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EXECUTIVE SUMMARY 

The present study represents a classic case of bacterial sulfuric acid attack causing collapse of a concrete sewer 
pipe. Sewer environments impose a special type of chemical threat to Portland cement concrete whose products 
are similar to the products of deterioration of concretes exposed to acids or external sulfates, but the mechanism 
of distress is quite different as it is controlled by the bacteria colonies present within the sewer. Anaerobic bacteria 
present in sewer pipes can decompose many inorganic and organic sulfur compounds, releasing hydrogen sulfide 
gas to the interior sewer atmosphere above the sewer effluent. This gas is then absorbed by the moisture film on 
the interior pipe walls above the effluent, which contains aerobic bacteria (e.g., Thiobacillus). The aerobic 
bacteria colony in the aerated zone oxidizes the hydrogen sulfide gas to sulfurous and sulfuric acids, which then 
attack and dissolve the hardened cement paste. The result is the development of a chemically corroded concrete 
surface on the crowns and aerated portions of sewer pipes consisting of exposed aggregates standing proud 
against severely corroded cement paste. Paste is often severely cracked, deteriorated, altered, leached, with 
gypsum and gelatinous residue leftovers from extensive dissolution of calcium-silicate-hydrate component of 
Portland cement paste with almost complete loss of the inherent strength. Depending on the extent of 
deterioration, which is based on the interplay between the severity of the environment (e.g., intensity of acid, flow 
rate of effluent, etc.) in the sewer, and, the concrete quality in direct contact with the sewer gases and acids, 
serviceability of sewer pipe can be severely affected to the point of collapse as has happened for the present pipe.      

Three concrete cores were provided from downstream segment of a collapsed sewer pipe, where all three cores 
extracted from the crown of the pipe showed extensive cracking, yellow and reddish-brown staining from sulfur 
and iron compounds, respectively, soft, fragile, severely altered paste, and proud exposure of aggregates against 
leached paste on the exposed walls of 13 mm to 16 mm thick distressed zones representing the interior wall of the 
pipe. Concretes beyond these distressed zones, however, are markedly different, e.g., dense, dark gray, sound, 
well-consolidated, and represent the original concrete of the sewer pipe reportedly placed back in 1987.    

The cores were examined by detailed petrographic examinations, chemical analyses, and other techniques, 
including extensive optical microscopy a la ASTM C 856, scanning electron microscopy and energy-dispersive X-
ray microanalyses (SEM-EDS) a la ASTM C 1723, followed by subsequent X-ray diffraction (XRD), X-ray 
fluorescence (XRF), thermal analyses (TGA, DSC, DTG), and ion chromatography (IC) of water-soluble anions. In 
each study, both the distressed zone as well as the sound interior concrete are examined to diagnose the 
characteristic chemical, mineralogical, and microstructural imprints of bacterial acid attack in a concrete sewer.   

Optical microscopy and SEM-EDS studies showed the following main microstructural features from bacterial acid 
attack on Portland cement concrete sewer pipe that are consistent in all three cores: 

(a) Extensive microcracking in concrete where cracks are mostly oriented parallel to each other and have 
transected and circumscribed both coarse and fine aggregate particles. Cracking of dense, hard, crushed 
diabase coarse aggregate particles indicate the extent of deterioration that has taken place due to intense 
sulfuric acid attack, where not only the intensity of acid but a possible stagnant environment inside the pipe 
has intensified the attack to cause cracking of dense diabase aggregates and eventual pipe failure. The dense, 
low water-cement ratio near-impermeable nature of sound interior concrete has prevented the attack from 
progressing beyond the 15 to 20 mm zone of alterations found in the cores from the present pipe segment.  

(b) Extensive leaching of paste from around the aggregates causing proud exposure of aggregates against leached 
and soft, fragile, eroded paste, which is a very typical feature of concretes exposed to acid during service. 

(c) Extensive leaching of lime and silica and enrichment of iron and sulfur in the distressed zone compared to the 
sound interior concrete.  Reddish-brown and yellowish stain noticed in the distressed zone are from iron and 
sulfur compounds, respectively, that have deposited from sewer effluences and sulfuric acid attack.  

(d)  Precipitation of well-crystallized lath-shaped secondary gypsum crystals in porous areas, cracks, and voids in 
distressed zone that are telltale features and testaments of sulfuric acid attack in concrete.   

(e) Presence of silica-alumina-iron-based gelatinous mass (often as rhythmic precipitation with reddish-brown 
iron compounds) as a leftover residue from calcium-silicate-hydrate component of Portland cement hydration 
after extensive leaching of lime.  
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X-ray diffraction (XRD), X-ray fluorescence (XRF), and ion chromatographic (IC) studies of distressed zone and 
interior sound concrete of sewer pipe showed characteristic mineralogical and chemical signatures that are 
hallmark features of sulfuric acid attack in concrete sewer pipes: 

(a) Precipitation of gypsum and iron oxide in the altered zone that are detected in XRD spectrum of distressed 
concrete, but not present in corresponding spectrum of sound concrete; 

(b) Extensive sulfate, iron oxide, and volatile content in the distressed zones (14.3%, 10.2%, and 38.5%, 
respectively) from XRF studies from respective precipitation of gypsum and gelatinous mass in the altered 
concrete compared to more normal values of 0.4% sulfate, 6.2% iron oxide, and 9% volatiles in the sound 
concrete;  

(c) Loss of silica (21.7% silica in XRF) and to a lesser extent alumina and lime from the distressed zone compared 
to much higher silica content (61.5% silica in XRF) in the sound concrete; 

(d) Very high water-soluble sulfates in the distressed zones in all three cores (9%, 4.6%, 10.9% in Cores 1, 2, and 
3, respectively) compared to more normal and consistent 0.5% water-soluble sulfate in the sound interior and 
exterior concretes in all three cores. These water-soluble sulfate contents from IC from around 10% in the 
distressed zone to 0.5% in the sound interior concrete match with the bulk sulfate content from XRF of bulk 
distressed concrete (14.3%) and sound concrete (0.4%) indicating almost entire release of sulfate from the 
concrete to the deionized water.  

(e) Negligible chloride in the distressed zone compared to interior concrete in Core 1 but noticeably higher 
chlorides in the distressed zones in Cores 2 and 3 compared to the interior sound concretes indicate a 
potential external chloride source, which is most likely from the sewer effluent at the location of Cores 2 and 
3. Presence of chloride and other ingredients have contributed to extensive corrosion of reinforcing steel at 
the distressed zones. However, steel reinforcement found at the mid-depth locations of all three cores away 
from the distressed zones are sound and well-protected by the dense low w/c concrete around.       

Without knowing the nominal thickness of the sewer pipe from the sound portions, it is not possible to determine 
the loss of concrete mass by the bacterial acid attack. However, careful observation of some field photographs, 
especially where a photo was taken with a ruler placed over sound submerged portion of the pipe, a nominal pipe 
wall thickness of around 5 inches is found reasonable. Based on that thickness of sound pipe wall, the present 31/2 
in. thickness of all three cores from the distressed aerated portion of pipe indicates a 30 percent reduction in pipe 
wall thickness from the bacterial acid attack. Such a loss is significant and can potentially cause collapse of pipe, 
as has occurred in the upstream portion of the present study location of pipe.  

However, the dense, low w/c, near-impermeable nature of the sound concrete beyond the distressed zone 
indicates role of good concrete quality in resisting deeper penetration of acid and eventual collapse of present 
pipe segment despite almost 30 percent loss of the pipe wall thickness. Present study found strong intensity of the 
acid attack, e.g., from the severity of microcracking (where even the dense crushed diabase coarse aggregate 
particles have cracked) to the extent of alteration of paste by decomposing the dense, strong calcium-silicate-
hydrate mass of the sound concrete (as found in the interiors) into porous, fragile, gypsum and gelatinous mass 
with literally no strength. Present study also found the role of good quality (e.g., dense, low w/c, well-
consolidated nature) of concrete in resisting acid ingress. 

