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EXECUTIVE SUMMARY 

The present study involves investigation of popouts and blisters on vinyl composition tile (VCT) flooring in a 
building located at 123 ABC Avenue in Canton, Ohio. The slab in question was placed over a plastic vapor 
retarder and has received a 3-mm thick VCT. Two 3.5-in. diameter 4-in. long through-depth cores, identified as C-
1 and C-2 were received from over two blistered locations on VCT. Both cores showed complete de-bonding of 
VCT from the underlying concrete with radial cracks from the apex of blisters on VCT. Immediately underneath 
the blisters on VCT in both cores are one black unsound particle in each core, embedded within the top 1 in. of 
concrete surface, that is soft, friable, severely fractured to cause popout with fragmentation of finished surface and 
neighboring concrete surface to a diameter of 1 to 1.5 in. Clearly, the popout and unsoundness of the black 
particle exposed on the surface of concrete in each core is found to be directly associated with the observed 
blistering on VCT. 

Concrete at the locations of both cores are compositionally similar and made using: (a) natural siliceous-
argillaceous gravel coarse aggregates having nominal maximum sizes of 1 in. (25 mm) and containing a wide 
variety of rock types from quartzite to sandstone, shale, siltstone, chert, basalt to trachyte to granite, schist, 
feldspar, etc. that are found to be not responsible for causing surface blisters in VCT flooring; (b) natural siliceous-
argillaceous-calcareous sands in both cores having nominal maximum sizes of 3/8 in. (9 mm) and containing many 
lithologies similar to the ones from coarse aggregate and strained and unstrained quartz and quartzite, variably 
altered feldspar, chert, granite, limestone, dolomite, dolomitic chert, shale, and siltstone, (c) Portland cement 
pastes having Portland cement as the only cementitious component and no fly ash or other pozzolanic materials, 
having estimated water-cement ratios of 0.40 to 0.45 in the body; and (d) non-air-entrained concrete having 
estimated air contents of 2 to 3 percent. The interior concretes in both cores are dense, well-consolidated, sound 
and show no evidence of cracking or any other form of unsoundness or any potential distress. Coarse and fine 
aggregate particles are well-rounded, variably dense and hard, massive-textured, equidimensional to elongated, 
mostly uncracked, unaltered, and uncoated, well-graded, well-distributed, and present in sound conditions. 
Despite the presence of some potentially alkali-silica reactive particles in aggregates (chert), there is, however, no 
evidence of such a reaction of aggregate particles found in the cores to cause the observed distress in the VCT 
flooring.  

The reported and observed blistering on the VCT flooring is determined to be due to expansions associated with 
oxidation of near-surface iron sulfide (pyrite) particles in concrete situated at the top 1 in. of concrete surface that 
have oxidized to iron hydroxide (ferrihydrite, goethite) in the presence of oxygen, moisture and high alkalinity of 
concrete and caused expansion, fracturing and popout of the unsound particle. Sulfates released from oxidation 
reactions have invaded the neighboring Portland cement paste, reacted with calcium hydroxide component of 
cement hydration and formed secondary gypsum with further expansion from such reactions. Primary expansion 
from oxidation of pyrite followed by secondary expansion from reactions between sulfates released from 
oxidation with cement hydration products have caused the eventual blistering and de-bonding of VCT from over 
the popout-forming unsound, fractured decomposed (oxidized) pyrite grains.  

Interior concrete in both cores examined showed no other pyrite grains in isolation or in aggregates, thus 
indicating that the unsound particles found only at the surface regions of concrete are more likely representative 
of “contaminants” on the concrete surface than part of concrete or aggregate.  

Concrete beneath the near-surface region of popout is sound, free of any distress, and hence serviceable. Selective 
removal of distressed unsound near-surface pyrite grains from underneath the blisters on VCT, and associated 
decomposed concrete (e.g. associated 5 to 6 mm of concrete around the unsound particles), perhaps by drilling a 
small 1 to 1.5 in. diameter hole over the blisters to depths of 1 in. to remove the unsound particles and affected 
regions followed by patching the holes with a patching grout could provide a viable repair strategy than removing 
the entire top 1 in. thick portion of the slab.  The concrete underneath is found to be sound, free of any distress, 
except the near-surface pyrite contaminants selectively at the areas of blisters on VCT.  
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INTRODUCTION 

Reported herein are the results of detailed laboratory studies of two (2) VCT-hardened concrete composite cores 

received from Contact of ABC Engineers.  The composite cores were, reportedly, taken from floor slabs located at 

123 ABC Avenue in Canton, Ohio, where the concrete floors are showing popouts and blistering of vinyl-

composition tile (VCT).   

BACKGROUND INFORMATION 

The following background information was received in a letter of transmittal with the samples: 

Concrete is popping through vinyl composition tile in various locations. 

Condition observed prior to executing lease for tenant space. Intention is to remove vinyl composition tile and 
install sheet vinyl. There is a concern that this condition will reoccur after new installation causing possible 
shutdown of BUSINESS. 

Time of Placement – Unknown; Location/Environment – Indoor floor, formerly leased to BUSINESS; vinyl 
composition tile installed. 

FIELD PHOTOGRAPHS 

Figure 1 shows field photographs of blistering and popout of the VCT flooring and associated radial cracking on 

VCT from the peaks of blisters. 

PURPOSE OF PRESENT INVESTIGATION  

Based on the background information provided regarding extensive blistering of VCT, and field photographs, the 

purposes of the present investigation are to determine:  

a. The compositions, qualities, and overall conditions of concretes in the cores by detailed petrographic 
examinations;  

b. Evidence of any physical or chemical deterioration of concrete in the cores; and, 
c. Finally, based on detailed laboratory investigation, field photographs, and background information 

provided - investigation of all possible reasons to explain the observed and reported blistering of VCT and 
popouts on the exposed concrete surfaces, particularly if: 
• The distress was due to any potentially deleterious physical and/or chemical reactions within the 

concrete, e.g., any potential volume changes from expansion, e.g., expansion due to potentially 
deleterious alkali-aggregate reactions, etc. i.e. if the concrete is responsible for the observed flooring 
distress; 

• Whether or not any potential unsoundness of concrete ingredients, e.g., unsound aggregates (e.g., 
chemically reactive) or a contaminant that have contributed to the distress i.e. if the concrete placed is 
responsible for distress; 

• Whether or not the design and construction practices followed, exposure conditions, etc. have 
contributed to the distress.  

