:  

a. The compositions, qualities, and overall conditions of portions of concretes in the cores received for 

petrographic examinations;  

b. Evidence of any physical or chemical deterioration of concretes in the cores;  

c. Compressive Strength of four concrete cores; and, 

d. Finally, based on detailed laboratory investigation, investigation of all possible reasons to explain the 

overall conditions, durability, and serviceability of concrete in the cores. 

SAMPLES 

PHOTOGRAPHS, IDENTIFICATIONS, INTEGRITY, AND DIMENSIONS 

The following Table summarizes information obtained from each core, including dimensions, end surfaces, 

conditions, reinforced steel, cracks, integrity, etc. 

Core 
ID 

Diameter Length Interior Surface 
Exterior 
Surface 

Visible Cracks 
Reinforcing 

Steel 
Integrity Figure 

East 
6’6” 

35/8 in. 
(92 

mm) 

16 3/8 in. 
(410 
mm) 

Altered, decomposed, 
weathered, white, soft 
deposit, exposed fine 

aggregate 

Weathered, 
orange paint 

Cracking 
present on the 
exterior surface 

None Intact 

1, 2, 3 

CEMS 
Level 
SE 
280’ 

35/8 in. 
(92 
mm) 

71/2 in. 
(190 
mm) 

Altered, decomposed, 
weathered, white, soft 

deposit, exposed coarse 
aggregate, crack not seen 
on the inside surface but 

present on the side 
cylindrical surface 

immediately beneath the 
inside surface 

Rough, 
Weathered, 
orange paint 

Cracking 
perpendicular 

to the end 
surfaces, 

extending from 
the interior 
surface to 

depths of 1 in., 
21/2 in., and 3 

in. 

No. 5 
reinforcing 

steel at a depth 
of 25/8 in. 

Intact 

2, 4 
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Core 
ID 

Diameter Length Interior Surface 
Exterior 
Surface 

Visible Cracks 
Reinforcing 

Steel 
Integrity Figure 

289’ 
SW 
(Not 
tested) 

35/8 in. 
(92 

mm) 

71/2 in. 
(190 
mm) 

Altered, decomposed, 
weathered, white, soft 

deposit, exposed coarse 
aggregate, major visible 

crack 

Rough, 
Weathered, 

orange 
paint, major 
visible crack 

Major crack 
perpendicular 

to the end 
surfaces, 
extending 

through the full 
length of the 

core 

No. 3 
reinforcing 

steel at a depth 
of 4 in. 

Broken 

2 

310’ 
South 

35/8 in. 
(92 

mm) 

63/4 in. 
(170 
mm) 

Altered, decomposed, 
weathered, white, soft 

deposit, exposed coarse 
aggregate 

Rough, 
Finished, 

Exposed fine 
Aggregate, 

Orange 
paint on half 

None 

No. 3 
reinforcing 

steel at a depth 
of 25/8 in. from 

the exterior 
surface 

Intact 

1 

312’ 
North 

35/8 in. 
(92 

mm) 

7 in. 
(177 
mm) 

Altered, decomposed, 
weathered, white, soft 

deposit, exposed coarse 
aggregate 

Rough, 
Finished, 

Exposed fine 
Aggregate, 

Orange 
paint on half 

None 

No. 4 
reinforcing 

steel at a depth 
of 31/4 in., and 

a No. 3 
reinforcing 

steel at a depth 
of 33/4 in. from 

the exterior 
surface 

Intact 

1 

394’ 
SE 

35/8 in. 
(92 

mm) 

71/2 in. 
(190 
mm) 

Altered, decomposed, 
weathered, white, soft 

deposit, exposed coarse 
aggregate 

Rough, 
Finished, 

Exposed fine 
Aggregate, 

Orange 
paint  

None 

Two (2) No. 3 
reinforcing 

steels 
perpendicular 
to one another 

at depths of 31/2 
in. and 33/4 in. 

from the 
exterior surface 

Intact 

1 

396’ 
East 

35/8 in. 
(92 

mm) 

61/4 in. 
(160 
mm) 

Altered, decomposed, 
weathered, white, soft 

deposit, exposed coarse 
aggregate; approximately 

50% remains of black 
coating 

Rough, 
Weathered, 

Orange 
paint 

None 

No. 3 
reinforcing 

steel at a depth 
of 41/2 in. from 

the exterior 
surface 

Intact 

2, 5 

Table 1: Dimensions and conditions of cores, as received.  
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Figure 1: Shown are the four concrete cores tested for compressive strength, as received wrapped in duct tapes. 
Tapes were removed and end surfaces were sectioned out to collect a visually crack-free interior body of each core 
for strength testing. All four cores showed white deposits on inside ends due to decomposition of concrete by 
chimney flue gases and exposures of aggregates. Exposures of coarse aggregates in Cores 310’S, 312’N, and 394’SE 
indicates severe decomposition of paste by flue gases to erode paste from around aggregates to expose coarse 
aggregate particles. The opposite exterior ends of all four cores are weathered, spray painted, and have variable 
exposures of fine aggregate only. Both interior and exterior ends are removed to determine pristine compressive 
strength of the interior concrete that was not affected (at least visually) by the flue gases.  
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Figure 2: Shown are the three concrete cores at the top tested by petrographic examinations, as received wrapped 
in duct tape, and a forth core at the bottom that was requested for strength testing but not tested due to the presence 
of crack and broken nature of the core. All four cores showed white deposits on inside ends due to decomposition 
of concrete by chimney flue gases and exposures of aggregates. Exposures of coarse aggregates in Cores 280’SE, 
289’SW, and 396’E indicates severe decomposition of paste by flue gases to erode paste from around aggregates to 
expose coarse aggregate particles. The opposite exterior ends of all four cores are weathered, spray-painted, and 
have variable exposures of fine aggregate only. Core 289’SW has a long continuous crack from interior to exterior 
ends and hence was received in broken condition.  
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Figure 3:  Shown are the altered, decomposed interior surface side of concrete Core 6’6”E showing (top left) soft, 
chalky-textured, white deposits from interaction with chimney flue gases that have exposed fine aggregate particles 
(top left). The top right photo shows the opposite weathered exterior surface that was spray-painted and shows 
relatively better condition than the interior surface. Bottom photos show side cylindrical views of the core showing 
crushed stone coarse aggregate, good grading and well-distribution of aggregates along the core length, overall 
sound, visually crack-free intact nature of the core.  
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Figure 4:  Shown are the altered, decomposed interior surface side of concrete Core CEMS Level 280’SE showing 
(top left) soft, chalky-textured, white deposits from interaction with chimney flue gases that have exposed fine and 
coarse aggregate particles (top left). Coarse aggregate exposure indicates deep erosion of paste by flue gases down 
to the depth of coarse aggregate for their proud exposure against the decomposed paste. The top right photo shows 
the opposite weathered exterior surface that was spray-painted and shows relatively better condition than the 
interior surface. Bottom photos show side cylindrical views of the core showing crushed stone coarse aggregate 
(different from Core 6’6”E shown before), good grading and well-distribution of aggregates along the core length, 
No. 5 reinforcing steel at a depth of 25/8 in. from the exterior surface (circled), overall intact nature of the core but 
long visible cracks extending from the interior surface to depths of 1 in., 21/2 in., and 3 in. that are marked with red 
ellipses.  
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Figure 5:  Shown are the altered, decomposed interior surface side of concrete Core 396’E showing (top left) soft, 
chalky-textured, white deposits from interaction with chimney flue gases that have exposed fine aggregate particles 
(top left). The top right photo shows the opposite weathered exterior surface that was spray-painted and shows 
relatively better condition than the interior surface. Bottom photos show side cylindrical views of the core showing 
crushed stone coarse aggregate (different from Core 6’6”E but similar to Core 280’SE shown before), good grading 
and well-distribution of aggregates along the core length, No. 3 reinforcing steel at a depth of 41/2 in. from the 
exterior surface (circled), overall sound, crack-free, intact nature of the core.  
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METHODOLOGIES 

OPTICAL MICROSCOPY 

Cores selected for petrography i.e. 6’6”E, 280’SE, and 396’E were tested and examined by following the methods 
of ASTM C 856 “Standard Practice for Petrographic Examination of Hardened Concrete.”  Details of concrete 
petrography, and sample preparation techniques for petrographic examinations of concrete are provided in Jana 
(1997a, 1997b, 2005, 2006). Briefly, the steps followed during petrographic examination of the cores include:  

i. Visual examinations of the cores, as received, including adequate documentation of dimensions, 
measurements, conditions, physical properties, integrity, etc.;  

ii. Low-power stereomicroscopical examinations of as-received, saw-cut and freshly fractured sections, 
and lapped cross sections of cores for evaluation of texture, air-void systems, and compositions; 

iii. Examinations of oil immersion mounts in a petrographic microscope for mineralogical compositions of 
specific areas of interests; 

iv. Examinations of blue dye-mixed (to highlight open spaces, cracks, etc.) low-viscosity epoxy-
impregnated large area (50 mm ´ 75 mm) thin sections of concretes in a petrographic microscope for 
detailed compositional and microstructural analyses; 

v. Photographing the cores, as received and at various stages of preparation with a digital camera and a 
flatbed scanner; 

vi. Photomicrographs of lapped sections and thin sections of cores taken from stereomicroscope and 
petrographic microscope, respectively to provide detailed compositional and mineralogical information 
of concretes; and,  

vii. A Jenoptik Progres GRYPHAX camera attached to a Nikon Eclipse 600 POL petrographic microscope 
(equipped with reflected, transmitted, polarized and fluorescent-light facilities), a Jenoptik Progres C14 
camera attached to an Olympus SZH reflected and transmitted-light stereomicroscope, and an OMAX 
digital camera attached to a Nikon SMZ-10A low-power stereomicroscope were used together for 
detailed optical microscopical examinations and associated digital photomicrography.  