Based on detailed laboratory studies, compressive strength of concrete in the sound portion of pipe wall is 
estimated to be at least 6000 to 7000 psi, whereas strength of concrete in the severely distressed inner 20 mm 
zone in the interior pipe wall is suspected to be less than 1000 psi. Such a severe strength loss is the best 
testament of the severity of the bacterial acid attack, and the reported pipe collapse.    

Due to the severity of acid attack and almost 30 percent loss of the pipe wall thickness, future serviceability of the 
remaining pipe sections without an extensive repair is questionable. The original concrete of the pipe is found to 
be of excellent quality, which has prevented acid ingress and potential collapse in the downstream portion by 
restricting the severity of the attack to the 30 percent mass at the time of examination. The present study showed 
an intense interplay between severity of bacterial acid attack and role of concrete quality to sustain the 
serviceability in the downstream segment amidst the clear and present danger. The sewer environment in the 
downstream segment is found to be severe enough to cause eventual collapse of the pipe at the upstream segment.  

  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

42” RCP Class IV Sanitary Sewer Pipe, Queens Sewer Break Pipe #553, Queens, New York 3 

 

INTRODUCTION 

Reported herein are the results of detailed laboratory studies of three concrete cores received from a collapsed 42-

inch RCP Class IV sanitary sewer pipe in Queens, New York.   

BACKGROUND INFORMATION 

On November 30, 2019, a 42” RCP Class IV sanitary sewer pipe located south of South Conduit Avenue between 

150TH Street and 147TH Street in Queens collapsed and caused a major sink hole. The Pipe was installed in 1987 

with approximately 30’ of cover. Pipe has collapsed upstream, but due to inaccessibility, only a 2.5’ long segment 

of the pipe was extracted from downstream of the collapse. Samples for the present study were retrieved from the 

downstream segment. 

Figure 1 shows field photographs of condition of the interior wall of a pipe section where extensive corrosion, 

staining, and deterioration of concrete is observed in the interior wall of the pipe. Deterioration is especially 

located at the portion, which was situated above the sewer effluent. The portion that was submerged in sewer 

effluent appeared sound with a sharp contact between the aerated distressed zone and submerged sound concrete. 

Figure 2 shows a schematic diagram (after Poole and Sims 2016, Jana and Lewis 2005) of cross section of a 

concrete sewer pipe showing mechanism of distress inside sewer pipe from sulfuric acid attack in concrete, which 

is relevant to the present case. In fact, all three cores received show similar deterioration mechanism as the one 

shown in the schematic diagram. Anaerobic bacteria present in sewer pipes can decompose the inorganic and 

organic sulfur compounds, releasing hydrogen sulfide gas to the atmosphere above the effluent. This gas is then 

absorbed by the water film on the pipe walls, which contains aerobic bacteria. The aerobic bacteria oxidizes the 

hydrogen sulfide gas to sulfurous and sulfuric acids, which then attack and dissolve the hardened cement paste. 

The result is the development of a chemically corroded concrete surface on the crowns of sewer pipes consisting 

of exposed aggregates standing proud against severely corroded cement paste. The present case study is a 

spectacular example of such bacterial acid corrosion of the aerated portion of the interior sewer pipe wall. 

PURPOSE OF PRESENT INVESTIGATION  

Based on the background information and field photographs of concrete pipe, the purposes of the present 

investigation are to determine:  

a. Composition, quality, and overall condition of concrete in the failed pipe;  

b. Chemical, mineralogical, and microstructural alterations of concrete from bacterial acid attack in sewer; 

c. Extent of deterioration from sewer gases and acids to cause the reported collapse; and, 

d. Future serviceability of pipe in the downstream portion from the extent of deterioration, severity of attack, 

and condition of remining concrete in the pipe.  
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FIELD PHOTOGRAPHS 

 
Figure 1: Field 
photos of 
distressed sewer 
pipe section.  

Distress was 
from the loss of 
paste around 
aggregates due 
to chemical 
corrosion of 
concrete from 
sulfuric acid 
generated 
within the 
sewer from 
sulfur-oxidizing 
bacteria (e.g., 
Thiobacillus) 
that colonizes 
in the aerated 
portion (e.g., 
crown) of the 
interior sewer 
wall. These 
bacteria convert 
hydrogen 
sulfide sewer 
gas into sulfuric 
acid, which 
then attack 
concrete wall of 
sewer. 

Photos show 
spectacular 
chemical 
corrosion and 
reddish and 
yellowish-
brown corroded 
region (from 
iron and sulfur 
compounds, 
respectively) at 
the aerated 
portion of the 
sewer, and 

sound concrete at the bottom-half, which was submerged in sewer effluent and slime. Notice the sharp boundary 
(marked by dashed line) between the aerated distressed zone and submerged sound concrete portion.    
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SEWER PIPE DISTRESS 

 
Figure 2:  Schematic diagram (after Poole and Sims 2016, Jana and Lewis 2005) of cross section of a concrete 
sewer pipe showing mechanism of distress inside sewer pipe from sulfuric acid attack in concrete.  Anaerobic 
bacteria present in sewer pipes can decompose the inorganic and organic sulfur compounds, releasing hydrogen 
sulfide gas to the atmosphere above the effluent. This gas is then absorbed by the water film on the pipe walls, 
which contains aerobic bacteria. The aerobic bacteria oxidizes the hydrogen sulfide gas to sulfurous and sulfuric 
acids, which then attack and dissolve the hardened cement paste. The result is the development of a chemically 
corroded concrete surface on the crowns of sewer pipes consisting of exposed aggregates standing proud against 
severely corroded cement paste. The present case study is a spectacular example of such bacterial acid corrosion 
of the aerated portion of the interior sewer pipe wall as seen in the previous field photos.  
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METHODOLOGIES 

OPTICAL MICROSCOPY 

After preliminary non-destructive examinations, e.g., from visual examinations, photographing as-received 
samples with a digital camera and a flatbed scanner, and examining in a low-power stereomicroscope, 
subsequent destructive sample preparation steps are followed for examinations of detailed mineralogical and 
microstructural compositions of concretes in thin sections (25 to 30 micron thickness) in (a) a higher power 
Stereozoom microscope from 5X to 100X, and then in a research-grade petrographic microscope from 40X to 
1000X both microscopes are equipped with transmitted, reflected, polarized, and fluorescent light facilities, as 
well as photo-micrographic capabilities with advanced high-resolution microscope cameras. 

The main purposes of optical microscopy are characterization of: (a) aggregates, e.g., type(s), chemical and 
mineralogical compositions, nominal maximum size, shape, angularity, grain-size distribution, soundness, alkali-
aggregate reactivity, etc. (b) paste, e.g., compositions and microstructures to diagnose various type(s) of binder(s) 
used as well as type and extent of deterioration, (c) air, e.g., presence or absence of air entrainment, air content, 
etc., (d) alterations, e.g., lime leaching, carbonation, staining, etc. due to interactions with the environmental 
agents during service, and effects of such alterations on properties and performance of concrete; and (e) 
deteriorations, e.g., chemical and/or physical deteriorations during service, cracking from various mechanisms, 
attacks of external agents, etc. 