In summary, a comprehensive approach is taken here from concrete materials to construction practices to 

investigate all possible causes for the observed popouts and blistering of VCT flooring. 
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Figure 1: Field photographs showing VCT flooring having isolated occurrences of popouts and cracking of VCT 
that has initiated this investigation. Two cores from over two such blisters were received for examinations.  
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METHODOLOGIES 

OPTICAL MICROSCOPY 

Both cores 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, 2004, 2005a, 2005b, 

2006).  

 
Figure 2: Optical Microscopy: Left - A Nikon Eclipse E600 POL polarizing (petrographic) microscope at left with 
reflected, transmitted, polarized-light, and fluorescent-light capabilities; Middle – An Olympus SZH 
reflected/transmitted/polarized-light Stereozoom microscope; and Right – A Nikon SMZ-10A Stereozoom 
microscope. All microscopes are equipped with Jenoptik Gryphax and Lumenera Infinity digital cameras. 

Briefly, the steps followed during petrographic examination of Core C-1 include:  

i. Visual examinations of the sample, as received, including adequate documentation of dimensions, 

measurements, condition, exposed surface condition, distress (cracking, popout, etc.), physical properties, 

integrity, etc.;  

ii. Low-power stereomicroscopical examinations of as-received, saw-cut and freshly fractured sections, and 

lapped cross sections of sample for evaluation of texture, air-void system, and composition; 

iii. Examinations of oil immersion mounts in a petrographic microscope for mineralogical compositions of 

specific areas of interest; 
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iv. Examinations of blue dye-mixed (to highlight open spaces, cracks, etc.) low-viscosity epoxy-impregnated 

large area (50 mm × 75 mm) thin section of concrete in a petrographic microscope for detailed 

compositional and microstructural analyses; 

v. Photographing samples, as received, and at various stages of preparation with a digital camera and a 

flatbed scanner; 

vi. Photomicrographs of lapped sections and thin section of sample taken from stereomicroscope and 

petrographic microscope, respectively to provide detailed compositional and mineralogical information of 

concrete; and,  

vii. A Jenoptik Progres GRYPHAX camera attached to a Nikon Eclipse 600 POL petrographic microscope 

(Figure 2, equipped with reflected, transmitted, polarized and fluorescent-light facilities), an Infinity 

Lumenera digital camera attached to an Olympus SZH reflected and transmitted-light stereomicroscope, 

and an Infinity Lumenera digital camera attached to a Nikon SMZ-10A low-power stereomicroscope were 

used together for detailed optical microscopical examinations and associated digital photomicrography.  

SCANNING ELECTRON MICROSCOPY AND ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (SEM-

EDS) 

Polished and gold-palladium coated thin section of concrete already examined by optical microscopy was selected 

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 (Figure 3) to 

determine composition of the unsound particle in concrete that has caused the blistering of VCT as well as 

compositions and microstructures of affected concrete around the particle.  

X-RAY DIFFRACTION 

Portions of the unsound black particle present under the popout and blister in Core C-2 and associated black 

powders were collected, dried, pulverized to pass No. 325 sieve (finer than 44 micron size) and used for X-ray 

diffraction studies to determine mineralogical composition of the particle. A Rocklab pulverizer was used to grind 

the black powders down to finer than 44 microns. Usually, a few drops of anhydrous alcohol are added to reduce 

decomposition of any hydrous phases from the heat generated from grinding. Approximately 10 grams of sample 

was ground first in the Rocklab pulverizer, from which about 8.0 grams of sample was selected, mixed with three 

binder tablets (total binder weight of 0.6 grams, for a fixed binder proportion of 7.5%), the mixture is then further 

ground in Rocklab pulverizer and in a McCrone micronizing mill down to finer than 44 micron size. 

Approximately 7.0 grams of binder-mixed pulverized sample thus prepared was weighed into a stainless steel die 

to prepare the sample pellet. A 25-ton Spex X-press was used to prepare 32 mm pellet from the pulverized sample. 

The same pellet is used for XRD to determine the mineralogy and XRF to determine the chemical composition.  
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Figure 3: 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 used for 
microstructural and microchemical analyses of unsound pyrite grain in the concrete that has caused the blisters. 

 
Figure 4: XRD: Siemens D5000 X-ray diffractometer and MDI Jade search/match software used for determination 
of mineralogical compositions of black powders associated with popout and blistering in Core C-2. Left to right: 
Rocklab pulverizer for initial grinding of sample with anhydrous alcohol; McCrone micronizing mill for final 
grinding; Spex 25-ton press for pellet preparation; Siemens D5000 X-ray diffractometer; and custom-made sample 
holder to place a 32-mm diameter pellet on sample stage. 
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X-ray diffraction was carried out in a Siemens D5000 Powder diffractometer (θ-2θ goniometer, Figure 4) 

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 40 kV and 30mA. Sample was placed in a custom-made 

circular sample holder and excited with the copper radiation of 1.54 angstroms. Tests were scanned at 2θ from 4° 

to 64° with a step of 0.02° 2θ integrated at 1 sec. step-1 dwell time. The resulting diffraction patterns were 

collected by DataScan 4 software of Materials Data, Inc. (MDI), analyzed by Jade software of MDI with ICDD 

PDF-4 (Minerals 2017) diffraction data. Phase identification, and quantitative analyses were carried out with 

MDI’s Search/Match, Easy Quant, and Rietveld modules, respectively.  