 
  

Figure 6: Thin sectioning equipments (left), petrographic micorscope (2nd from left), stereozoom microscope 
(3rd from left), and transmitted-light stereozoom microscope (rightmost) used in optical micorscopy. 
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SCANNING ELECTRON MICROSCOPY & ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (SEM-EDS) 

SEM-EDS studies were employed for examination of compositions and microstructures of: (a) altered zones at the 
interior and exterior surface regions, and (b) composition of paste in the interior body of concrete in Core 280’SE. 
Thin section of this core already prepared for optical microscopy was polished and coated with a conductive gold-
palladium film for SEM-EDS studies and examined in a Cambridge CamScan Series II scanning electron microscope 
equipped with a backscatter detector, a secondary electron detector, and X-ray fluorescence spectrometer to 
determine the compositions and microstructures of the materials.  

Methods followed in scanning electron microscopy and energy-dispersive X-ray fluorescence spectroscopy (SEM-
EDS) include: (a) secondary electron imaging (SEI) to determine the surface texture, microstructure and morphology 
of the examined surface, (b) backscatter electron (BSE) imaging to determine compositions of various phases from 
various shades of darkness/grayness from average atomic numbers of phases from the darkest pore spaces to 
brightest iron minerals (via minerals e.g., thaumasite, periclase, ettringite, quartz, dolomite, monosulfate, gypsum, 
calcite, C-S-H, aluminate, calcium hydroxide, belite, alite, free lime, and ferrite having progressively increasing 
average atomic numbers 
and brightness in BSE 
image), (c) X-ray 
elemental mapping (dot 
mapping) of an area of 
interest to differentiate 
various phases, (d) point-
mode or area (raster)-
mode analysis of specific 
area/phase of interest on 
a polished thin or solid 
section, and (e) average 
compositional analysis of 
a specific phase or an 
area on a polished thin or 
solid section or small 
subset of a sample.  

Procedures for SEM 
examinations are 
described in ASTM C 
1723. Sarkar et al. (2000) 
described various 
applications of SEM-EDS 
in concrete and other 
construction materials. 
Polished and coated thin 
section (or polished solid 
encapsulated block) of mortar is examined in an SEM equipped with backscatter detector, secondary electron 
detector, and energy-dispersive X-ray fluorescence spectrometer. 

X-RAY DIFFRACTION 

Bulk mineralogical composition, particularly the potential presence of gypsum in the distressed interior end of Core 
280’SE was determined by X-ray diffraction (XRD) in a Siemens D 5000 powder diffractometer (q-2q goniometer) 
by employing a long line focus Cu X-ray tube, divergent and anti-scatter slits fixed at 1 mm, a receiving slit (0.6 
mm), diffracted and incident beam Soller slits (0.04 rad), a curved graphite diffracted beam monochromator, and a 
sealed proportional counter. Generator settings used are 45 kV and 30mA. A dry, finely ground sample pulverized 
to pass US 325 sieve (44-µm) is placed in a 1-in. diameter circular sample holder and excited with the copper 

Figure 7: SEM-EDS: Cambridge CamScan Series II Scanning Electron Microscope and 
4Pi Revolution software, backscatter detector, secondary electron detector, and 
energy-dispersive X-ray fluorescence spectrometer. 
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radiation of 1.54 angstroms. Tests are performed at a 2-theta 
range from 4° to 64° with a step of 0.02° and a dwell time 
of one second.  

The resulting diffraction patterns are collected by using 
DataScan 4 software of Materials Data, Inc. (MDI), analyzed 
by using Jade 9.0 software of MDI with ICDD PDF-4 
(Minerals 2017) diffraction data, and, phase identification, 
and quantitative analyses were carried out with MDI’s 
Search/Match and Easy Quant modules, respectively.  

 

ENERGY-DISPERSIVE X-RAY FLUORESCENCE 

SPECTROSCOPY (ED-XRF) 

An energy-dispersive bench-top x-ray fluorescence unit 
from Rigaku Americas Corporation (NEX-CG) is used for 
determination of bulk chemical (oxide) composition of 
altered ends and interior body of concrete in Core 280’SE, 
particularly the sulfate content and if the altered end has 
higher sulfate than interior due to exposure to flue gases. 
Unlike conventional EDXRF analyzers, the NEX-CG was 
engineered with a unique close-coupled Cartesian 
Geometry (CG) optical kernel that dramatically increases signal-to-noise. By using monochromatic secondary target 
excitation, instead of conventional direct excitation, sensitivity is further improved. The resulting dramatic reduction 
in background noise, and simultaneous increase in element 
peaks, result in a spectrometer capable of routine trace 
element analysis even in difficult sample types. The 
instrument is calibrated by using various certified (CCRL, 
NIST, GSA, and Brammer) reference standards of cements 
and rocks. The same pellet used for XRD for mineralogical 
compositions is used for XRF to determine the chemical 
composition.  

A representative portion of sample (about 8 grams) is 
pulverized down to minus US 325 sieve (finer than 45 
microns size) in a Rocklab pulverizer with a grinding 
aid/binder (7.5% binder by weight of sample), and then 
pelletized (approximately 7 grams) to a 31-mm diameter 
pellet in a 25-ton press. 

 
FOURIER-TRANSFORM INFRARED SPECTROSCOPY 

A black protective coating present on the exposed side of Core 396’E was further studied by Fourier Transform 
Infrared Spectroscopy (FT-IR). FT-IR is particularly useful for detection of admixture, additives, polymer resins, and 
coatings through identification of various organic components (functional groups) (e.g., methyl CH3, organic acids 
CO-OH, carbonates CO3) from their characteristic spectral fingerprints in FTIR spectrum.  

FT-IR is done in a Perkin Elmer Spectrum 100 FTIR spectrophotometer running with Spectrum 10 software. Coating 
sample was collected from Core 396’E with a razor blade and measured using attenuated total reflection (ATR) on 
a single bounce diamond/ZnSe ATR crystal. Opposite side of peeled coating sample was measured between a 
frequency range of 4000 to 650 cm–1. Each run was collected at 4 cm–1 resolution with Strong Beer-Norton 
apodization. Data were collected with a temperature-stabilized deuterated triglycine sulfate (DTGS) detector by 

Figure 9: Rigaku NEX-CG bench-top ED-XRF 
unit used for bulk chemical composition of 
grout. 

Figure 8: Siemens D 5000 X-ray diffractometer 
used for mineralogical composition of grout. 
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placing the sample in contact with the ATR crystal and by applying force from the pressure applicator supplied with 
the ATR accessory. The application of pressure enabled 
the coating to be in intimate contact with the ATR 
crystal, ensuring a high-quality spectrum was achieved. 

 

THERMAL ANALYSES 

In addition to XRD, mineralogical compositions of 
exposed interior and exterior ends as well as interior 
body of concrete in Core 280’SE was further 
determined from thermal analysis to determine various 
hydrous, sulfate, and carbonate phases formed due to 
exposure to flue gases. Thermal analyses are usually 
done to determine the presence and quantitative 
amounts of: (a) hydrates (e.g., detection of CSH by its 
decomposition at 150-250ºC); (b) sulfates (gypsum from 
decompositions at 125ºC, and 185-200ºC, ettringite at 
120-130ºC, thaumasite at 150ºC); (c) hydrate water, 
e.g., calcium silicate hydrate from decomposition at 
180-190ºC, Portlandite from decomposition at 400-
600ºC; (d) quartz from polymorphic transformation (a 
to b form) at 573ºC; (e) cryptocrystalline calcite in the 
carbonated lime matrix from decomposition at 620-
690ºC, magnesite at 450-520ºC, or (f) coarsely 
crystalline calcite e.g., in limestone by decomposition 
at 680-800ºC or (g) dolomite at 740-800ºC and 925ºC, 
(h) phase transition of belite (C2S) at 693ºC, etc. Phases 
are determined from their characteristic decomposition 
temperatures occurring mostly as endothermic peaks or 
polymorphic transition temperatures as for quartz.  
Simultaneous TGA and DSC analyses were done in a 
Mettler Toledo TGA/DSC 1 unit on 30-70 mg of finely ground (<0.6 mm) sample in alumina crucible (70 µl, no lid) 
from 30°C to 1000°C at a heating rate of 10°C/min with high purity nitrogen as purge gas at a flow rate of 75.0 
ml/min. By using one of the three removable sensor types the TGA/DSC 1 simultaneously measures heat flow in 
addition to weight change.  The instrument offers high resolution (ultra-microgram resolution over the whole 
measurement range), efficient automation (with a reliable sample robot for high sample throughput), wide 
measurement range (measure small and large sample masses and volumes) broad temperature scale (analyze 
samples from ambient to 1100°C), superior ultra-micro balance, simultaneous DSC heat flow measurement (for 
simultaneous detection of thermal events, e.g., polymorphic alpha-to-beta transition of quartz and quartz content), 
and a gastight cell (ensures a properly defined measurement environment).  