Four essential steps followed during optical microscopy are: (1) visual examination of as-received, fresh fractured, 
and sectioned surfaces of samples in a stereo-microscope, (2) preparation of large-area (50 ´ 75 mm) thin sections 
of homogeneous thickness (25-30 micron), (3) observation of thin sections in a transmitted-light stereo-zoom 
microscope from 5X to 100X preferably with polarized-light facilities to observe large-scale distribution of 
components, and microstructure, and finally (4) observation of thin sections in a petrographic microscope from 
40X to 600X equipped with transmitted and reflected polarized and fluorescent-light facilities for examinations of 
aggregate and binder compositions and microstructures.  

For thin section preparation, representative portions are sectioned, oven-dried at 40°C to a constant mass and 
placed in a flexible (e.g., molded silicone) sample holder, then encapsulated with a colored dye (e.g., blue dye 
commonly used in sedimentary petrography, or, fluorescent dye) mixed low-viscosity epoxy resin under vacuum 
to impregnate the capillary pore spaces of sample, improve the overall integrity of sample during sectioning by 
the cured epoxy, highlight porous areas of sample alterations, cracks, voids, reaction products, etc. The epoxy-
encapsulated cured solid block of sample is then de-molded and processed through a series of coarse to fine 
grinding on metal and resin-bonded diamond grinding discs with water or a lubricant, eventually a perfectly flat 
clean ground surface is glued to a large-area (50 ´ 75 mm) glass slide. Careful precision sectioning and precision 
grinding of the sample is then done in a thin-sectioning machine (e.g., Buehler, Logitech, Ingram-Wards, 
Microtrim, Struers) till the thickness is down to 50-60 micron. Final thinning down to 25-30 micron thickness is 
done on a glass plate with fine (5-15 micron) alumina abrasive. Thin section is eventually polished with various 
fine (1 micron to 0.25 micron size) diamond abrasives on polishing wheels for examinations in a petrographic 
microscope, and eventually in SEM-EDS. Sample preparation steps are described in detail in Jana (2006).  

Steps followed during light optical microscopical examinations of samples include:  

a. Visual examinations of samples, as received, to select fragments for detailed optical microscopy; initial 
digital and flatbed scanner photography of samples as received;  

b. Low-power stereomicroscopic examinations of saw-cut and freshly fractured sections of samples for 
evaluation of variations in color, grain-size and appearances of sand, and the nature of the paste;  

c. Examinations of oil immersion mounts for special features and materials from samples in a petrographic 
microscope;  

d. Examinations of colored (blue or fluorescent) dye-mixed epoxy-impregnated polished thin sections of 
samples in a transmitted-light Stereo-zoom microscope for determination of size, shape, angularity, and 
distribution of sand, as well as abundance and distribution of void and pore spaces that are highlighted by 
the colored dye-mixed epoxy;  
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e. Examinations of colored (blue or fluorescent) dye-mixed epoxy-impregnated polished thin sections of 
samples in a petrographic microscope for detailed compositional, mineralogical, textural, and 
microstructural analyses of aggregates and binders, along with diagnoses of evidence of any deleterious 
processes and alterations (e.g., lime leaching, precipitation of secondary deposits and alteration products, 
salts);  

f. Examinations of any physical or chemical deterioration or signs of improper construction practices from 
microstructural evidences;  

g. Selection of areas of interest to be examined by scanning electron microscopy.  
 

CMC has a large assortment of optical microscopes from early 20th century to many latest advanced Nikon, 
Olympus, Leitz, Zeiss stereozoom and petrographic microscopes and several petrographic sample preparation and 
photomicrography facilities that can be found in our website at www.cmc-concrete.com. 

 
Figure 3: Optical microscopy laboratory in CMC which houses a variety of optical microscopes including low-
power stereo-microscopes, high-power transmitted, reflected, fluorescent, and polarized-light stereo-zoom 
microscope, metallurgical microscopes, petrographic microscopes with reflected, transmitted, fluorescent, and 
polarized light facilities, fluorescent microscopes, inverted microscopes, comparison microscopes, etc. Bottom – 
Thin sectioning equipment from Buehler and Microtec that prepare 25 to 30 micron thick thin-sections 
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impregnated in clear, blue, or fluorescent dye-mixed epoxy for observations in petrographic and stereo-zoom 
microscopes (left), Nikon Eclipse E600 POL petrographic microscope (2nd from left), Nikon SMZ-10A 
stereomicroscope (3rd from left) and Olympus SZX-12 transmitted-light stereo-zoom microscope (rightmost) all 
having photo-micrographic capabilities with advanced high-resolution microscope cameras (e.g., Jenoptik Progres 
Gryphax, Luminera Infinity series) for documenting compositional and microstructural features from optical 
microscopical examinations of samples.  

 
SCANNING ELECTRON MICROSCOPY & X-RAY MICROANALYSES (SEM-EDS)  

 
Figure 4: CamScan Series 2 scanning electron microscope in CMC that is attached to a backscatter detector, a 
secondary electron detector and an energy-dispersive X-ray detector. 

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.  

The main purposes of SEM-EDS analyses are to: (a) observe the morphology and microstructure of various phases 
of sand and binder, (b) characterize the typical fine-grained microstructure of hydrated hydraulic components that 
are too fine to be examined by optical microscopy and not well crystallize to be detected by XRD; (c) determine 
the major element oxide compositions, and compositional variations of paste, and from that determine the type of 
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binder used; (d) determine composition of residual hydraulic phases; (e) assess hydration, carbonation, and 
alteration products of binders, (f) investigate effects of various environmental alterations of paste and its role on 
properties and performance of samples, (g) detect salts and other potentially deleterious constituents; and 
eventually (h) complement and confirm the results of optical microscopy.  

SEM-EDS analysis is done in a CamScan Series 2 scanning electron microscope equipped with a high-resolution 
column 40Å tungsten, 40 kV electron optics zoom condenser 75° focusing lens operating at 20 kV, equipped with 
a variable geometry secondary electron detector, backscatter electron detector, EDS detector for observations of 
microstructures at high-resolution, compositional analysis, and quantitative determinations of major element 
oxides from various areas of interest, respectively. Revolution 4Pi software is used for digital storage of secondary 
election and backscatter electron images, elemental mapping, and analysis along a line, a point, or an area of 
interest.  

Portion(s) of interest on the polished 50 mm ´ 75 mm size thin section used for optical microscopy are 
subsequently coated with a thin conductive carbon or gold-palladium film and placed on a custom-made 
aluminum sample holder to fit inside the large multiported chamber of CamScan SEM equipped with the 
eucentric 50 ´ 100 mm motorized stage. 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.  

 

X-RAY DIFFRACTION (XRD) 

X-ray diffraction (XRD) is a powerful method for: (a) determination of bulk mineralogical composition of sample, 
including its aggregate and binder mineralogies (e.g., quartz in sand from major diffraction peaks at 26.65º, 
20.85º, 50.14º 2q, or calcite in sand or carbonated lime binder from major peaks at 29.41º, 39.40º, 43.15º 2q, or 
Portlandite in binder from major peaks at 34.09º, 18.09º, 47.12º 2q); (b) individual primary mineralogy and 
alteration products of aggregate at various size fractions, and binder phases; (c) detection of use of lime 
(portlandite), gypsum (11.59º, 20.72º, 29.11º 2q), or cement binders from their characteristic mineralogies; (d) 
detection of any potentially deleterious constituents, e.g., deleterious salts, or efflorescence deposits; and (e) 
detection of components that are difficult to detect by microscopical methods.  