ENERGY-DISPERSIVE X-RAY FLUORESCENCE SPECTROSCOPY (ED-XRF) 

 
Figure 5: XRF: Rigaku NEX-CG bench-top ED-XRF unit used for bulk chemical compositions of panels. 

An energy-dispersive bench-top X-ray fluorescence unit from Rigaku Americas Corporation (NEX-CG, Figure 5) 

was used for determination of bulk chemical (oxide) composition of the black particle located under the VCT in 

Core C-2. The instrument is calibrated by using various certified (CCRL, NIST, GSA, and Brammer) reference 

standards of rocks. The sample pellet prepared for X-ray diffraction was used for X-ray fluorescence studies as well.  

Two thin sections, two lapped cross sections, and multiple saw-cut sections were prepared from two cores for 

detailed examinations by optical microscopy. After optical microscopical examinations, thin sections were gold-

coated and used for scanning electron microscopy and X-ray microanalysis of oxidized pyrite grain and 

associated decomposition of paste around the unsound pyrite contaminant. Loose black powders associated with 

popout of oxidized pyrite in Core C-2 were collected for XRD and XRF analyses. Therefore, a comprehensive 

approach was taken to identify the contaminant that has caused the blistering as well as the mechanism of 

oxidation and associated decomposition of paste that has caused blistering and popout on VCT flooring. Finally, 

an assessment was made by examining multiple cross sections of cores to investigate whether or not any such 

unsound particles found at the surface are also present in the interior concrete – i.e. whether or not such unsound 

particles are contaminant or part of concrete aggregates.  
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SAMPLES 

PHOTOGRAPHS, IDENTIFICATION, INTEGRITY, AND DIMENSIONS 

Figures 7, 8, and 9, and Table 1 provide identifications of the cores received, as well as the overall dimensions 

and conditions of samples, as received. 

Sample 
ID 

Diameter Length 
Top surface 
condition 

Bottom surface 
condition 

Cracks 
Reinforcing 

Steel 
Integrity 

C-1 
31/2 in. 

(90 mm) 
4 in. 

(100 mm) 

Debonded VCT 
~3 mm thick 
(Figure 6 & 7) 

Formed with 
impressions of 

plastic vapor barrier 
 (Figure 7) 

None None 

Intact 
Concrete, 
Debonded 

VCT 

C-2 
31/2 in. 

(90 mm) 
4 in. 

(100 mm) 

Debonded VCT 
~3 mm thick 
 (Figure 12) 

Formed with 
impressions of 

plastic vapor barrier 

Vertical crack 
extending 

from saw-cut 
control joint 

None 

Intact 
Concrete, 
Debonded 

VCT 
Table 1:  Overall dimensions and conditions of two cores as received. 

END SURFACES 

As described in Table 1, top surfaces of the cores show debonded VCT with popouts of black near surface 

particles at the concrete surface, and bottom surfaces are formed with impressions of placement of concrete over 

a plastic vapor barrier. 

CRACKING & OTHER VISIBLE DISTRESS, IF ANY 

As mentioned in Table 1 above, the cores do not show any visible cracking except one vertical crack beneath a 

control joint in Core C-2 (Figure 13).  Both cores, however, show popout of a near surface black particle located 

at the top surface of concrete (Figures 6, 7, and, 12, 13), which have caused blistering and cracking of the VCT 

above. 

EMBEDDED ITEMS 

There are no other reinforcing steels, fibers, or embedded items found in the cores examined.  

RESONANCE 

The cores have a ringing resonance, when hammered. 

  



 CONSTRUCTION MATERIALS CONSULTANTS, INC. CMC PROJECT # 

Client: ABC Engineers; Project: ABC Avenue Date 

11 

PETROGRAPHIC EXAMINATIONS 

BLISTERING & RADIAL CRACKING OF VCT IN CORE C-1 

Figure 6 shows Core C-1 as received, where the top concrete surface has a VCT that is completely de-bonded 

from the underlying concrete. VCT has a blister with radial cracks. Underneath the blister is a popout of a black 

particle in concrete.  

 
Figure 6:  Shown are the top surface with VCT (top left), the formed bottom surface (top right), and side views of 
Core C-1 (bottom photos) as received wrapped in clear tape. 
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POPOUT OF UNSOUND PARTICLE IN CONCRETE BENEATH BLISTERED VCT IN CORE C-1 

 
Figure 7:  Shown are the blistered top surface of the VCT (top left photo), the top surface of the concrete with 
popout and exposed black particle (top right photo and bottom right photo), and side views of Core C-1 (middle 
and bottom photos), the extent of blistering as indicated by a ruler placed on top of the VCT (bottom left and 
middle photos) as received.  Note: Red arrows in the top photos are for orientation purposes.  
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SAW-CUT SECTION THROUGH BLISTERED VCT AND UNDERLYING POPOUT IN CORE C-1 

 
Figure 8: Saw-cut sections of Core C-1 showing debonding and blistering of the VCT from the concrete, the dark 
unsound particle present just below the VCT blister, which is severely cracked and fragmented and shows redish-
brown oxidation products. 
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PHOTOMICROGRAPHS OF VCT BLISTERING, DE-BONDING, AND POPOUT IN UNDERLYING 

PARTICLE IN CORE C-1  

 
Figure 9: Photomicrographs of lapped cross section through the VCT blister in Core C-1 showing a gap between 
the blistered VCT and the concrete (top and middle photos), and a dark unsound particle at the concrete surface, 
which has caused the popout and blistering (bottom photos).  Also notice the discoloration of concrete around the 
unsound particle due to corrosion product leaching into the surrounding paste (bottom photos). 
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THIN SECTION SHOWING BLISTERING & CRACKING OF VCT AND POPOUT OF UNDERLYING 

UNSOUND BLACK PARTICLE IN CONCRETE IN CORE C-1 

 
Figure 10:  Shown are the clear epoxy-impregnated thin section (bottom) and residue (top) left after sectioning. 
Notice blistering and subsequent de-bonding of VCT from the concrete, and the severely fragmented unsound 
pyrite particle present just below the blistered VCT. 
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THIN SECTION PHOTOMICROGRAPHS OF VCT DE-BONDING, AND UNSOUND OXIDIZED 