 

COMPRESSIVE STRENGTH 

Compressive Strength Testing of the four cores (6’6”E, 310’ S, 312’ N, and 394’SE) were done by using the methods 
of ASTM C 42 “Standard Test Method for Obtaining and Testing Drilled Cores and Sawed Beams of Concrete.”  The 
end surfaces of each core were sectioned to remove altered portions, ground to fine surfaces, sulfur capped, and 
tested in their air-dry conditions to determine the compressive strength of interior concretes. Portions selected for 
strength test are visually free of any cracks.  

 

Figure 10: Perkin Elmer Spectrum 100 FT-IR with 
Universal ATR. 

Figure 11: Mettler-Toledo TGA/DSC1 unit for 
simultaneous thermogravimetric analysis (TGA), and 
differential scanning calorimetry (DSC).   
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LABORATORY STUDIES 

LAPPED AND SAW-CUT SECTIONS 

 
Figure 12: Lapped cross section (top) and a saw-cut section after treatment with phenolphthalein alcoholic solution (bottom) of 
Core 6’6”E showing:  
a. Crushed limestone coarse aggregate and natural sand fine aggregate, and good grading and well-distribution of aggregates 

across the length of the core;  
b. A thin (< 5 mm) layer of off-white altered deposits along the exposed inside surface end where paste is discolored due to 

alteration (particularly visible on the left end of the lapped cross section) which is in sharp contact to the interior relatively 
sound concrete;  

c. Carbonated interior surface region at left end as revealed from the lack of pinkish discoloration of phenolphthalein-treated 
saw-cut section where the interior non-carbonated concrete has turned pink whereas atmospheric carbonation of concrete 
to a depth of 4 mm at the exterior end, and especially along the interior end due to direct exposure to CO2 from flue gases 
that has caused deep carbonation of concrete to as deep as 10 mm from the interior surface (carbonation front is marked 
in white dashed line);  

d. A major crack extending from the inside surface of the core shown at the left of the top photo (marked with white arrows) 
to a distance of at least 4 in. (100 mm) from interior surface; and another major crack extending from the weathered, 
outside surface of the core shown at the right side of the top photo. 
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Figure 13:  Lapped cross section (top) and a saw-cut section after treatment with phenolphthalein alcoholic solution (bottom) 
of Core CEMS Level 280’SE showing:  
a. Crushed ferruginous sandstone aggregate and natural sand fine aggregate, and good grading and well-distribution of 

aggregates across the length of the core;  
b. A thin (< 5 mm) layer of off-white altered deposits along the exposed inside surface end where paste is discolored due to 

alteration (particularly visible on the left end of the lapped cross section) which is in sharp contact to the interior relatively 
sound concrete;  

c. Deep carbonated interior surface region at left end as revealed from the lack of pinkish discoloration of phenolphthalein-
treated saw-cut section where the interior non-carbonated concrete has turned pink whereas atmospheric carbonation of 
concrete to a depth of 10 mm (mostly along cracks) at the exterior end, and especially noticeably deeper carbonation along 
the interior end due to direct exposure to CO2 from flue gases that has caused deep carbonation of concrete to as deep as 
80 mm (100 mm along the crack show with arrows) from the interior surface (carbonation front is marked in white dashed 
line);  

d. A major crack extending from the inside surface of the core shown at the left of the top photo (marked with white arrows) 
to a distance of at least 4 in. (100 mm) from interior surface; and another major crack extending from the weathered, outside 
surface of the core shown at the right side of the top and bottom photos with arrows (which extend only 15 to 20 mm from 
exterior ends).  

e. The most noticeable feature of this core is the deep carbonation of concrete from the interior end due to prolonged exposure 
to CO2 from flue gases as well as severe alteration and decomposition of end surfaces not only the interior surface but also 
the exterior surface end at right as well where beneath the spray painted surface lies decomposed paste.  
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Figure 14:  Lapped cross section (top) and a saw-cut section after treatment with phenolphthalein alcoholic solution (bottom) 
of Core 396’E showing:  
a. Crushed ferruginous sandstone aggregate and natural siliceous-calcareous sand fine aggregate, and good grading and well-

distribution of aggregates across the length of the core;  
b. A very thin (< 2 mm) layer of off-white altered deposits along the exposed inside surface end which is barely visible on 

these cross sections, where paste is discolored due to alteration by flue gases (most visible in Figure 5);  
c. Shallow carbonated interior surface region at left end as revealed from the slight zone of lack of pinkish discoloration of 

phenolphthalein-treated saw-cut section where the interior non-carbonated concrete has turned pink whereas atmospheric 
carbonation of concrete to a depth of 2 mm (mostly along cracks) at the exterior end, and especially noticeably deeper 
carbonation along the interior end due to direct exposure to CO2 from flue gases that has caused deep carbonation of 
concrete to as deep as 10 mm from the interior surface (carbonation front is not prominent as in other two cores);  

d. A No. 3 reinforcing steel at a depth of 41/2 in. from the exterior surface (circled).  
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Figure 15: Three cores selected for petrography and chemical analyses - all show severe alteration, and 
decomposition of paste at their interior surface ends due to exposure to flue gases; spray painted opposite exterior 
ends; and intertior concrete masses that contain crushed sandstone coarse aggregate in 280’SE and 396’E but 
crushed limestone in 6’6”E (indicating a difference in concrete mix between these three cores). Core 280’SE showed 
a significantly deep carbonation of concrete, as deep as 100 mm from the interior end due to prolonged exposures 
to flue gases but noticealy lesser carbonation (depsite decomposed interior ends) in Cores 6’6”E and 396’E. Core 
280’SE is the best representative of deep alteration of concrete by flue gases.  



 CONSTRUCTION MATERIALS CONSULTANTS, INC. 

Deterioration of Concrete from Flue Gases in a Reinforced Concrete Chimney – A Case Study 20 

 

PHOTOMICROGRAPHS OF LAPPED SECTIONS  

 
Figure 16: Photomicrographs of lapped cross section of Core 6’6”E showing: (a) white discoloration, softening, microcracking, 
alteration, and decomposition of paste along inside surface end in the top row photos where a thin reddish layer is present 
between the outer white altered layer of paste and inner sound concrete mass; (b) vertical cracking from inside surface (arrows); 
(c) air-entrained nature of concrete (estimated 10 to 12 percent air) and distribution of entrained and entrapped air bubbles, (b) 
distribution of crushed limestone coarse aggregate and natural siliceous-calcareous sand fine aggregate, and (e) overall sound 
condition of concrete in the body i.e. beneath the altered surface ends.  
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Figure 17: Photomicrographs of lapped cross section of Core 6’6”E showing: (a) white discoloration, softening, 
microcracking, alteration, and decomposition of paste along inside surface end in the top row photos where a thin 
reddish layer is present between the outer white altered layer of paste and inner sound concrete mass; and (b) 
vertical cracking from inside surface (arrows). 
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Figure 18: Photomicrographs of lapped cross section of Core 6’6”E showing: (a) air-entrained nature of concrete 
(estimated 10 to 12 percent air) and distribution of entrained and entrapped air bubbles, (b) distribution of crushed 
limestone coarse aggregate and natural sand fine aggregate, and (c) overall sound condition of concrete in the body 
i.e. beneath the altered surface ends. 
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Figure 19: Photomicrographs of lapped cross section of Core 6’6”E showing some alteration, and decomposition of 
paste along the outside surface end that was spray painted. 
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Figure 20: Photomicrographs of lapped cross section of Core 6’6”E showing vertical cracking (arrows) extending from 
the outside surface end.  
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Figure 21: Photomicrographs of lapped cross section of Core CEMS Level 280’SE showing: (a) white discoloration, softening, 
microcracking, alteration, and decomposition of paste along inside surface end in the top row photos where a thin reddish layer 
is present between the outer white altered layer of paste and inner sound concrete mass; (b) vertical cracking from inside and 
outside surfaces (marked with arrows); (c) air-entrained nature of concrete (estimated 6 to 7 percent air) and distribution of 
entrained and entrapped air bubbles, (b) distribution of crushed sandstone coarse aggregate and natural siliceous-calcareous 
sand fine aggregate, and (e) overall sound condition of concrete in the body i.e. beneath the altered surface ends. 
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Figure 22: Photomicrographs of lapped cross section of Core CEMS Level 280’SE showing white discoloration, softening, 
microcracking, alteration, and decomposition of paste along the inside surface end where a thin reddish layer is present between 
the outer the white altered layer of paste and inner sound concrete mass. 
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Figure 23: Photomicrographs of lapped cross section of Core CEMS Level 280’SE showing vertical cracking (arrows) 
from inside surface end.  
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Figure 24: Photomicrographs of lapped cross section of Core CEMS Level 280’SE showing: (a) air-entrained nature 
of concrete (estimated 6 to 7 percent air) and distribution of entrained and entrapped air bubbles, (b) distribution 
of crushed sandstone coarse aggregate and natural siliceous-calcareous sand fine aggregate, and (c) overall sound 
condition of concrete in the body i.e. beneath the altered surface ends. 
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Figure 25: Photomicrographs of lapped cross section of Core CEMS Level 280’SE showing some alteration, and 
decomposition of paste along the outside surface end that was spray-painted. 
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Figure 26: Photomicrographs of lapped cross section of Core CEMS Level 280’SE showing vertical cracking (arrows) 
extending from the outside surface end. 
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Figure 27: Photomicrographs of lapped cross section of Core 396’E showing: (a) white discoloration, softening, microcracking, 
alteration, and decomposition of paste along inside surface end in the top row photos where a thin reddish layer is present 
between the outer white altered layer of paste and inner sound concrete mass; (b) vertical cracking from inside and outside 
surfaces (marked with arrows); (c) air-entrained nature of concrete (estimated 4 to 5 percent air) and distribution of entrained 
and entrapped air bubbles, (b) distribution of crushed sandstone coarse aggregate and natural siliceous-calcareous sand fine 
aggregate, and (e) overall sound condition of concrete in the body i.e. beneath the altered surface ends. 
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Figure 28: Photomicrographs of lapped cross section of Core 396’E showing white discoloration, softening, microcracking, 
alteration, and decomposition of paste along inside surface end where a thin reddish layer is present between the outer the white 
altered layer of paste and inner sound concrete mass. 
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Figure 29: Photomicrographs of lapped cross section of Core 396’E showing: (a) air-entrained nature of concrete 
(estimated 4 to 5 percent air) and distribution of entrained and entrapped air bubbles, (b) distribution of crushed 
sandstone coarse aggregate and natural siliceous-calcareous sand fine aggregate, and (c) overall sound condition of 
concrete in the body i.e. beneath the altered surface ends. 
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Figure 30: Photomicrographs of lapped cross section of Core 396’E showing some alteration, and decomposition of 
paste along outside surface end that was spray painted. 
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THIN SECTIONS 