For sample preparation, a Rocklab (Sepor Mini-Thor Ring) pulverizer is used to grind sample down to finer than 
100 microns. Usually, a few drops of anhydrous alcohol are added to reduce decomposition of hydrous phases 
from the heat generated from grinding. Approximately 10 grams of sample is ground first in the pulverizer, from 
which about 8.0 grams of sample is selected, mixed with an appropriate binder (e.g., three Herzog grinding aid 
pellets from Oxford Instruments having a total binder weight of 0.6 gram for 8 grams of sample for a fixed binder 
proportion of 7.5 percent); the mixture is then further ground in Rocklab pulverizer and in a McCrone micronizing 
mill with anhydrous alcohol down to finer than 45-micron size. Approximately 7.0 grams of binder-mixed 
pulverized sample thus prepared is weighed into an aluminum sample cup and inserted in a stainless steel die 
press to prepare the sample pellet. A 25-ton Spex X-press is used to prepare 32 mm diameter pellet from the 
pulverized sample. The pressed pellet is then placed in a custom-made circular sample holder for XRD and 
excited with the copper radiation of 1.54 angstroms. Sample holders made with quartz or silicon are best for 
working with very small quantities of sample because these holders create no diffraction peaks between 2° and 
90° 2q.  

XRD is carried out in a Siemens D5000 Powder diffractometer (q-2q goniometer) 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. 
Siemens D5000 is equipped with (a) a horizontal stage (fixed), (b) an X-ray generator with CuKα, fine focus sealed 
tube source, (c) large diameter goniometer (600 mm), low divergence collimator, and Soller slits, (d) fixed detector 
slits 0.05, 0.2, 0.6, 1.0, 2.0, and 6.0, and (e) Scintillation detector. Generator settings used are 40 kV and 30 mA. 
Tests are usually run at 2q from 4° to 64° with a step scan of 0.02° and a dwell time of one second.  
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The resulting diffraction patterns are collected by DataScan 4 software of Materials Data, Inc. (MDI), analyzed by 
Jade software of MDI with ICDD PDF-4 (Minerals 2019) diffraction data. Phase identification, and quantitative 
analyses were carried out with MDI’s Search/Match, Easy Quant, and Rietveld modules, respectively. 

 
Figure 5: Siemens D5000 X-ray diffractometer in CMC that is connected to PC through MDI DataScan to collect 
diffraction data. XRD results are analyzed with MDI Jade software with search-match, easy quant, and Rietveld 
modules. The bottom row shows sample preparation for XRD where a Sepor Ring pulverizer (2nd from left) 
followed by McCrone micronizing mill (leftmost one) pulverized the sample to finer than 45-micron size. The 
pulverized sample is mixed with an appropriate binder and pressed in a 25-ton Spex X-press to form a 32-mm 
diameter pellet. Small amount of sample (i.e. not enough to prepare a pellet) is pulverized and spread over a 
quartz plate coated with a thin film of Vaseline. 
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X-RAY FLUORESCENCE SPECTROSCOPY (XRF) 

X-ray fluorescence (XRF) is used for determining: (a) major element oxide composition of sample, and (b) 
presence and amount of potentially deleterious constituents in the sample. A series of standards from Portland 
cements, lime, gypsum, to various rocks of certified compositions (e.g., from USGS, GSA, NIST, CCRL, Brammer, 
or measured by ICP) are used to calibrate the instrument for various oxides and empirical calculations are done 
from such calibrations to determine oxide compositions of samples.   

An energy-dispersive bench-top X-ray fluorescence unit from Rigaku Americas Corporation (NEX-CG) is used. 
Rigaku NEX CG delivers rapid qualitative and quantitative determination of major and minor atomic elements in a 
wide variety of sample types with minimal standards. 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. 

 
Figure 6: Rigaku NEX-CG in CMC, which can perform analyses of up to 9 pressed pellets or fused beads of sample. 
Samples are prepared either as pressed pellet or can also accommodate fused bead with proper calibrate of 
standard beads. 
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Figure 7: Mettler-Toledo simultaneous TGA/DSC1 unit in CMC that can 
accommodate 32 samples. The top left photo shows the TGA/DSC1 unit 
with sample robot for automation as well as the sample holder for 
pressing aluminum sample holders. Sample is pulverized in a ring 
pulverizer shown in the bottom left, then a small amount (usually 30-70 
mg) is weighed in a precision balance (shown 2nd from left in bottom 
row) and taken in an alumina sample holder (without lid). For DSC 
measurements up to 600°C, sometimes sample is taken in an aluminum 
holder and pressed in sample press (3rd from left in bottom row) and 
pierced with a needle for release of volatiles from decomposition. A 
PolyScience chiller is used to cool the furnace. An ultrapure nitrogen gas 
is purged through the system during analyses.  

THERMAL ANALYSES  

Thermal analyses encompass: (1) thermogravimetric analysis (TGA), which measures the weight loss in a sample 
as it is heated, where weight loss can be related to specific physical decomposition of a phase of interest at a 
specific temperature that is characteristic of the phase from which both the phase composition and the abundance 
can be determined; (2) differential thermal analysis (DTA, or first derivative of TGA i.e. DTG) measuring 
temperature difference between the sample and an inert standard (Al2O3) both are heated at the same rate and 
time where endothermic peaks are recorded when the standard continues to increase in temperature during 
heating but the sample does not 
due to decompositions (e.g., 
dehydration of hydrous or 
decarbonation of carbonate 
phases); the endothermic or 
exothermic transitions are 
characteristic of particular phase, 
which can be identified and 
quantified using DTA (or DTG); and 
(3) differential scanning calorimetry 
(DSC), which follows the same 
basic principle as DTA, whereas 
temperature differences are 
measured in DTA, during heating 
using DSC energy is added to 
maintain the same and the 
reference material (Al2O3) at the 
same temperature; this energy use is 
recorded and used as a measure of 
the calorific value of the thermal 
transitions that the sample 
experiences; this is particularly 
useful for detection of quartz that 
undergoes polymorphic (a to b 
form) transitions and no weight loss.  
Thermal analyses are done to 
determine the presence and 
quantitative amounts of: (a) hydrates 
(e.g., combined water liberated 
from paste dehydration during 
decomposition of calcium-silicate-
hydrate component in paste at 180-
190ºC); (b) sulfates (gypsum from 
decompositions at 125ºC, and 185-
200ºC, ettringite at 120-130ºC, 
thaumasite at 150ºC); (c) brucite from its dihydroxylation at 300-400ºC; (d) hydrate water from decomposition of 
Portlandite component of paste at 400-600ºC; (e) quartz from polymorphic transformation (a to b form) at 573ºC; 
(f) cryptocrystalline calcite in the carbonated lime matrix from decomposition at 620-690ºC, or magnesite at 450-
520ºC, or (g) coarsely crystalline calcite e.g., in limestone by decomposition at 680-800ºC or (h) dolomite at 740-
800ºC and 925ºC, and (i) 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 are 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.  
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ION CHROMATOGRAPHY OF WATER-SOLUBLE IONS  

Ion chromatography is an established technique for analyses of various water-soluble ions in salts (e.g., chloride, 
sulfate) to assess magnitude and subsequent effects of such salt ingress. Samples are pulverized, digested in 
ultrapure deionized water to dissolve all water-soluble salts, then solid residues are filtered out, and finally water-
digested filtrates are analyzed by an ion chromatograph.  

 
Figure 8: Various ion chromatography units used in CMC for determination of water-soluble ions after digestion of 
pulverized sample in deionized water to determine various anions (sulfate, chloride, nitrate, nitrite, phosphate, 
bromide) extracted from sample.  