PYRITE IN CORE C-1 

 
Figure 11:  Photomicrographs of thin section show in Figure 10, showing the VCT having pressed marble chips in 
a polymer matrix (top photos) that is debonded from concrete beneath, the unsound pyrite particle at the surface 
of concrete that has caused the popout (middle row) and associated carbonated and contaminated concrete, and 
reddish brown oxidation products of pyrite oxidation that has invaded the concrete (bottom row). 
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BLISTERING & CRACKING OF VCT IN CORE C-2 

 
Figure 12: Shown are the blistered top surface of the VCT in Core C-2 (top photos), the popout and exposed black 
particle present under the VCT (middle left photo), the top surface of the concrete with fractured black particle 
(middle right), the top surface of concrete after removal of the large pieces of aggregate (bottom left), and top 
surface of the concrete after removal of the black particle (now shown in a petri dish).   
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POPOUT OF BLACK PARTICLE IN CONCRETE BENEATH THE BLISTERED VCT IN CORE C-2  

 
Figure 13: Shown is concrete Core C-2 after removal of the VCT showing popout of a dark unsound particle 
(labled 1) and associated yellow reaction rim (labeled 2) which is followed by a redish-brown oxidation rim 
(labeled 3) all visible at the top surface.  Also notice a saw-cut control joint on the cylindrical side of the core with 
associated crack. 
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SAW-CUT SECTION THROUGH BLISTERED VCT AND UNDERLYING POPOUT IN CORE C-2 

 
Figure 14: Saw-cut sections of Core C-2 showing the unsound particle (1) and associated inner yellow reaction 
rim (2) and subsequent redish-brown oxidation rim (3). 
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Figure 15: Saw-cut sections of Core C-2 showing the unsound particle (1) and associated inner yellow reaction 
rim (2) and subsequent redish-brown oxidation rim (3).  Notice the yellow reaction products (2) have filled the 
saw-cut control joint. 
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THIN SECTION AND SAW-CUT SECTION THROUGH POPOUT & BLISTERED VCT IN CORE C-2  

 
Figure 16: Photograph of thin section (left) and saw-cut section (right) showin gthe ring strucutre of reaction rims 
(2 and 3) around black oxidized pyrite (1) at right. Notice the yellow to cream colored rim of decomposed paste 
(2) immediately adajcent to the popout-forming black oxidized pyrite (1) having sharp margins against the pyrite, 
and the outer reddish-brown rim of stained paste.  

 
Figure 17: The same saw-cut section shown above and the other side of that section showing the narrow band of 
reaction rim (2) around oxidixed pyrite (1). 
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PHOTOMICROGRAPHS OF REACITON RIMS AROUND UNSOUND OXIDIZED PYRITE IN CORE C-2  

 
Figure 18: Photomicrographs of saw-cut section shown in Figures 16 and 17 showing the black oxidized pyrite (1) 
that has caused popout, cream-colored reaction rim of decomposed paste immediately adajcent to pyrite (2) that 
has sharp margins against oxidized pyrite (1) and outer reddish brown stain of reaciton rim (3).  
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Figure 19: Photomicrographs of lapped cross section of Core C-2 showing the dark unsound oxidized pyrite grain 
at the surface that has caused popout from oxidation as well as a cream-colored reaction rim of decomposed 
paste immediately adjacent to the particle followed by another reddish brown outer rim in the top row. Middle 
and bottom rows are from interior concrete showing a normal crack beneath the control joint and sound, non-air-
entrained concrete away from that crack.  
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ABSENCE OF UNSOUND PARTICLE IN THE INTERIOR CONCRETES IN CORES C-1 AND C-2 

 
Figure 20: An important observation that the unsound black oxidized pyrite grain found at the top near-surface 
region of concrete in both cores examined is not found in the interior concrete in either core. Lapped and saw-cut 
sections of both cores did not find any other unsound pyrite grain within the concrete. Black particles at the 
surface are, thus, more likely contaminants on the surface (e.g., during finishing) than an integral part of concrete 
or aggregate.  
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THIN SECTION PHOTOMICROGRAPHS OF REACITON RIMS AROUND UNSOUND OXIDIZED 

PYRITE IN CORE C-2  

 
Figure 21: Photomicrographs of thin section of unsound oxidized pyrite and associated reaction rims of 
decomposed iron-sulfate contaminated and carbonated paste (corresponding thin section and saw-cut section are 
shown in Figures 16 and 17). Notice severe cracking and fragmentation of oxidized pyrite. 
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Figure 22: Photomicrographs of thin section of unsound oxidized pyrite and associated reaction rims of 
decomposed iron-sulfate contaminated and carbonated paste (corresponding thin section and saw-cut section are 
shown in Figures 16 and 17). Notice severe cracking and fragmentation of oxidized pyrite contaminant. 
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Figure 23: Photomicrographs of thin section of unsound oxidized pyrite and associated reaction rims of 
decomposed iron-sulfate contaminated and carbonated paste (corresponding thin section and saw-cut section are 
shown in Figures 16 and 17). Notice severe cracking and fragmentation of oxidized pyrite, microcrystalline 
gypsum in decomposed paste in Zone 2, and reddish brown stained paste in Zone 3. Iron has advanced further 
into concrete (up to Zone 3) than sulfate (mostly in Zone 2).  
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Figure 24: Photomicrographs of thin section of unsound oxidized pyrite and associated reaction rims of 
decomposed iron-sulfate contaminated and carbonated paste (corresponding thin section and saw-cut section are 
shown in Figures 16 and 17). Iron has advanced further into concrete (up to Zone 3) than sulfate (mostly in Zone 
2).  
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SEM-EDS ANALYSES OF UNSOUND PYRITE AT THE SURFACE POPOUT AND ASSOCIATED 