 
Figure 31: Blue dye-mixed epoxy-impregnated thin section (top right) of Core 6’6”E and corresponding residue after 
thin section preparations (top left). Bottom photo shows an enlarged view of the thin section where alteration along 
end surfaces, and cracking are marked; and air entrainment and cracks are highlighted by blue epoxy. 
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Figure 32: Blue dye-mixed epoxy-impregnated thin section (top right) of Core CEMS Level 280’SE and corresponding 
residue after thin section preparations (top left). Bottom photo shows an enlarged view of the thin section where 
alteration along end surfaces, and cracking are marked; and air entrainment and cracks are highlighted by blue 
epoxy. 
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Figure 33: Blue dye-mixed epoxy-impregnated thin section (top right) of Core 396’E and corresponding residue after 
thin section preparations (top left). Bottom photo shows an enlarged view of the thin section where alteration along 
end surfaces, and cracking are marked; and air entrainment and cracks are highlighted by blue epoxy. 
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PHOTOMICROGRAPHS OF THIN SECTIONS  

 
Figure 34: Core 6’6”E – Alterations along Inside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; field width of each 
photo is 4.4 mm) showing: (a) altered paste at inside surface; (b) air voids highlighted by blue epoxy; and (c) natural 
siliceous-calcareous sand fine aggregate.  
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Figure 35: Core 6’6”E – Alterations along Inside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Petrographic microscope (left column in plane and right column in crossed polars) showing: (a) 
leached, carbonated, iron oxide stained altered paste at inside surface; (b) air voids highlighted in blue epoxy; and 
(c) natural siliceous-calcareous sand fine aggregate. 
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Figure 36:  Core 6’6”E – Interior Air-Entrained Concrete – Thin Section Photomicrographs taken with a transmitted 
polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; field width of each 
photo is 4.4 mm) showing: crushed limestone coarse aggregate, natural siliceous-calcareous sand fine aggregate, 
and air voids highlighted by blue epoxy.  
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Figure 37: Core 6’6”E – Interior Air-Entrained Concrete – Thin Section Photomicrographs taken with a transmitted 
polarized-light Petrographic microscope (left column in plane and right column in crossed polars) showing: crushed 
limestone coarse aggregate, natural siliceous-calcareous sand fine aggregate, and air voids highlighted by blue 
epoxy. 
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Figure 38: Core 6’6”E – Alterations along Outside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; field width of each 
photo is 4.4 mm) showing: (a) altered paste at outside surface; (b) air voids highlighted by blue epoxy; (c) natural 
siliceous-calcareous sand fine aggregate; and (d) a crack highlighted by blue epoxy.  
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Figure 39: Core 6’6”E – Alterations along Outside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Petrographic microscope (left column in plane and right column in crossed polars) showing: (a) 
leached, carbonated, iron oxide stained altered paste at outside surface; (b) air voids highlighted by blue epoxy; 
and (c) natural siliceous-calcareous sand fine aggregate.  
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Figure 40: Core CEMS Level 280’SE – Alterations along Inside Surface – Thin Section Photomicrographs taken from 
a transmitted polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; field 
width of each photo is 4.4 mm) showing: (a) altered paste at inside surface; (b) air voids highlighted by blue epoxy; 
and (c) natural siliceous-calcareous sand fine aggregate. 
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Figure 41: Core CEMS Level 280’SE – Alterations along Inside Surface – Thin Section Photomicrographs taken with 
a transmitted polarized-light Petrographic microscope (left column in plane and right column in crossed polars) 
showing: (a) leached, carbonated, severely microcracked altered paste at inside surface with abundant gypsum 
crystallization in cracks from interaction with flue gases; (b) air voids highlighted by blue epoxy; and (c) natural 
siliceous-calcareous sand fine aggregate.  
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Figure 42: Core CEMS Level 280’SE – Vertical Cracking from Inside Surface – Thin Section Photomicrographs taken 
with a transmitted polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; 
field width of each photo is 4.4 mm) showing: (a) altered paste at inside surface; (b) air voids highlighted by blue 
epoxy; (c) natural siliceous-calcareous sand fine aggregate; and (d) vertical crack from inside surface highlighted by 
blue epoxy.  
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Figure 43: Core CEMS Level 280’SE – Vertical Cracking from Inside Surface – Thin Section Photomicrographs taken 
with a transmitted polarized-light Petrographic microscope (left column in plane and right column in crossed polars) 
showing: (a) altered paste at inside surface; (b) air voids highlighted by blue epoxy; (c) natural siliceous-calcareous 
sand fine aggregate; and (d) vertical crack from inside surface highlighted by blue epoxy. 
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Figure 44: Core CEMS Level 280’SE – Interior Air-Entrained Concrete – Thin Section Photomicrographs taken with 
a transmitted polarized-light Petrographic microscope (left column in plane and right column in crossed polars) 
showing: (a) air voids highlighted by blue epoxy; and (b) natural siliceous-calcareous sand fine aggregate in a 
Portland cement paste.  



 CONSTRUCTION MATERIALS CONSULTANTS, INC. 

Deterioration of Concrete from Flue Gases in a Reinforced Concrete Chimney – A Case Study 49 

 