Procedures followed in Ion chromatography are described in ASTM D 4327 “Standard Test Method for Anions in 
Water by Chemically Suppressed Ion Chromatography.” Briefly, an aliquot of 1 gram of pulverized sample 
(passing No. 50 sieve) is digested in 50 ml deionized water for 6 to 8 hours on a magnetic stirrer at a temperature 
below boiling point of water; then the digested sample is filtered through two 2.5-micron filter papers using 
vacuum, followed by a second filtration through micro-filter (0.2 micron) paper, then the filtrate is either used 
directly or diluted to 100 to 250 ml with deionized water depending on the concentration of ions, and used for 
analysis to get ppm-level cations (calcium, magnesium, sodium, potassium, lithium, ammonium), and anions 
(fluoride, chloride, nitrite, bromide, nitrate, phosphate, and sulfate) in the water-digested sample in Metrohm IC 
units. The instruments are calibrated against multiple custom-made Metrohm standard solutions having all the 
ions of interest from 0.1-ppm to 100-ppm levels. To check the accuracy of the instrument, a 50-ppm standard 
solution was run first prior to the analysis of samples. 

 



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

42” RCP Class IV Sanitary Sewer Pipe, Queens Sewer Break Pipe #553, Queens, New York 14 

 

SAMPLES 

PHOTOGRAPHS, IDENTIFICATION, INTEGRITY, AND DIMENSIONS 

Figures 9 through 11 and Table 1 provide the overall dimensions and conditions of the cores received. Figures 12 

through 14 show lapped cross sections of cores. 

Core ID Diameter Length End Surfaces Distress/Condition 

#1 
4in.  

(100 mm) 
31/2 in 

(88 mm) 

Interior – Severely 
distressed to a 
thickness of 16 mm 
Exterior – sound with a 
thin mortar coat 

Interior end shows severe cracking, 
yellowing and reddish-brown 
staining, soft, fragile paste, and 
exposure of dense aggregate against 
soft, leached paste 

#2 
4in.  

(100 mm) 
31/2 in 

(88 mm) 

Interior – Severely 
distressed to a 
thickness of 13 mm 
Exterior – sound with a 
thin mortar coat 

Interior end shows severe cracking, 
yellowing and reddish-brown 
staining, soft, fragile paste, and 
exposure of dense aggregate against 
soft, leached paste 

#3 
4in.  

(100 mm) 
31/2 in 

(88 mm) 

Interior – Severely 
distressed to a 
thickness of 16 mm 
Exterior – sound with a 
thin mortar coat 

Interior end shows severe cracking, 
yellowing and reddish-brown 
staining, soft, fragile paste, and 
exposure of dense aggregate against 
soft, leached paste 

Table 1:  Overall dimensions and conditions of the concrete cores received for laboratory examinations.  

END SURFACES 

All three cores show severely distressed concrete at the interior wall of sewer pipe and sound concrete with a thin 

mortar coat on their exterior wall ends, which are seen in Figures 9 through 11.  

CRACKING & OTHER VISIBLE DISTRESS, IF ANY 

The 13 mm to 16 mm distressed zones in all three cores show extensive parallel cracks from acid attack. The 

sound concrete immediately adjacent to the distressed zones show a few cracks for a distance of another 5 to 10 

mm, after which no visible cracks are present in the interior dark gray sound concrete. Core 1, however, shows a 

vertical through depth crack (Figure 9), which is unrelated to cracking due to bacterial acid attack in the sewer. 

There are no coarse voids and honey-combing present in the concrete, which is well-consolidated in all three 

cores. 

EMBEDDED ITEMS 

Figures 9 through 14 show No. 2 reinforcing steel in all three cores at their mid-depth locations.  

RESONANCE 

The sound portions of cores have a ringing resonance, when hammered. 
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Figure 9:  Photos of Core 1 as 
received. Top left photo shows 
condition of the corroded 
surface of inner wall of sewer 
from bacterial acid attack. 
Yellowish and reddish-brown 
stains are from sulfur and iron 
compounds, respectively. 
Notice severe corrosion of 
reinforcing steel at this corroded 
surface from the acid attack. 
Dense, hard, dark gray crushed 
diabase coarse aggregate 
particles are exposed on this 
corroded surface from loss of 
interstitial paste fraction by the 
acid attack.   

The top right photo shows the 
exterior sound concrete surface 
of pipe where a thin mortar 
coating is detected above the 
main concrete body of sewer 
wall.  

The bottom photo shows the 
side cylindrical view of the core, 
where No. 2 reinforcing steel 
(circled) is detected at mid-
depth location of wall (11/2 in. 
from the interior surface). A 
major vertical crack (arrows) has 
transected the entire thickness of 
the wall.  

Boxed area shows 5/8 in. (16 
mm) thick zone of the severely 
corroded altered concrete of the 
inner wall of sewer from the 
acid attack, which shows 
yellowish and reddish-brown 
stains, severe microcracking, 
loss of paste from around dense 
aggregates, and various 
alteration products (sulfur and 
iron compounds, gel, gypsum 
etc. which are discussed later). 

The core is 4 in. in diameter and 
31/2 in. long. 
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Figure 10:  Photos of Core 2 as 
received. Top left photo shows 
condition of the corroded 
surface of inner wall of sewer 
from bacterial acid attack. 
Yellowish and reddish-brown 
stains are from sulfur and iron 
compounds, respectively. Notice 
imprints of two parallel corroded 
reinforcing steels within this 
corroded zone from the acid 
attack. Dense, hard, dark gray 
crushed diabase coarse 
aggregate particles are exposed 
on this corroded surface from 
loss of interstitial paste fraction 
by the acid attack.   

The top right photo shows the 
exterior sound concrete surface 
of pipe where a thin mortar 
coating is detected above the 
main concrete body of sewer 
wall.  

The bottom photo shows the 
side cylindrical view of the core, 
where No. 2 reinforcing steel 
(circled) is detected at mid-depth 
location of wall (2 in. from the 
exterior surface).  

Boxed area shows 1/2 in. (13 
mm) thick zone of the severely 
corroded altered concrete of the 
inner wall of sewer from the 
acid attack, which shows 
yellowish and reddish-brown 
stains, severe microcracking, 
loss of paste from around dense 
aggregates, and various 
alteration products (sulfur and 
iron compounds, gel, gypsum 
etc. which are discussed later). 

The core is 4 in. in diameter and 
31/2 in. long.  
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Figure 11:  Photos of Core 3 as 
received. Top left photo shows 
condition of the corroded 
surface of inner wall of sewer 
from bacterial acid attack. 
Yellowish and reddish-brown 
stains are from sulfur and iron 
compounds, respectively. Notice 
imprints of two parallel corroded 
reinforcing steels within this 
corroded zone from the acid 
attack.  

Dense, hard, dark gray crushed 
diabase coarse aggregate 
particles are exposed on this 
corroded surface from loss of 
interstitial paste fraction by the 
acid attack.  The top right photo 
shows the exterior sound 
concrete surface of pipe where a 
thin mortar coating is detected 
above the main concrete body 
of sewer wall.  

The bottom photo shows the 
side cylindrical view of the core, 
where No. 2 reinforcing steel 
(circled) is detected at mid-depth 
location of wall (15/8 in. from the 
interior surface).  

Boxed area shows 5/8 in. (16 
mm) thick zone of the severely 
corroded altered concrete of the 
inner wall of sewer pipe from 
the acid attack, which shows 
yellowish and reddish-brown 
stains, severe microcracking, 
loss of paste from around dense 
aggregates, and various 
alteration products (sulfur and 
iron compounds, gel, gypsum 
etc. which are discussed later). 