REACTION RIMS IN CORE C-2 

 
Figure 25: SE image (top left), BSE image (top 2nd from left) and X-ray elemental maps of reaction rim (Zone 2) 
directly around oxidized pyrite grain i.e. the cream colored to light yellow reaction rim (Zone 2) immediately 
adjacent to black oxidized pyrite having high iron and sulfur. 
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Figure 26: Backscatter electron image (top) and X-ray elemental microanalyses of selected areas of interest in the 
image (as point modes at the tips of callouts) within the oxidized pyrite grain showing the skeletal microstructure 
of oxidized pyrite where skeletal remains of less oxidized or more pristine pyrite (having higher sulfur measured 
as sulfate) is present as the brighter areas (Probe No. 1) compared to gray areas of oxidized pyrite products (Probe 
No. 2, having lower sulfur as sulfate). The only four long main trails of oxidized pyrite remains within the entire 
mass of unsound particle covering the entire image indicate large-scale decomposition of pyrite. Within each trail 
only thin inner bright lines or patches of pristine (or less oxidized) pyrite remains are seen that are 
characteristically brighter than the overall gray tones of trails in backscatter image.  
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Figure 27: Backscatter electron image (top) and X-ray elemental microanalyses of selected areas of interest in the 
image (as point modes at the tips of callouts) within the oxidized pyrite grain showing the skeletal microstructure 
of oxidized pyrite where remains of less oxidized pyrite (having higher sulfur as sulfate) are present as brighter 
areas (Probe Nos. 1, 3, and 5) compared to gray areas of oxidized pyrite products (Probe Nos. 2, 4, and 6, having 
lower sulfur as sulfate). 
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Figure 28: Backscatter electron image (top) and X-ray elemental microanalyses of selected areas of interest in the 
image (as point modes at the tips of callouts) from the oxidized pyrite grain to neighboring decomposed paste 
(Zone 2) in reaction rim showing invasion of iron and sulfate into the paste.   
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Figure 29: SE image (top left), BSE image (top middle) and X-ray elemental maps of reaction rim (Zone 2) directly 
around oxidized pyrite grain i.e. the cream colored to light yellow reaction rim (Zone 2) immediately adjacent to 
black oxidized pyrite showing characteristic microcracking in the decomposed paste having a network of closed 
polygonal-shaped microcracks and scattered small grains of iron sulfide oxidation products as bright ‘dots’ in the 
backscatter and secondary electron images that have characteristically high iron and sulfur in the respective 
elemental maps.  

The sulfur map at the bottom left figure shows a radial microcrack at the bottom left corner of that figure, which is 
filled with gypsum (as represented by high sulfur and calcium signals within the Y-shaped microcracks in the S 
and Ca maps), where gypsum is the product of decomposition of paste from reactions between sulfate released 
from oxidation and calcium hydroxide component of cement hydration in paste.  
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Figure 30: Backscatter electron image (top) and X-ray elemental microanalyses of selected areas of interest in the 
image (as point modes at the tips of callouts) from the oxidized pyrite grain (Probe Nos. 1 to 4) to neighboring 
decomposed paste (Zone 2) in reaction rim (Probe Nos. 5 to 10) showing invasion of iron and sulfate into the 
paste. Pristine or less oxidized pyrite residues show characteristically higher sulfur (as sulfate) than the oxidized 
pyrite.  
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Figure 31: SE image (top left), BSE image (top middle) and X-ray elemental maps of reaction rim (Zone 2) directly 
around oxidized pyrite grain i.e. the cream colored to light yellow reaction rim (Zone 2) immediately adjacent to 
black oxidized pyrite having high iron and sulfur. The top figure shows this decomposed paste rim around 
oxidized pyrite that is decomposed by invasion of iron hydroxide and sulfate from oxidation. Bottom two rows 
show transition from this decomposed zone of paste to reddish brown stained zone outside (Zone 3) having high 
amount of iron but not sulfur indicating further migration of iron oxide than sulfate in concrete from the oxidation 
process.  
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XRD AND XRF OF UNSOUND PYRITE FROM POPOUT IN CORE C-2  

 
Figure 32: Major element oxide compositions of black powder collected from the top of popout underneath the 
de-bonded VCT at the top surfae of cocnrete in Core C-2 as shown in the top row showing iron oxide and sulfate 
compositions of powder from X-ray fluorescnece, which is consistent with iron sulfide composition of the black 
powder. X-ray diffraction pattern of the black powder shows the presence of pyrite, as well as goethite, hematite 
(responsible for reddish brown stain), and gypsum from reaction between sulfate released from oxidaiton and 
cement hydraiton products in concrete. The bottom figure shows elemental peaks from XRF, again showing main 
peaks for iron and sulfur.  
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PHOTOMICROGRAPHS OF LAPPED CROSS SECTION OF INTERIOR CONCRETE IN CORE C-1 

 
Figure 33: Photomicrographs of lapped cross section of concrete from the interior in Core C-1 showing siliceous-
argillaceous gravel coarse aggregate, natural siliceous-argillaceous sand fine aggregate, non-air-entrained nature 
of concrete, and a dense well-consolidated sound concrete in the body.   
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PHOTOMICROGRAPHS OF THIN SECTION OF INTERIOR CONCRETE IN CORE C-1 

 
Figure 34: Photomicrographs of thin section of concrete from the interior in Core C-1 showing siliceous-
argillaceous gravel coarse aggregate, natural siliceous-argillaceous sand fine aggregate, and Portland cement paste 
having residual cement particles. Notice the absence of any deterioration of interior concrete.  
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COARSE AGGREGATE IN CONCRETE 

Concrete in both cores C-1 and C-2 have compositionally similar coarse aggregates, which are siliceous-

argillaceous gravel having nominal maximum sizes of 1 in. (25 mm) and containing a wide variety of rock types 

from quartzite to sandstone, shale, siltstone, chert, basalt to trachyte to granite, schist, feldspar, etc. that are found 

not to be responsible for causing surface blisters in VCT flooring. Despite the presence of some potentially alkali-

silica reactive particles in gravel coarse aggregate, there is, however, no evidence of such a reaction of coarse 

aggregate particles found in the cores to cause the observed distress in the VCT flooring. Coarse aggregate 

particles are well-rounded, variably dense and hard, massive-textured, equidimensional to elongated, mostly 

uncracked, unaltered, and unreacted, well-graded, well-distributed, and present in sound conditions. 