 
Figure 45: Core CEMS Level 280’SE – Alterations along Outside Surface – Thin Section Photomicrographs taken 
with a transmitted polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; 
field width of each photo is 4.4 mm) showing: (a) altered paste at outside surface; (b) air voids highlighted by blue 
epoxy; and (c) natural siliceous-calcareous sand fine aggregate.  
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Figure 46: Core CEMS Level 280’SE – Alterations along Outside Surface – Thin Section Photomicrographs taken 
with a transmitted polarized-light Petrographic microscope (left column in plane and right column in crossed polars) 
showing: (a) leached, carbonated, severely microcracked altered paste at outside surface; (b) air voids highlighted 
by blue epoxy; and (c) natural siliceous-calcareous sand fine aggregate. 
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Figure 47: Core CEMS Level 280’SE – Vertical Cracking from Outside Surface – Thin Section Photomicrographs 
taken with a transmitted polarized-light Stereozoom microscope (left column in plane and right column in crossed 
polars; field width of each photo is 4.4 mm) showing: (a) altered paste at outside surface; (b) air voids highlighted 
by blue epoxy; (c) natural siliceous-calcareous sand fine aggregate; and (d) vertical crack from outside surface 
highlighted by arrows.  
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Figure 48: Core CEMS Level 280’SE – Vertical Cracking from Outside Surface – Thin Section Photomicrographs 
taken with a transmitted polarized-light Petrographic microscope (left column in plane and right column in crossed 
polars) showing: (a) altered paste at outside surface; (b) air voids highlighted by blue epoxy; (c) natural siliceous-
calcareous sand fine aggregate; and (d) vertical crack from outside surface highlighted in migration of iron oxide 
stain along the crack. 
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Figure 49: Core 396’E – Alterations along Inside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; field width of each 
photo is 4.4 mm) showing: (a) altered paste at inside surface; (b) air voids highlighted by blue epoxy; and (c) natural 
siliceous-calcareous sand fine aggregate. 
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Figure 50: Core 396’E – Alterations along Inside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Petrographic microscope (left column in plane and right column in crossed polars) showing: (a) 
leached, carbonated, altered paste at inside surface; (b) air voids highlighted by blue epoxy; and (c) natural siliceous-
calcareous sand fine aggregate. 
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Figure 51: Core 396’E – Interior Air-Entrained Concrete – Thin Section Photomicrographs taken with a transmitted 
polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; field width of each 
photo is 4.4 mm) showing: (a) air voids highlighted by blue epoxy; and (b) natural siliceous-calcareous sand fine 
aggregate in a Portland cement paste. 
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Figure 52: Core 396’E – Interior Air-Entrained Concrete – Thin Section Photomicrographs taken with a transmitted 
polarized-light Petrographic microscope (left column in plane and right column in crossed polars) showing: (a) air 
voids highlighted by blue epoxy; and (b) natural siliceous-calcareous sand fine aggregate in a Portland cement paste. 
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Figure 53: Core 396’E – Alterations along Outside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Stereozoom microscope (left column in plane and right column in crossed polars; field width of each 
photo is 4.4 mm) showing: (a) altered paste at outside surface; (b) air voids highlighted by blue epoxy; and (c) natural 
siliceous-calcareous sand fine aggregate. 
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Figure 54: Core 396’E – Alterations along Outside Surface – Thin Section Photomicrographs taken with a transmitted 
polarized-light Petrographic microscope (left column in plane and right column in crossed polars) showing: (a) 
altered paste at outside surface; (b) air voids highlighted in blue epoxy; and (c) natural siliceous-calcareous sand 
fine aggregate. 
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COARSE AGGREGATES 

Coarse aggregates are 1-in. (25 mm) nominal size crushed limestone in Core 6’6” East, and 3/4 in. (19 mm) nominal 

size crushed ferruginous sandstone in Cores 280’ SE and 396’ East. Particles in both crushed stones are angular, 

dense, hard, equidimensional to elongated, medium gray color for crushed limestone and dark brown color for 

crushed ferruginous sandstone (where ferruginous inclusions are responsible for the dark brown color), massive-

textured for both crushed stones (having typical mosaic texture for limestone and clastic grain-supported texture for 

sandstone), unaltered, uncoated, and uncracked.  Both crushed stone types are well-graded, well-distributed 

(Figures 12-14, and 16-30), and have been sound during their service. There is no evidence of alkali-aggregate 

reactions of coarse aggregate particles in the cores.  

FINE AGGREGATES 

Fine aggregates are compositionally similar natural siliceous-calcareous sands in all cores having major amounts of 

siliceous components (quartz, quartzite, feldspar, granite, chert, quartz siltstone, sandstone, etc.), subordinate 

amounts of calcareous components (limestone, dolomite, dolomitic chert, etc.), and trace amounts of ferruginous 

rocks all having nominal maximum sizes of 3/8 in. (9.5 mm).  Particles are variably colored, subangular to 

subrounded, dense, hard, equidimensional to elongated, unaltered, uncoated, and uncracked (except some along 

the paths of existing cracks).  Fine aggregate particles are well-graded and well-distributed. Despite the presence of 

some potentially alkali-silica reactive particles (e.g., chert), there is, however, no evidence of alkali-aggregate 

reaction of fine aggregate particles in the cores.  Fine aggregate particles have been sound during their service.  

The following Table summarizes properties of coarse and fine aggregates determined from the cores. 

Properties and 
Compositions of Aggregates 

Core 6’6”E Core 280’SE Core 396’E 

Coarse Aggregate 

Types Crushed limestone Crushed ferruginous sandstone 

Nominal maximum size 3/4 in. (19 mm) 1 in. (25 mm) 

Rock Type Fossiliferous limestone 
(biomicrite, biosparite), 
carbonate mudstone 
(micrite)   

Ferruginous quartz sandstone having fine reddish 
brown ferruginous inclusions along grain boundaries 
that have imparted the dark brown to red color of 
sandstone 

Angularity, Density, 
Hardness, Color, Texture, 
Sphericity 

Angular, dense, hard, 
equidimensional to 
elongated, medium gray, 
massive-textured (having 
typical mosaic texture for 
limestone) 

Angular, dense, hard, equidimensional to elongated, 
dark brown color (where ferruginous inclusions are 
responsible for the dark brown color), massive-
textured (having typical clastic grain-supported texture 
for sandstone 

Cracking, Alteration, 
Coating 

Unaltered, uncoated, and uncracked  
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Properties and 
Compositions of Aggregates 

Core 6’6”E Core 280’SE Core 396’E 

Grading & Distribution Well-graded and well-distributed 

Soundness Sound 

Alkali-Aggregate Reactivity No evidence of reactivity 

Fine Aggregates 

Types Natural siliceous-calcareous sands 

Nominal maximum size 3/8 in. (9.5 mm) 

Rock Types Major amounts of siliceous components (quartz, quartzite, feldspar, granite, chert, 
quartz siltstone, sandstone, etc.) and subordinate amounts of calcareous components 
(limestone, dolomite, dolomitic chert, etc.) and trace amounts of ferruginous rocks 

Cracking, Alteration, 
Coating 

Variably colored, subangular to subrounded, dense, hard, equidimensional to 
elongated 

Grading & Distribution Well-graded and Well-distributed 

Soundness Sound (despite the presence of some potentially alkali-silica reactive particles (e.g., 
chert) 

Alkali-Aggregate Reactivity None 
Table 2: Properties of coarse and fine aggregates of concretes in the cores. 

Figures 12 to 14 show size, shape, gradation, and distribution of coarse and fine aggregates in the cores. Figures 16 

to 30 show photomicrographs of lapped cross sections where color, angularity, grain-size distribution of coarse and 

fine aggregates are seen. Figures 34 to 54 show photomicrographs of thin sections of cores where crushed limestone 

and sandstone coarse aggregates and natural siliceous-calcareous sand fine aggregate types are seen along with 

their grain-size, gradation, compositions, textures, etc.  

PASTE 

Properties and compositions of hardened cement pastes are summarized in Table 3.  Hardened cement pastes in all 

cores are compositionally similar and indicative of use of Portland cement as the only cementitious component. 

Pastes in the interior bodies of concretes (i.e. away from any alteration of concrete at the end surface regions) are 

medium gray in Core 6’6” East and brown in Cores 280’ SE and 396’ East indicating use of different cement batches 

to impart the paste color along with different exposure conditions in the chimney. Core 280’ SE shows a change in 

color of the paste from the inside surface end to a significant distance of 4 inches (100 mm) where light pinkish 

discoloration of paste from the inside surface end to almost the mid-depth of the core is indicative of exposure to 

high temperatures of chimney. Core 396’ East does not show such deep pinkish discoloration from high temperature 

exposure, although both cores show some discoloration of paste from carbonation from exposure to flue gases. All 

three cores show a noticeable white discoloration and noticeable softening, alteration of paste at the inside surface 

end to depths of 1-2 mm in Core 396’ East, 4-5 mm (and deeper along the vertical crack from inside surface end) 

in Core 280’ SE, and 2-3 mm in Core 6’6” that are directly exposed to flue gases and hence showed significant 

alterations of paste, formation of sulfate deposits from interaction with flue gases, microcracking, leaching of lime, 
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etc. Fronts of such alterations, decomposition, and microcracking of paste, however, are rather sharp beyond the 

stated distances of 2 to 5 mm, after which paste shows more normal characteristics i.e. uniform characteristics 

throughout the depths (except temperature-induced pinkish discoloration in Core 280’ SE as stated before). The 

exterior surface ends of cores also show some alteration, dark reddish brown discoloration and staining, 

decomposition, though at a lesser extent than the interior surface ends but still noticeable especially in Core 280’ 

SE.  Compared to rather shallow depths of alterations, decompositions at the exposed surface ends i.e. 2 to 5 mm, 

however, carbonation of paste has extended to noticeable distances, e.g., 10 mm, 80 mm, and 10 mm from inside 

surface ends for Cores 6’6” East, 280’ SE, and 396’ E, respectively, and 4 mm, 10 mm, and 2 mm from exterior 

surface ends for the three stated cores, respectively. Beyond the altered, decomposed, white discolored soft pastes 

at inside and exterior surface ends, pastes in interior bodies are noticeably dense (even in the carbonated pastes), 

hard, where freshly fractured surfaces have subvitreous lusters and subconchoidal textures.  Residual and relict 

Portland cement particles are present and estimated to constitute 6 to 8 percent of the paste volumes in the interior 

concretes and indicate adequate cement hydration.  Hydration of Portland cement is normal in the interior bodies. 