The core is 4 in. in diameter and 
3½ in. long.  
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LABORATORY STUDIES 

LAPPED CROSS SECTIONS 

Figure 12: Lapped 
cross section of 
Core 1 showing:  

(a) A thin (5 
to 6 mm thick) 
mortar coating on 
the exterior surface 
of sewer pipe wall 
at the top end; 

(b) Dense, 
dark gray, crushed 
diabase coarse 
aggregate and 
siliceous sand fine 
aggregate, where 
both coarse and 
fine aggregate 
particles are well-
graded and well-
distributed; 

(c) A dense, 
low water-cement 
ratio Portland 
cement paste in 
the sound interior 
portion of concrete, 
in stark contrast to 
yellowish stained 
altered leached 
paste at the bottom 
altered zone; 

(d) 5/8 in. 
thick distressed 
zone (enlarged in 
bottom photo) 
where concrete is 
severely altered, 
leached, 
carbonated, 
microcracked, and 
showed yellowish 
and reddish-brown 
stains from sulfur 
and iron 
compounds, 
respectively.  
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Figure 13: Lapped 
cross section of 
Core 2 showing:  

(a) A thin (7 to 
8 mm thick) mortar 
coating on the 
exterior surface of 
sewer pipe wall at 
the top end; 

(b) Dense, 
dark gray, crushed 
diabase coarse 
aggregate and 
siliceous sand fine 
aggregate, where 
both coarse and 
fine aggregate 
particles are well-
graded and well-
distributed; 

(c) A dense, 
low water-cement 
ratio Portland 
cement paste in the 
sound interior 
portion of concrete, 
in stark contrast to 
yellowish stained 
altered leached 
paste at the bottom 
altered zone; 

(d) 5/8 in. thick 
distressed zone 
(enlarged in bottom 
photo) where 
concrete is severely 
altered, leached, 
carbonated, 
microcracked, and 
showed yellowish 
and reddish-brown 
stains from sulfur 
and iron 
compounds, 
respectively.  
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Figure 14: Lapped 
cross section of 
Core 3 showing:  

(a) A thin (2 
mm thick) mortar 
coating on the 
exterior surface of 
sewer pipe wall at 
the top end; 

(b) Dense, 
dark gray, crushed 
diabase coarse 
aggregate and 
siliceous sand fine 
aggregate, where 
both coarse and 
fine aggregate 
particles are well-
graded and well-
distributed; 

(c) A dense, 
low water-cement 
ratio Portland 
cement paste in 
the sound interior 
portion of concrete, 
in stark contrast to 
yellowish stained 
altered leached 
paste at the bottom 
altered zone; 

(d) 5/8 in. 
thick distressed 
zone (enlarged in 
bottom photo) 
where concrete is 
severely altered, 
leached, 
carbonated, 
microcracked, and 
showed yellowish 
and reddish-brown 
stains from sulfur 
and iron 
compounds, 
respectively.  

 



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

42” RCP Class IV Sanitary Sewer Pipe, Queens Sewer Break Pipe #553, Queens, New York 21 

 

MICROGRAPHS OF LAPPED CROSS SECTIONS 

 
Figure 15: Micrographs of distressed zone of concrete in the interior sewer wall in Core 1 showing severe 
alteration, microcracking, and decomposition of paste. Notice numerous parallel microcracks that have not only 
transected the altered decomposed paste but also the dense dark gray crushed diabase coarse aggregate particles 
indicating severity of distress to crack very dense diabase aggregate particles. Scale bars are 1 mm. 
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Figure 16: Micrographs of sound interior concrete of sewer pipe in Core 1 where acid-attack has not been 
extended. Concrete shows very dense, well-consolidated, and non-air-entrained nature where not only the coarse 
aggregate particles used are very dense and hard, but the paste is also of very low water-cement ratio mix to 
create a near-impermeable concrete that has resisted ingress of acid attack beyond the observed 5/8 in. (16 mm) 
thickness.  Scale bars are 1 mm. 
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Figure 17:  Micrographs of distressed zone of concrete in the interior sewer wall in Core 2 showing severe 
alteration, microcracking, and decomposition of paste. Notice numerous parallel microcracks that have not only 
transected the altered decomposed paste but also the dense dark gray crushed diabase coarse aggregate particles 
indicating severity of distress to crack very dense diabase aggregate particles. Scale bars are 1 mm. 
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Figure 18:  Micrographs of sound interior concrete of sewer pipe in Core 2 where acid-attack has not been 
extended. Concrete shows very dense, well-consolidated, and non-air-entrained nature where not only the coarse 
aggregate particles used are very dense and hard, but the paste is also of very low water-cement ratio mix to 
create a near-impermeable concrete that has resisted ingress of acid attack beyond the observed 1/2 in. (13 mm) 
thickness. Scale bars are 1 mm. 
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Figure 19: Micrographs of distressed zone of concrete in the interior sewer wall in Core 3 showing severe 
alteration, microcracking, and decomposition of paste. Notice numerous parallel microcracks that have not only 
transected the altered decomposed paste, but also the dense dark gray crushed diabase coarse aggregate particles 
indicating severity of distress to crack very dense diabase aggregate particles. Notice white deposits of alteration 
products (fine-grained silica, gel, iron compounds, gypsum, calcite, etc.) that have leached out during sample 
preparation. Scale bars are 1 mm. 
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Figure 20: Micrographs of sound interior concrete of sewer pipe in Core 3 where acid-attack has not been 
extended. Concrete shows very dense, well-consolidated, and non-air-entrained nature where not only the coarse 
aggregate particles used are very dense and hard, but the paste is also of very low water-cement ratio mix to 
create a near-impermeable concrete that has resisted ingress of acid attack beyond the observed 5/8 in. (16 mm) 
thickness. Scale bars are 1 mm. 
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THIN SECTIONS 

 
Figure 21: Blue dye-mixed epoxy-impregnated thin 
sections of three cores used for detailed 
petrographic examinations in optical and scanning 
electron microscopes.  

The purpose of using a blue dye in a low-viscosity 
epoxy is to highlight all pore spaces, voids, and 
cracks in concrete, especially in the distressed zone, 
where such features are highlighted by absorption 
of dye compared to dense regions in sound interior 
concretes. Notice overall dense nature of interior 
concrete in all three cores compared to the altered 
zones at the top of each sample (boxed) where 
paste shows reddish and yellowish-brown stains, 
severe alteration, microcracking, and overall porous 
nature.  

Thin sections are approximately 30 micron (0.03 
mm) in thickness and transparent to polarized-light. 
Portions of thin sections used for optical microscopy 
were further coated with a thin film of conductive 
gold to observe in a scanning electron microscope.   
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MICROGRAPHS OF THIN SECTIONS  

 
Figure 22: Micrographs of distressed zone in the interior wall of sewer pipe in Core 1 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum, and a minor amount of calcite).   
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Figure 23: Micrographs of distressed zone in the interior wall of sewer pipe in Core 1 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum, and a minor amount of calcite). 
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Figure 24: Micrographs of distressed zone in the interior wall of sewer pipe in Core 1 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum, and a minor amount of calcite). 
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Figure 25: Micrographs of distressed zone in the interior wall of sewer pipe in Core 1 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum, and a minor amount of calcite).  
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Figure 26: Micrographs of distressed zone in the interior wall of sewer pipe in Core 1 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum, and a minor amount of calcite). 
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Figure 27: Micrographs of distressed zone in the interior wall of sewer pipe in Core 1 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum, and a minor amount of calcite). Bottom row 
shows some carbonation of concrete in the sound concrete immediately beneath the distressed zone. 
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Figure 28: Micrographs of distressed zone in the interior wall of sewer pipe in Core 1 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum, and a minor amount of calcite). 