FINE AGGREGATE IN CONCRETE 

Fine aggregates are compositionally similar natural siliceous-argillaceous-calcareous sands in both cores having 

nominal maximum sizes of 3/8 in. (9 mm) and containing many lithologies similar to the ones from coarse 

aggregate.  Particles contain strained and unstrained quartz and quartzite, variably altered feldspar, chert, granite, 

limestone, dolomite, dolomitic chert, shale, and siltstone. Particles are variably colored, subrounded to 

subangular, dense, hard, equidimensional to elongated, unaltered, uncoated, and uncracked.  Fine aggregate 

particles are uncracked, unaltered, and unreacted, well-graded, well-distributed, and present in sound conditions.   

Properties and Compositions 
of Aggregates 

Cores C-1 and C-2 

Coarse Aggregates 

Types Gravel  

Nominal maximum size (in., mm) 1 in. (25 mm) 

Rock Types 
A wide variety of rock types from quartzite to sandstone, shale, siltstone, 
chert, granite, schist, feldspar, etc. 

Angularity, Density, Hardness, Color, 
Texture, Sphericity 

Subangular to well-rounded, variably dense and hard, light to dark gray 
and light to dark red, massive textured, equidimensional to elongated 

Cracking, Alteration, Coating Uncracked, unaltered, unreacted, and uncoated 

Grading & Distribution Well-graded and Well-distributed 

Soundness Sound 

Alkali-Aggregate Reactivity Not found 

Fine Aggregates 

Types Natural siliceous-argillaceous-calcareous sand 

Nominal maximum size (in., mm) 3/8 in. (9 mm) 

Rock Types 
Strained and unstrained quartz and quartzite, variably altered feldspar, 
chert, granite, limestone, dolomite, dolomitic chert, shale, and siltstone 

Cracking, Alteration, Coating 
Variably colored, subrounded to subangular, dense, hard, 
equidimensional to elongated 
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Properties and Compositions 
of Aggregates 

Cores C-1 and C-2 

Grading & Distribution Well-graded and Well-distributed 

Soundness Sound  

Alkali-Aggregate Reactivity Not found 

Table 2: Properties of coarse and fine aggregates of concretes in cores. 

PASTE 

Properties and compositions of hardened cement pastes are summarized in Table 4.  Pastes are compositionally 

similar, medium gray, dense and hard, freshly fractured surfaces have subvitreous lusters and subconchoidal 

textures.  Residual and relict Portland cement particles are present and estimated to constitute 8 to 10 percent of 

the paste volumes.  Hydration of Portland cement is normal.  There is no evidence of addition of any fly ash, slag, 

or other cementitious materials; Portland cement is the only cementitious component added in the concrete. 

Depths of carbonation of pastes are negligible (2 to 3 mm or less) beneath the VCT.  

Properties and Compositions of Pastes Cores C-1 and C-2 

Color, Hardness, Porosity, Luster Gray, Hard, Dense, Subvitreous 

Residual Portland Cement Particles Normal, 8 to 10 percent by paste volume 

Calcium hydroxide from cement 
hydration 

Normal, 10 to 14 percent by paste volume 

Pozzolans, Slag, etc. None  

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

0.40 to 0.45, uniform throughout the depths but lower at the top 2 to 5 
mm (<0.40) due to dense hard trowel finishing operations 

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

6 to 61/2 

Secondary Deposits 
Secondary gypsum and iron hydroxide oxidation products around 
unsound pyrite grain that has caused surface popout, but no others in the 
interior concrete 

Depth of Carbonation, mm Negligible (1 mm or less) 

Microcracking 
Microcracking in the unsound oxidized pyrite and associated reaction 
rims, but away from the near-surface popout the interior concrete is free 
of any microcracking due to any deleterious reactions 

Aggregate-paste Bond Moderately tight to tight  

Bleeding, Tempering None 

Chemical deterioration  None except the oxidation of unsound pyrite contaminant at the surface 

Table 3: Properties and compositions of hardened cement pastes. 

AIR 

Concretes in both cores are non-air-entrained (Figure 32) with only a few coarse and irregular-shaped voids. Air 

content is estimated to be 2 to 3 percent.  
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DISCUSSIONS 

DISTRESS DUE TO OXIDATION OF IRON SULFIDE MINERALS IN CONCRETE 

Iron sulfide minerals (e.g., pyrite FeS2, or pyrrhotite Fe1-xS, x varies from 0 to 0.125) occurring mostly as ‘accessory’ 

minerals in many concrete aggregates are known to cause various deteriorations in concrete in service. Oxidation 

of iron sulfide minerals in concrete can cause various deteriorations from unsightly staining on the exposed 

surface to popouts of near-surface unsound aggregates (Jana 2008) as seen in the present case, and associated 

local fracturing to in extreme cases severe cracking, microcracking, and loss of strength of concrete from internal 

sulfate attacks by reactions between released sulfate and hydrogen ion (sulfuric acid) from oxidation reactions 

with cement hydration products – all resulting in expansive reactions leading to structural instability. Iron sulfide 

minerals occur commonly as minor, but significant accessory minerals in a variety of rocks.  Pyrite is the most 

common of all sulfide minerals.  It is a common accessory mineral in igneous, metamorphic, and sedimentary 

rocks, and is a major phase in many sulfide ore bodies. In hand sample, this mineral has a metallic luster and pale 

yellow color. Microscopically, pyrite is a cubic isotropic mineral with a yellowish-white color in reflected light 

(Deer et al., 1992).  Pyrite, with the chemical formula FeS2, is composed of 46.6% Fe and 53.5% S.  