Figures 34 to 54 show photomicrographs of blue dye-mixed epoxy-impregnated thin sections of the cores where 

alterations, decompositions, and microcracking of pastes at the exposed ends as well as unaltered interior pastes 

are seen along with some residual Portland cement particles scattered over carbonated pastes. There are no 

additional pozzolanic or cementitious materials (i.e. fly ash, slag, etc.) detected in the pastes.  Portland cement is 

the sole cementitious material used in the concrete in all cores. 

Properties and 
Compositions of Paste 

Core 6’6”E Core 280’SE Core 396’E 

Color, Hardness, 
Porosity, Luster 

White altered, 
decomposed, soft, 
leached, 
microcracked, and 
carbonated at the 
inside surface end to a 
depth of 2-3 mm, 
thereafter medium 
gray in the interior 
body for the rest of the 
core where paste is 
medium gray, dense, 
hard, having 
subvitreous lusters and 
subconchoidal 
texture, no 
discoloration at the 
exterior end  

White altered, decomposed, 
soft, leached, microcracked, 
and carbonated at the inside 
surface end to a depth of 4-5 
mm, thereafter pinkish 
brown to a depth of 100 mm 
from carbonation and high-
temperature exposures, then 
normal brown in the interior 
body for the rest of the core 
where paste is dense, hard, 
having subvitreous lusters 
and subconchoidal texture; 
some alteration, softening, 
decomposition, white 
discoloration, leaching, and 
microcracking at the exterior 
end to a depth of 1-2 mm 

White altered, decomposed, soft, 
leached, microcracked, and 
carbonated at the inside surface 
end to a depth of 1-2 mm, 
thereafter pinkish brown to a 
depth of 10 mm from 
carbonation and high-
temperature exposures, then 
normal brown in the interior 
body for the rest of the core 
where paste is dense, hard, 
having subvitreous lusters and 
subconchoidal texture; some 
alteration, softening, 
decomposition, white 
discoloration, leaching, and 
microcracking at the exterior end 
to a depth of less than 1 mm 

Residual Portland 
Cement Particles 

Normal, 6 to 8 percent by paste volume in the interior bodies of cores 

Calcium hydroxide 
from cement hydration 

Normal, 10 to 14 percent by paste volume only in the interior bodies of cores that are 
not affected by flue gases 
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Properties and 
Compositions of Paste 

Core 6’6”E Core 280’SE Core 396’E 

Pozzolans, Slag, etc. None  None  None 

Water-cementitious 
materials ratio (w/cm), 
estimated 

0.45 to 0.50, only in the interior bodies of cores that are not affected by flue gases 

Cementitious materials 
contents, estimated 
(equivalent to bags of 
portland cement per 
cubic yard) 

51/2 to 6 

Secondary Deposits Carbonates and sulfate deposits at the interior surface ends from alteration and 
decomposition of paste by flue gases, then carbonation of paste to variable depths from 
penetration of flue gases to as deep as 100 mm, then some alteration and leaching, 
carbonate sulfate precipitation at exterior end, especially in Core 280’SE 

Depth of Carbonation, 
mm 

Interior Surface: 10 
mm 
Exterior Surface: 4 mm 
(Figure 12) 

Interior Surface: 80 mm 
Exterior Surface: 10 mm 
(Figure 13) 

Interior Surface: 10 mm 
Exterior Surface: 2 mm 
(Figure 14) 

Microcracking Vertical cracking to a 
distance of at least 
100 mm from inside 
surface, and also 30 
mm from outside 
surface end but none 
in the interior body 
(Figures 12, 16, 17, 
and 20) 

Vertical cracking to a 
distance of at least 120 mm 
from inside surface, and also 
10 mm from outside surface 
end but none in the interior 
body (Figures 13, 21, 23, 
and 26) 

No vertical cracking from 
exposed ends or in interior body 
except a horizontal crack 
oriented parallel to inside surface 
end at a depth of 20 mm (Figures 
14 and 27) 

Aggregate-paste Bond Tight except along 
cracks 

Tight except along cracks Tight  

Bleeding, Tempering None None None 

Chemical deterioration  None in the interior 
body but significant at 
2-3 mm from inside 
surface end 

None in the interior body 
but significant at 4-5 mm 
from inside surface end and 
1-2 mm from exterior end 

None in the interior body but 
significant at 1-2 mm from inside 
surface end 

Table 3: Proportions and compositions of hardened cement pastes in the cores. 

AIR 

Concretes in all cores are air-entrained where air occur as: (i) numerous fine discrete, spherical and near-spherical 

voids having sizes of up to 1 mm that are intentionally introduced entrained air, and (ii) a few coarse, near-spherical 

and irregularly shaped voids of sizes coarser than 1 mm that are accidentally formed entrapped air.  Air contents 

are estimated to be as high as 10 to 12 percent in Core 6’6”E, a more reasonable 6 to 7 percent in Core 280’SE, and 

a low 4 to 5 percent in Core 396’E. Photomicrographs of lapped cross sections of cores show air void systems of 

cores and distribution of voids through depths (Figures 16-20 for Core 6’6”E, 21-26 for Core 280’SE, and 27-30 for 

Core 396’E).  
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MICROSTRUCTURE AND MICROCHEMISTRY OF ALTERED ZONES IN CORE SE 280’ 

 
Figure 55: Secondary electron image (SED), backscatter electron image (BSE), and X-ray elemental maps from 
interior surface end of Core 280’SE showing significant alteration, lime leaching (in Ca-maps), mirocracking, and 
decomposition of paste at the interior surface end and enrichment of sulfur (as sulfate in S-maps) and iron (as iron 
oxide in Fe-maps) from interaction with flue gases, as well as marked contrast in elemental compositions between 
the porous paste in altered surface end and dense paste in interior body. Carbon maps show variations in porosities 
of paste between altered (brighter in C-maps) and interior dense (darked in C-maps) areas from contrasting degrees 
of absoprtion of epoxy between porous and dense paste in the thin section (voids and cracks appear brighter in C-
maps from absorbed epoxy). Dashed lines separate altered surface end from interior body.  
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Figure 56: Top photos show secondary electron image (SED), backscatter electron image (BSE), and X-ray elemental 
maps from interior surface end of Core 280’SE showing significant alteration, lime leaching (in Ca-maps), 
microcracking, and decomposition of paste at the interior surface end and enrichment of sulfur (as sulfate in S-maps) 
and iron (as iron oxide in Fe-maps) from interaction with flue gases, as well as marked contrast in elemental 
compositions between the porous paste in altered surface end and dense paste in interior body. Middle photo shows 
compositional analyses of paste at various areas from the altered zone (Probe# 1 to 5) and interior body (Probe# 6 
and 7) that are listed in the bottom Table where altered paste compositions are shown in red showing 
characteristically high sulfate, low lime, and high iron in altered paste as opposed to the unaltered interior paste in 
blue. 
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Figure 57: Secondary electron image (SED), backscatter electron image (BSE), and X-ray elemental maps from 
exterior surface end of Core 280’SE showing significant alteration, lime leaching (in Ca-maps), mirocracking, and 
decomposition of paste at the exterior surface end and enrichment of sulfur (as sulfate in S-maps) and iron (as iron 
oxide in Fe-maps) from interaction with flue gases, as well as marked contrast in elemental compositions between 
the porous paste in altered surface end and dense paste in interior body. Carbon maps show variations in porosities 
of paste between altered (brighter in C-maps) and interior dense (darked in C-maps) areas from contrasting degrees 
of absoprtion of epoxy between porous and dense paste in the thin section (voids and cracks appear brighter in C-
maps from absorbed epoxy). Dashed lines separate altered surface end from interior body. 
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Figure 58: Top photos show secondary electron image (SED), backscatter electron image (BSE), and X-ray elemental 
maps from exterior surface end of Core 280’SE showing significant alteration, lime leaching (in Ca-maps), 
microcracking, and decomposition of paste at the exterior surface end and enrichment of sulfur (as sulfate in S-
maps) and iron (as iron oxide in Fe-maps) from interaction with flue gases, as well as marked contrast in elemental 
compositions between the porous paste in altered surface end and dense paste in interior body. Middle photo shows 
compositional analyses of paste at various areas from the altered zone (Probe# 1 to 5) and interior body (Probe# 6 
and 7) that are listed in the bottom Table where altered paste compositions are shown in red showing 
characteristically high sulfate, low lime, and high iron in altered paste as opposed to the unaltered interior paste in 
blue. 
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Figure 59: Top photos show secondary electron images (SED), backscatter electron images (BSE), and X-ray 
elemental maps from interior (left) and exterior (right) surface ends of Core 280’SE showing significant alteraiton, 
lime leaching (in Ca-maps), microcracking, and decomposition of paste at the interior and exterior surface ends and 
enrichment of sulfur (as sulfate in S-maps) and iron (as iron oxide in Fe-maps) from interaction with flue gases, as 
well as marked contrast in elemental compositions between the porous paste in altered surface ends and dense 
paste in interior body. Middle photos show compositional analyses of paste at various areas from the interior and 
exterior altered zones (Probe# 1 to 5) and interior body (Probe# 6 and 7) that are listed in the bottom Tables where 
altered paste compositions are shown in red showing characteristically high sulfate, low lime, and high iron in 
altered paste as opposed to the unaltered interior paste in blue. 
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CHEMICAL VARIATIONS OF ALTERED ZONES IN CORES 280’SE AND 6’6”E FROM XRF 