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

42” RCP Class IV Sanitary Sewer Pipe, Queens Sewer Break Pipe #553, Queens, New York 35 

 

 
Figure 29: Micrographs of sound interior concrete of sewer wall in Core 1 showing: (a) crushed diabase coarse 
aggregate particles having plagioclase and pyroxene crystals in partial interlocking arrangement (subophitic 
texture) that are typical of diabase, and, siliceous natural sand fine aggregate having major amount of quartz and 
subordinate amount of feldspar (top row); (b) overall dense and non-air-entrained nature of paste between 
aggregate particles (middle row); and (c) abundant residual Portland cement particles in paste due to use of a low 
water-cement ratio (w/c) mix, where w/c is estimated to be less than 0.40 (bottom row).  
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Figure 30: Micrographs of distressed zone in the interior wall of sewer pipe in Core 2 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths, many are marked by arrows).  Bottom 
row shows some discontinuous subparallel microcracks and carbonation of paste in the sound concrete 
immediately beneath the distressed zone (beneath the dashed lines). 
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Figure 31: Micrographs of distressed zone in the interior wall of sewer pipe in Core 2 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths many are marked by arrows). Bottom 
row shows some discontinuous subparallel microcracks and carbonation of paste in the sound concrete 
immediately beneath the distressed zone.  
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Figure 32: Micrographs of distressed zone in the interior wall of sewer pipe in Core 2 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths, many are marked by arrows). 
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Figure 33: Micrographs of distressed zone in the interior wall of sewer pipe in Core 2 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths, many are marked by arrows).   
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Figure 34: Micrographs of sound interior concrete of sewer wall in Core 2 showing: (a) crushed diabase coarse 
aggregate particles having plagioclase (Pl) and pyroxene (Px) crystals in partial interlocking arrangement 
(subophitic texture) that are typical of diabase, and, siliceous natural sand fine aggregate having major amount of 
quartz and subordinate amount of feldspar (top row); (b) overall dense and non-air-entrained nature of paste 
between aggregate particles (middle row); and (c) abundant residual Portland cement particles in paste due to use 
of a low water-cement ratio (w/c) mix, where w/c is estimated to be less than 0.40 (bottom row). 
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Figure 35: Micrographs of distressed zone in the interior wall of sewer pipe in Core 3 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths, many are marked by arrows).   
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Figure 36: Micrographs of distressed zone in the interior wall of sewer pipe in Core 3 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths, many are marked by arrows).   
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Figure 37: Micrographs of distressed zone in the interior wall of sewer pipe in Core 3 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths, many are marked by arrows).   
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Figure 38: Micrographs of distressed zone in the interior wall of sewer pipe in Core 3 showing three main 
features: (a) reddish-brown stains in paste from iron compounds, (b) severe microcracking of concrete where 
cracks have not only transected the paste, but also dense hard diabase coarse aggregate and silica sand fine 
aggregate particles, and (c) products from leaching, alteration, and carbonation of paste showing gelatinous 
precipitates as well as crystalline secondary deposits (mostly gypsum laths, many are marked by arrows).   
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Figure 39: Micrographs of sound interior concrete of sewer wall in Core 3 showing: (a) crushed diabase coarse 
aggregate particles having plagioclase (Pl) and pyroxene (Px) crystals in partial interlocking arrangement 
(subophitic texture) that are typical of diabase, and, siliceous natural sand fine aggregate having major amount of 
quartz and subordinate amount of feldspar (top row); (b) overall dense and non-air-entrained nature of paste 
between aggregate particles (middle row); and (c) abundant residual Portland cement particles in paste due to use 
of a low water-cement ratio (w/c) mix, where w/c is estimated to be less than 0.40 (bottom row).   
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SEM-EDS ANALYSES OF ALTERED ZONES  

 
Figure 40: Secondary electron image (SED, top left), corresponding backscatter electron image (BSE, 2nd from top 
left), and X-ray elemental maps of carbon (C), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), 
phosphorus (P), sulfur (S), chlorine (Cl), potassium (K), calcium (Ca), titanium (Ti), manganese (Mn), and iron (Fe) 
from the distressed zone (at the top halves of images) and adjacent sound concrete (bottom halves of images) in 
Core 1 showing extensive leaching of lime (Ca) from the distressed zone compared to enriched lime in the sound 
concrete, sulfur enrichment in the distressed zone from precipitation of gypsum, and iron enrichment in the 
distressed zone causing reddish-brown stains. Alkali rich areas and corresponding alumina rich grains represent 
feldspar grains in aggregates.  
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Figure 41: Secondary electron image of distressed zone in Core 1 and corresponding compositional analyses of 
paste from the tips of callouts showing abundant iron and sulfur enrichment that are characteristic alteration 
products of acid attack in sewer environment. All oxide components measured show high variability, which is not 
uncommon for extensive leaching and alteration of distressed zone.   
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Figure 42: Secondary electron image of distressed zone in Core 2 and corresponding compositional analyses of 
paste from the tips of callouts showing abundant iron and sulfur enrichment that are characteristic alteration 
products of acid attack in sewer environment. All oxide components measured show high variability, which is not 
uncommon for extensive leaching and alteration of distressed zone. 
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Figure 43: Backscatter 
electron image (top) and 
corresponding 
secondary electron 
image (bottom) of 
distressed zone and 
adjacent sound concrete 
in Core 3 showing 
extensive parallel 
microcracking in the 
distressed zone and 
sharp decrease in 
cracking intensity in the 
adjacent sound concrete.   

Such sharp contact 
between distressed and 
underlying sound 
concrete is a common 
feature found in all 
three cores.  
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X-RAY DIFFRACTION (XRD) STUDIES OF DISTRESSED AND SOUND CONCRETES  

 
Figure 44: X-ray diffraction patterns of concrete from the distressed zone (shown in red pattern) and sound interior 
concrete (shown in green pattern) showing presence of gypsum and iron oxide components in the distressed zone, 
which are absent in the interior sound concrete. These two crystalline components are two characteristic 
alteration products of concrete subjected to bacterial acid attack.  
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X-RAY FLUORESCENCE (XRF) STUDIES OF DISTRESSED AND SOUND CONCRETES  

 
Figure 45: X-ray 
fluorescence 
spectroscopy of 
concrete from the 
distressed zone and 
interior sound portion 
showing differences 
in bulk chemical 
(oxide) compositions 
of concrete as a result 
of bacterial acid 
attack where 
compared to sound 
interior concrete, 
distressed zone 
showed a marked 
reduction in silica, 
moderate reduction in 
lime and alumina, 
and noticeable 
enrichment in iron, 
sulfate, and balance 
components where 
the balance 
represents volatile 
constituents that are 
characteristically 
enriched in the 
distressed zone due to 
major silica-alumina-
iron-based gelatinous 
phase precipitated 
from bacterial acid 
attack of calcium-
silicate-hydrate 
component of 
Portland cement paste. 
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THERMAL ANALYSES OF DISTRESSED AND SOUND CONCRETES  

Figure 46: TGA (bold 
black), DSC (dotted red), 
and DTG (dashed blue) 
curves of distressed 
concrete and interior 
sound concrete of sewer 
pipe in Core 1 showing 
losses in weight due to 
various decompositions 
(loss of water and carbon 
dioxide) 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 curves, 
successive losses in 
weights are detected at (i) 
up to 120ºC from losses 
of free and combined 
water, (ii) from 120ºC to 
200ºC for water from 
hydrated salts, (iii) from 
200ºC to 600ºC for 
dihydroxylation of 
structural/hydrate water 
in various hydraulic 
components, and (iv) 
from 600ºC to 950ºC for 
decomposition of 
carbonate phases from 
limestone fines and fine-
grained calcite in 
carbonated pastes.  

DSC curve shows 
polymorphic transition 
from alpha to beta form 
of quartz around 575ºC 
from silica (quartz) sand.  