MECHANISM OF OXIDATION OF IRON SULFIDE MINERALS 

It is well known from the literature that sulfide minerals are unstable in oxidizing conditions. According to Divet 

and Davy (1996), high pH conditions, such as those found in concrete, enhance iron sulfide oxidation. Upon 

exposure to water and oxygen, sulfide minerals (pyrite, pyrrhotite) oxidize to form acidic, iron oxides/hydroxides, 

and sulfate-rich by-products with an increase in solid volumes from the sulfide minerals to their oxidized products 

(Belzile et al. 2004, Rodrigues et al. 2012).   The oxidation of ferrous iron (Fe2+) produces ferric ions (Fe3+) that can 

precipitate out of solution to form ferric hydroxide, if pH is not too low. Fe2+ is oxidized and precipitated as ferric 

oxyhydroxides, principally ferrihydrite [Fe(OH)3] and goethite [FeO(OH)].  The sulfuric acid (sulfate and 

hydrogen ion, H2SO4) generated through oxidation reactions reacts with cement hydration products, e.g., with the 

portlandite [Ca(OH)2], to form gypsum [CaSO4 • 2H2O] (Grattan-Bellew and Eden 1975, Shayan 1998, Rodrigues 

et al. 2012), with calcium aluminate or monosulfoaluminate hydrates to form ettringite 

[Ca6Al2(SO4)3(OH)12·26H2O], or, thaumasite [Ca6[Si(OH)6]2(CO3)2(SO)4)2(H2O)22] latter one if carbonate minerals 

are present. Both the processes of oxidation of iron sulfides, and reactions between released sulfates and cement 

hydration products are expansive in natures resulting in concrete deteriorations.  

Figures 34 and 35 from various authors (e.g., Rodrigues et al. 2012, Oliveira et al., 2014, Willi and Zhoing 2016, 

Jana 2008) summarize mechanism of two-stage expansions resulting in concrete deterioration from: (a) primary 

expansion due to oxidation of iron sulfide minerals to ferric oxyhydroxides, principally goethite and ferrihydrite 

and associated solid volumes’ increases, and (b) secondary expansion due to internal sulfate attacks of released 
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sulfate and hydrogen ions (sulfuric acid) from oxidation to cement hydration products, e.g., calcium hydroxide 

and calcium sulfoaluminate hydrate to form gypsum (with a solid volume increase of 42) or more commonly due 

to formation of ettringite (with a solid volume increase of 172).  

The above expansive mineral formation results in rust staining and popouts at the aggregate site in milder cases 

most commonly associated with pyrite, to severe cracking and decreased strength due to internal sulfate attack 

in paste from released sulfates in the most severe cases associated with pyrrhotite.   

The rate and severity of damage from oxidation of iron sulfide minerals are dependent on a number of factors 

including: (a) the interaction between the particle and the surrounding host rock that forms the aggregate (Oliveira 

et al. 2014) and the concrete paste, (b) the concrete quality, (c) the environmental conditions to which the 

concrete element is exposed to (exposure to oxygen, moisture, and temperature), (d) crystal structure, (e) the 

mineral associations (more than one sulfide mineral present), (f) concrete pH, (g) trace metal content, and (h) 

bacterial activity (Belzile et al. 2004). The extents of controlling factors are not yet fully understood in light of the 

limitations of reproducing the deterioration in the laboratory.   

In the present case of popout of near-surface pyrite contaminant in concrete occurred from the presence of 

atmospheric moisture, oxygen, and alkaline pore solution of concrete. The near-surface pyrite grains have 

oxidized to iron sulfate and sulfuric acid - the former has further oxidized to iron oxide and hydroxide (ferrous to 

ferric hydroxide or goethite, which causes the reddish brown stain), and, the latter has softened and decomposed 

the paste surrounding the unsound particle, and produced microcrystalline gypsum in the carbonated paste.  

Oxidation of iron sulfide (pyrite) to iron oxide (goethite) through iron sulfate, and, gypsum formation in the paste 

from sulfuric acid attack are both expansive reactions, which have caused expansion and resultant popout of the 

unsound pyrite particles and associated decomposition and microcracking in the particle and in the surrounding 

paste.  

The following diagram describes the mechanism of staining and gypsum formation by oxidation of pyrite 

contaminants in concrete aggregates. 
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Figure 35: Mechanisms of oxidation of iron sulfide minerals in concrete according to various authors showing: (a) 
primary expansion of unsound particles due to oxidation of iron sulfide to various forms of iron oxides, 
hydroxides, ferrihydrite, followed by (b) secondary expansions due to reactions between the released sulfates and 
hydrogen ions from oxidation reactions (sulfuric acid) and cement hydration products (calcium hydroxide, 
calcium aluminate, and monosulfoaluminate hydrate) to form ettringite (or thaumasite if carbonate ions are 
present).  
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Figure 36: A simplified form of mechanism of pyrite oxidation and two stage expansions from formation of iron 
oxide and hydroxide from direct oxidation, followed by expansion from decomposition of paste by sulfates 
released from oxidation and formation of gypsum or ettringite (from Jana 2008).  

LIMITS OF IRON SULFIDE MINERALS 

Standardization of the amount of iron sulfide minerals that are considered acceptable in concrete aggregates is 

not well established.  American, Canadian, British, and French standards for concrete aggregates mention iron 

sulfides and their related problems with use in concrete, but have not established acceptable limits of iron sulfide 

contents in aggregates. Limits have been established for total sulfur (ST) by mass in French at 0.4%, European at 

1%, or 0.1% if pyrrhotite is present.  The limits as to the amount of pyrite or pyrrhotite that would lead to damage 

has not been identified to date; this may be quite difficult because the reactivity of iron sulfide grains may vary 

according to its crystallographic characteristics, while many factors are involved in this deleterious mechanism. 

No precise guidelines or methods have been proposed to evaluate the potential reactivity of sulfide containing 

aggregates.   