 
Figure 60: Chemical variations of sulfate (as SO3) and oxides of lime, silica, alumina, and iron from the inside surface 
end, interior body at mid-depth location, and exterior surface end of Core 280’SE measured from XRF showing 
characteristic enrichments of sulfate and iron oxide and depletions of lime and silica at the altered, decomposed 
exposed surface ends compared to the interior body, which were also revealed from SEM-EDS X-ray elemental 
analyses of paste from altered ends and interior body. Such variations are artifacts of interaction of concrete with 
flue gases. 
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Figure 61: Chemical variations of sulfate (as SO3) and oxides of lime, silica, alumina, and iron from the inside surface 
end, interior body at mid-depth location, and exterior surface end of Core 6’6”E measured from XRF showing 
characteristic enrichments of sulfate and iron oxide and depletions of lime and silica at the altered, decomposed 
exposed surface ends compared to the interior body. Such variations are artifacts of interaction of concrete with 
flue gases. 
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MINERALOGIES OF ALTERED ZONES IN CORE 280’SE FROM XRD 

 
Figure 62: Mineralogical variations of sulfate (as SO3) and oxides of lime, silica, alumina, and iron from the inside 
surface end, interior body at mid-depth location, and exterior surface end of Core 280’SE measured from XRD 
showing characteristic enrichments of gypsum (G) at the exposed surface ends compared to interior body from 
exposures to flue gases (which is consistent with corresponding enrichment in sulfate from XRF and SEM-EDS studies 
at the altered ends). Pie graphs show semi-quantitative estimates of major phases that showed 7.6% gypsum at the 
inside and 12.3% gypsum at the exterior end compared to no gypsum from the interior body.  
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MINERALOGIES OF ALTERED ZONES IN CORE 280’SE FROM THERMAL ANALYSES 

 
Figure 63: TGA (in bold black), DSC (in dotted red), and DTG (in dashed blue) curves of altered zone from exterior 
end of Core 280’SE showing losses in weight due to decompositions (loss of water and carbon/sulfur dioxide) of 
various hydrous/carbonate/sulfate phases during controlled heating in a Mettler-Toledo’s simultaneous TGA/DSC 1 
unit from 30ºC to 1000ºC in a ceramic crucible (alumina 70µl, no lid) at a heating rate of 10ºC/min in a nitrogen 
purge at a rate of 75 mL/min. In the TGA curve, successive losses in weights are from loss of free water (Peak#1), 
gypsum dehydroxylation (Peak#2), loss of hydrate water (Peak# 3 and 4), and decarbonation of carbonate phases 
(Peak# 6). Dehydration and decarbonation reactions are marked as endothermic peaks in the superposed DSC and 
DTG curves. DSC curve shows polymorphic transition from alpha to beta form of quartz at 573ºC from silica (quartz) 
sand (Peak# 5). Quantitative analysis showed 9.5% gypsum at the exterior end.  
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Figure 64: TGA (in bold black), DSC (in dotted red), and DTG (in dashed blue) curves of interior body of Core 
280’SE showing losses in weight due to decompositions (loss of water and carbon/sulfur dioxide) of various 
hydrous/carbonate/sulfate phases during controlled heating in a Mettler-Toledo’s simultaneous TGA/DSC 1 unit 
from 30ºC to 1000ºC in a ceramic crucible (alumina 70µl, no lid) at a heating rate of 10ºC/min in a nitrogen purge 
at a rate of 75 mL/min. In the TGA curve, successive losses in weights are from loss of free water (Peak#1), ettringite 
dehydroxylation (Peak#2), loss of hydrate water (Peak# 3 and 4), and decarbonation of carbonate phases (Peak# 6). 
Dehydration and decarbonation reactions are marked as endothermic peaks in the superposed DSC and DTG curves. 
DSC curve shows polymorphic transition from alpha to beta form of quartz at 573ºC from silica (quartz) sand (Peak# 
5). Quantitative analysis showed no gypsum in the interior body, which is consistent with observations from XRD 
and SEM-EDS analyses.  
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Figure 65: TGA (in bold black), DSC (in dotted red), and DTG (in dashed blue) curves of altered zone from interior 
end of Core 280’SE showing losses in weight due to decompositions (loss of water and carbon/sulfur dioxide) of 
various hydrous/carbonate/sulfate phases during controlled heating in a Mettler-Toledo’s simultaneous TGA/DSC 1 
unit from 30ºC to 1000ºC in a ceramic crucible (alumina 70µl, no lid) at a heating rate of 10ºC/min in a nitrogen 
purge at a rate of 75 mL/min. In the TGA curve, successive losses in weights are from loss of free water (Peak#1), 
gypsum dehydroxylation (Peak#2), loss of hydrate water (Peak# 3 and 4), and decarbonation of carbonate phases 
(Peak# 6). Dehydration and decarbonation reactions are marked as endothermic peaks in the superposed DSC and 
DTG curves. DSC curve shows polymorphic transition from alpha to beta form of quartz at 573ºC from silica (quartz) 
sand (Peak# 5). Quantitative analysis showed 10.8% gypsum at the interior end.  
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Figure 66: TGA (in bold black), DSC (in dotted red), and DTG (in dashed blue) curves of altered zones from interior 
(top) and exterior (bottom) ends and interior body (middle) of Core 280’SE showing losses in weight due to 
decompositions (loss of water and carbon/sulfur dioxide) of various hydrous/carbonate/sulfate phases during 
controlled heating in a Mettler-Toledo’s simultaneous TGA/DSC 1 unit from 30ºC to 1000ºC in a ceramic crucible 
(alumina 70µl, no lid) at a heating rate of 10ºC/min in a nitrogen purge at a rate of 75 mL/min. In the TGA curve, 
successive losses in weights are from loss of free water (Peak#1), dehydroxylation of gypsum for the altered zones 
and ettringite for the interior body (Peak#2), loss of hydrate water (Peak# 3 and 4), and decarbonation of carbonate 
phases (Peak# 6). Dehydration and decarbonation reactions are marked as endothermic peaks in the superposed 
DSC and DTG curves. DSC curve shows polymorphic transition from alpha to beta form of quartz at 573ºC from 
silica (quartz) sand (Peak# 5). Right column shows quantitative estimates of phases. 
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FT-IR OF COATING IN CORE 396’E 

 
Figure 67: Fourier Transform Infra-red spectroscopy (FT-IR) of black coating from the interior surface end in Core 
396’E showing bituminous composition of coating.  
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COMPRESSIVE STRENGTHS 

Table 4 summarizes results of compressive strength testing of four cores from saw-cut portions from the interior 

bodies (i.e. after removing the altered surface ends to get the true strengths of interior concretes). The lowest strength 

result (3690 psi) is for the core 6’6”E having crushed limestone coarse aggregate, which is determined to be due to 

the presence of a high amount of air in this concrete (estimated to be 10 to 12 percent, Figures 16-20). Concretes 

in the other three cores are compositionally similar containing crushed sandstone coarse aggregates having strength 

results from 4620 to 5610 psi. where the higher strengths of these three cores compared to Core 6’6”E is judged to 

be due to lower air contents in these cores.   

Core ID Length (in.) Diameter (in.) Area (sq. in.) Load (lbs.) 
Corrected 

Strength for psi 
6’6”E 7.51 3.70 10.75 39620 3690 
310’S 6.75 3.70 10.75 53470 4970 
312’N 7.27 3.70 10.75 49640 4620 
394’SE 7.48 3.70 10.75 60270 5610 

Table 4: Compressive strengths of four cores.  

CONCLUSIONS 

CONCRETES 

Interior concrete in Core 6’6”E is made using 1-in. (25 mm) nominal sized crushed limestone coarse aggregate, 3/8 

in. (9.5 mm) nominal size natural siliceous-calcareous sand fine aggregate, a Portland cement paste having a water-

cement ratio estimated to be 0.45 to 0.50, a cement content estimated to be 5 ½ to 6 bags per cubic yard, and 

excessive air entrainment having an estimated air content of 10 to 12 percent. Compressive strength of concrete is 

3690 psi where high air has reduced the overall strength.  