Recently, an extensive investigation was carried out over a four-year period by researchers from four Canadian 

organizations aimed at developing an evaluation protocol for iron sulfide bearing aggregate (Rodrigues et al., 

2016). The resulting recommended protocol involved a three-phase testing program including (a) measurement of 
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total sulfur, (b) oxygen consumption determination, and (c) accelerated mortar bar expansion test.  Limits are 

proposed for each phase of the protocol, but are in need of additional validation.  These tests can be used as a 

general screening, but would need to be supplemented by further testing to identify the sulfate sulfur and the 

sulfate mineral type. Significant research is still needed to identify appropriate limits. 

MICROSTRUCTURE OF PYRITE OXIDATION-RELATED DISTRESS 

Reaction Rims around Oxidized Iron Sulfide – Typical microstructure of oxidation of iron sulfide mineral consists 

of a ring pattern with the: (a) unsound particle in the core that is soft, friable, severely cracked, altered and 

decomposed from the oxidation process, which is followed by (b) a reaction rim of decomposed paste where 

sulfates released from oxidation reactions have reacted with cement paste (calcium hydroxide and calcium 

sulfoaluminate hydrates) to form microcrystalline masses of gypsum and/or ettringite. This reaction rim is often 

followed by (c) another rim of reddish brown stain from oxidation products of iron sulfide as iron oxide and 

hydroxide penetrated into the paste.      

The Oxidized Pyrite Grain – Severe atmospheric oxidation changes the typical golden yellow color of the original 

pyrite grains to dark gray to black, variably porous and softened oxidized mass.  A few remains of the original 

golden yellow pyrite may still be present within the skeletal mass of oxidized grain, as disseminated, 

discontinuous bands or residues within the oxidized particle.  The grain shows severe microcracking due to the 

expansion associated with oxidation, and the resultant popout.  Microcracking is more severe towards the 

periphery of the particle than that at the interior; and many cracks may contain gypsum or other products of 

oxidation and decomposition of paste as precipitation of secondary deposits by the migrating moisture. 

The Altered, Decomposed, and Microcracked paste – Immediately adjacent to the oxidized pyrite grain is a 

narrow band of severely altered, decomposed, carbonated, and softened light yellow or cream-colored 

(sometimes even light brown) paste from less than 1 mm to 5 mm in cross sectional thickness, containing severe 

microcracking either parallel to the margin of oxidized grain or as a network of closed polygonal-shaped 

microcracks, sometimes filled with gypsum or ettringite from reactions between sulfates released from oxidation 

and calcium hydroxide and aluminate components of cement hydration. Some cracks may be radial in nature and 

extend from the altered paste to the neighboring less altered or sound paste region situated outside the ring 

structure.  

The Reddish Brown Oxidation Rim Around the Altered Paste – A dark to progressively less dark reddish brown 

oxidation rim defines the periphery of the ring structure and separates the altered paste from the outer unaltered or 

less altered bulk paste region of the concrete.  The margins of the oxidation and reaction rims more or less follow 

the corresponding periphery of the central oxidized pyrite grain, from where ferruginous elements of the rim have 

originated, and migrated through the decomposed paste to form the rim.  Formation of iron hydroxide (ferrihydrite, 

goethite) from the oxidation process is responsible for the reddish brown stain in the oxidation rim.   
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The Outer Sound or Less Altered Paste – Paste outside the ring structure is significantly denser and harder than the 

altered paste around the unsound particle, and does not contain any microcracks. Air voids in the outer paste 

situated immediately adjacent to the ring structure may contain gypsum or ettringite from reaction rims if sulfates 

released from oxidation are carried further by the moisture.  

IRON SULFIDE MINERALS IN AGGREGATES VERSUS AS CONTAMINANT  

The above discussions on mechanisms of oxidation of iron sulfide minerals in concrete, though described as iron 

sulfide minerals present in concrete aggregates, are equally applicable if aggregates are free of iron sulfide 

minerals but the latter is present as contaminant in concrete, such as appeared to be the case here due to lack of 

unsound pyrite particles within the concrete body in both cores.  

CONCLUSIONS 

The reported and observed blistering on the VCT flooring is determined to be due to expansions associated with 

oxidation of near-surface iron sulfide (pyrite) particles in concrete situated at the top 1 in. of concrete surface that 

have oxidized to iron hydroxide (ferrihydrite, goethite) in the presence of oxygen, moisture, and high alkalinity of 

concrete and caused expansion, fracturing and popout of the unsound particle. Sulfates released from oxidation 

reactions have invaded the neighboring Portland cement paste, reacted with calcium hydroxide component of 

cement hydration and formed secondary gypsum with further expansion from such reactions. Primary expansion 

from oxidation of pyrite followed by secondary expansion from reactions between sulfates released from 

oxidation with cement hydration products have caused the eventual blistering and de-bonding of VCT from over 

the popout-forming unsound, fractured decomposed (oxidized) pyrite grains.  

Interior concrete in both cores examined showed no other pyrite grain, thus indicating that the unsound particles 

found only at the surface regions of concrete are more likely representative of contaminants on the concrete 

surface than part of concrete or aggregate.  

Concrete beneath the near-surface region of popout is sound, free of any distress, and hence serviceable. Selective 

removal of distressed unsound near-surface pyrite grains from underneath the blisters on VCT, and associated 

decomposed concrete (e.g. associated 5 to 6 mm of concrete around the unsound particles), perhaps by drilling a 

small 1 to 1.5 in. diameter hole over the blisters to depths of 1 in. to remove the unsound particles and affect 

regions followed by patching the holes with a patching grout could provide a viable repair strategy than removing 

the entire top 1 in. thick portion of the slab.  The concrete underneath is found to be sound, free of any distress, 

except the near-surface pyrite contaminants selectively at the areas of blisters on VCT.  
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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. 
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1 The CMC logo is made using a lapped polished section of a 1930’s concrete from an underground tunnel in the 
U.S. Capitol. 