Interior concrete in Cores 280’SE and 396’E are compositionally similar and made using 3/4 in. (19 mm) nominal 

sized crushed ferruginous sandstone coarse aggregates, 3/8 in. (9.5 mm) nominal size natural siliceous-calcareous 

sand fine aggregates, Portland cement pastes having water-cement ratios estimated to be 0.45 to 0.50, cement 

contents estimated to be 51/2 to 6 bags per cubic yard, and air entrainments having estimated air contents of 6 to 7 

percent in Core 280’SE and 4 to 5 percent in 396’ East. Compressive strength of concretes in Cores 310’S, 312’N, 

and 394’SE are 4970 psi, 4620 psi, and 5610 psi, respective. Concretes in these last three cores tested for strength 

are judged to be compositionally similar to the concrete in Core 396’E, where the compositional similarities are 

based on detection of crushed ferruginous sandstone coarse aggregates in these cores as the one found in the 

concrete in Core 396’E. Concretes in all these cores are air entrained where higher strength results in these cores 

compared to the concrete in Core 6’6”E are judged to be due to more reasonable air entrainments and lower air 

contents of 4 to 7 percent instead of 10 to 12 percent air estimated in Core 6’6”E.  
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EXPOSED ENDS 

Exposed interior ends of all cores received i.e. the ends reportedly in contact with the flue gases and high 

temperatures of chimney show soft, fragile, powdery, discolored white pastes on which coarse or fine aggregates 

are exposed indicating variable degrees of erosion, alteration, decomposition of pastes to the extent of exposing the 

underlying coarse aggregate particles, e.g., in Cores 280’SE, 289’SW, 310’S, 312’N, 394’SE, and 396’E. Concretes 

in all these cores contain crushed ferruginous sandstone coarse aggregates, hence judged to be compositionally 

similar (i.e. made using similar concrete mixes) and showed deep erosion of paste from their inside surface ends by 

exposing underlying coarse aggregates. By contrast, concrete in Core 6’6”E showed only fine aggregate exposure 

on the inside surface end and no crushed limestone coarse aggregate exposure, indicating lesser erosion and 

decomposition of paste from chimney gases than the pastes in concretes containing crushed sandstone coarse 

aggregates.  Since limestone has a better thermal stability than sandstone, concrete in Core 6’6”E is judged to have 

better overall thermal resistance in the chimney environment than the concretes containing crushed sandstone.  

Exposed exterior ends of all cores are spray painted but Cores examined petrographically i.e. 6’6”E, 280’SE, and 

396’E showed evidence of some alteration of paste e.g., carbonation from the exposed ends in 6’6”E and 396’E but 

deeper carbonation, lime leaching, microcracking, alteration, decomposition of paste at the exterior end of Core 

280’SE i.e. similar to alterations found in the opposite inside surface end. Therefore at least for Core 280’SE exposure 

to chimney gases is judged to have occurred at both exposed ends of the core with a much higher extent of effect 

at the inside surface end than the opposite exterior surface end.   

DECOMPOSITIONS DUE TO INTERACTIONS WITH FLUE GASES 

Discoloration of Paste 

The exposed inside surface ends of all three cores examined petrographically i.e. 6’6”E, 280’SE, and 396’E showed 

discoloration of paste from atmospheric carbonation, exposure to carbon dioxide from flue gases and alterations at 

the direct exposed ends by flue gases. These include: (a) white discoloration of paste in direct contact with flue 

gases due to severe alteration, decomposition, and sulfate precipitation to depths of 1-2 mm in Core 396’E, 4-5 mm 

(and deeper along the vertical crack from inside surface end) in Core 280’SE, and 2-3 mm in Core 6’6”E followed 

by (b) pinkish discoloration due to high temperatures from chimney environment plus carbonation to noticeable 

distances, e.g., 10 mm, 80 mm, and 10 mm from inside surface ends for Cores 6’6”E, 280’SE, and 396’E, respectively. 

Of the three cores, Core 280’SE showed maximum alteration by carbonation to 80 mm distance i.e. almost half the 

total length of the core from the inside surface indicating deep penetration of flue gases. Compared to rather shallow 

depths of severe alterations, decompositions at the exposed inside surface ends i.e. 2 to 5 mm, therefore, 

carbonation of pastes has extended to far greater depths, e.g., as deep as 80 mm in concrete containing crushed 

sandstone aggregates.  
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Exterior surfaces are all spray painted but for Core 280’SE beneath the painted exterior surface lies white discolored 

paste similar to the paste found in the inside surface end with decomposition and alteration of paste as mentioned 

before. The exterior surface ends of cores also show some alteration, dark reddish brown discoloration and staining, 

decomposition, though at a lesser extent than the interior surface ends.   

Carbonation 

Carbonation of paste has occurred from both inside and outside surface ends, more from the inside surface end due 

to direct exposure to flue gases where deeper carbonation from inside surface end is due to carbonation from carbon 

dioxide both from the atmosphere and from flue gases whereas lesser depths of carbonation from exterior ends are 

due to carbonation mostly from atmospheric carbon dioxide not aggravated by flue gases (except perhaps in Core 

280’SE where both ends are judged to have exposed to flue gases though at lesser degree at the outside surface end). 

Compared to rather shallow depths of alterations, decompositions at the exposed surface ends i.e. 2 to 5 mm, 

however, carbonation of paste has extended to noticeable distances, e.g., 10 mm, 80 mm, and 10 mm from inside 

surface ends for Cores 6’6”E, 280’SE, and 396’E, respectively, and 4 mm, 10 mm, and 2 mm from exterior surface 

ends for the three stated cores, respectively 

Lime leaching 

Leaching of lime has occurred only at the severely altered and decomposed exposed surface ends in contact with 

flue gases i.e. from the inside surface ends in all cores that have been exposed the aggregates, and, at least for Core 

280’SE (and probably in other cores having similar crushed sandstone coarse aggregates) from the exposed outside 

surface end as well (though at a lesser extent than the inside surface end). Leaching of lime is due to a combination 

of high temperatures in chimney and the presence of moisture in flue gases that have reacted with cement hydration 

products in paste and dissolved lime away during erosion of paste from around the exposed aggregate particles.  

Enrichment in sulfate and iron oxide 

An obvious chemical imprint of severe decomposition of paste at the exposed altered surface ends from interaction 

with flue gases are: (a) enrichment in sulfate phases as detected from high sulfur in SEM-EDS’s sulfur X-ray maps at 

the alerted zones, detection of gypsum in XRD and high sulfate results in XRF of altered zones; and, (b) enrichment 

of iron oxide from oxidation of ferruginous phases in concrete as detected from high iron in Fe-maps in SEM-EDS 

and dark reddish brown stain at the exposed ends in optical microscopy.  Similar to such enrichments, concomitant 

depletions in silica, alumina, and lime at the exposed altered ends compared to unaltered interior body are also 

noticed in SEM-EDS analyses of paste and XRF studies of bulk concrete.  
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CRACKING 

The exposed inside and outside surfaces of all cores showed no visible cracking when received (except in Core 289’ 

SW that showed visible cracking at both ends hence could not be used for strength testing). However, beneath the 

altered exposed surface in Core 6’6”E showed vertical cracking oriented perpendicular to the expose inside surface 

end that has extended to a depth of at least 100 mm from inside surface, and also 30 mm from outside surface end 

but none in the interior body. Similarly, concrete in Core 280’SE showed vertical cracking beneath the altered inside 

surface that has extended to a distance of at least 120 mm from inside surface, and also 10 mm from outside surface 

end but none in the interior body. No vertical cracking from exposed ends or in the interior body was found in Core 

396’E except a horizontal crack oriented parallel to inside surface end at a depth of 20 mm. All these visible cracks 

especially from the inside surface ends are judged to be due to the effect of high temperatures in chimney along 

with perhaps other reasons not related to any chemical or physical deteriorations of concrete. There is no evidence 

of any potentially deleterious alkali-aggregate reactions of aggregates found in the concrete to cause these visible 

cracks.  

DEPTHS OF ALTERATIONS FROM FLUE GASES 

Based on petrographic examinations and chemical analysis the following depths are determined to have affected 

the concrete severely by flue gases that need to be replaced: (a) for Core 6’6”E 2-3 mm from inside surface end, (b) 

for Core 280’SE 4-5 mm from inside and 2-3 mm from outside surface ends, (c) for Core 396’E 1-2 mm from inside 

surface end. Although carbonation of concrete has extended deeper than these depths stated, but concrete in the 

carbonated zones (e.g., in Core 280’SE that has 80 mm deep carbonation beyond 4-5 mm and deeper along crack 

for severe alterations) not affected by cracks is judged to be serviceable. Therefore, as an overall measure of repair 

of existing exposed ends of concrete scarifying the exposed 5 mm from inside and similar depths from outside ends 

to exposed the interior concrete followed by placement of an appropriate protective coating resistant to high 

temperatures and flue gases of chimney should provide future serviceability of the interior concrete. Cracks, 

however are pathways for migration of flue gases to deeper levels, e.g., 100 mm long crack from inside surface end 

of Core 6’6”E and 120 mm from inside surface end of Core 280’SE, and can bring flue gases to those depths unless 

those existing cracks are effectively sealed by protective coating resistant to high temperatures and flue gases of 

chimney.  
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The above conclusions are based solely on the information and samples provided at the time of this investigation.  The conclusion may expand 
or modify upon receipt of further information, field evidence, or samples. Samples will be returned after submission of the report as requested.  
All reports are the confidential property of clients, and information contained herein may not be published or reproduced pending our written 
approval. Neither CMC nor its employees assume any obligation or liability for damages, including, but not limited to, consequential damages 
arising out of, or, in conjunction with the use, or inability to use this resulting information. 