Compared to the sound 
concrete, which shows 

major endothermic peaks from loss of combined water at 92.6ºC and portlandite component of Portland cement 
hydration at 437.7ºC, distressed concrete shows major endothermic peak at 143ºC from dehydration of gypsum. 
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ION CHROMATOGRAPHY OF WATER-SOLUBLE ANIONS FROM DISTRESSED AND SOUND CONCRETES  

 
Figure 47: Ion chromatograms of water-
soluble anions in Core 1 showing profiles 
of anions from the distressed zone of 
sewer pipe in the top, interior mid-depth 
location of pipe wall in the 2nd, exterior 
sound surface region of pipe wall in the 
3rd and profile through three depths in the 
4th photo from the top. As seen in all, the 
main chemical signature found across the 
depths of pipe wall is in sulfate content 
which showed a staggering amount of 9 
percent water-soluble sulfate in the 
distressed zone, a testament of sulfuric 
acid attack in concrete, compared to 
consistent water-soluble sulfate contents 
of around 0.5 percent in the mid-depth 
and exterior locations. Excessive sulfate in 
the distressed zone (i.e. amount above 
0.5 percent as found in the sound interior 
and exterior locations) is from the 
external source i.e. from bacterial sulfuric 
acid attack in concrete.  

Chloride contents in all three depths, 
including the distressed zone are all 
negligible, 0.006 to 0.028 percent, which 
indicate lack of any chloride source in the 
interior or exterior of sewer pipe.  

 Results are obtained after digesting 
representative portions of pulverized 
concrete (about a gram) in deionized 
water for 30 minutes at a temperature 
below boiling, followed by continued 
digestion in water at the ambient 
laboratory condition for 24 hours. The 
digested solution was filtered under 
vacuum through 2.5-micron followed by 
0.2-micron filter papers. The final filtrates 
diluted to 200 ml were analyzed by ion 
chromatography. 

Water-soluble sulfate contents in the 
interior mid-depth and exterior locations 
of all three cores are around 0.5 percent, 
which is very similar to the bulk sulfate 
content of sound concrete (0.4 percent) 
found in the XRF studies, indicating total 
dissolution of sulfate from the concrete to 
the water.  
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Figure 48: Ion chromatograms of water-
soluble anions in Core 2 showing 
profiles of anions from the distressed 
zone of sewer pipe in the top, interior 
mid-depth location of pipe wall in the 
2nd, exterior sound surface region of pipe 
wall in the 3rd and profile through three 
depths in the 4th photo from the top. As 
seen in all, the main chemical signature 
found across the depths of pipe wall is in 
sulfate content which showed a 
staggering amount of 4.6 percent water-
soluble sulfate in the distressed zone 
(which, however, is about half the sulfate 
found in Core 1), a testament of sulfuric 
acid attack in concrete, compared to 
consistent sulfate contents of around 0.5 
percent in the mid-depth and exterior 
locations (which is similar to the 
amounts found in Core 1). Excessive 
sulfate in the distressed zone (i.e. 
amount above 0.5 percent as found in 
the sound interior and exterior locations) 
is from the external source i.e. from 
bacterial sulfuric acid attack in concrete.  

Chloride contents are 0.208%, 0.005%, 
and 0.016% from the distressed zone 
through interior mid-depth location to 
exterior depths of sewer wall, 
respectively, indicating an external 
chloride source e.g., in the sewer 
effluent to elevate the chloride level in 
the distressed zone compared to 
negligible chloride in the interior and 
exterior concretes.  

 Results are obtained after digesting 
representative portions of pulverized 
concrete (about a gram) in deionized 
water for 30 minutes at a temperature 
below boiling, followed by continued 
digestion in water at the ambient 
laboratory condition for 24 hours. The 
digested solution was filtered under 
vacuum through 2.5-micron followed by 
0.2-micron filter papers. The final 
filtrates diluted to 200 ml were analyzed 
by ion chromatography. 
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Figure 49: Ion chromatograms of water-
soluble anions in Core 3 showing profiles 
of anions from the distressed zone of 
sewer pipe in the top, interior mid-depth 
location of pipe wall in the 2nd, exterior 
sound surface region of pipe wall in the 3rd 
and profile through three depths in the 4th 
photo from the top. As seen in all, the 
main chemical signature found across the 
depths of pipe wall is in sulfate content 
which showed a staggering amount of 
10.9 percent water-soluble sulfate in the 
distressed zone (which is similar to the 
amount found in Core 1 and twice the 
amount found in Core 2), a testament of 
sulfuric acid attack in concrete, compared 
to consistent sulfate contents of around 
0.5 percent in the mid-depth and exterior 
locations (which is similar to the amounts 
found in Cores 1 and 2). Excessive sulfate 
in the distressed zone (i.e. amount above 
0.5 percent as found in the sound interior 
and exterior locations) is from the external 
source i.e. from bacterial sulfuric acid 
attack in concrete.  

Chloride contents are 0.115%, 0.006%, 
and 0.071% from the distressed zone 
through interior mid-depth location to 
exterior depths of sewer wall, respectively, 
indicating an external chloride source e.g., 
in the sewer effluent to elevate the 
chloride level in the distressed zone 
compared to negligible chloride in the 
interior and exterior concretes.  

 Results are obtained after digesting 
representative portions of pulverized 
concrete (about a gram) in deionized 
water for 30 minutes at a temperature 
below boiling, followed by continued 
digestion in water at the ambient 
laboratory condition for 24 hours. The 
digested solution was filtered under 
vacuum through 2.5-micron followed by 
0.2-micron filter papers. The final filtrates 
diluted to 200 ml were analyzed by ion 
chromatography. 
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RESULTS 

COARSE AGGREGATES IN CONCRETE 

Coarse aggregates in all three cores are compositionally similar crushed diabase consisting of plagioclase and 

pyroxene as two major minerals often in partial interlocking arrangements (ophitic texture) and minor opaque 

grains. Particles are 3/8 in. (9.5 mm) in nominal size, very dense and hard, dark gray, well-graded, well-distributed, 

and have been sound in the interior concrete. In the distressed zones, however, many dense diabase stones are 

found to have been severely cracked by the acid attack indicating the powerful distress mechanism when a dense 

concrete as the present one containing dense aggregates was exposed to sulfuric acid in the sewer. There is no 

evidence of any potentially deleterious alkali-silica reactions of coarse aggregates found in the cores. 

FINE AGGREGATES IN CONCRETE 

Fine aggregates are compositionally similar in all three cores, which are natural siliceous sands having nominal 

maximum sizes of 1/4 in. (6.3 mm) and containing major amounts of strained and unstrained quartz, and 

subordinate amounts of feldspar, quartzite, chert, granite, and siltstone. Particles are variably colored, subrounded 

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

well-graded and well-distributed and have been sound in the interior concrete. In the distressed zones, however, 

many fine aggregate particles are found to have been severely cracked by the acid attack indicating the powerful 

distress mechanism when a dense concrete as the present one containing dense aggregates was exposed to 

sulfuric acid in the sewer. There is no evidence of any potentially deleterious alkali-silica reactions of fine 

aggregates found in the cores.  

Properties and Compositions 
of Aggregates 

Sewer Pipe Cores 

Coarse Aggregate 

Types Crushed Stone 

Nominal maximum size (in., 
mm) 

3/8 in. (9.5 mm)  

Rock Types 

Diabase – a medium-grained basic igneous rock, which is intermediate between 
gabbro at the coarse-grained plutonic variety and basalt at fine-grained volcanic 
variety. Common in many intrusive igneous complexes, such as the famous 
Palisades sill in New York.  

Angularity, Density, Hardness, 
Color, Texture, Sphericity 

Angular, dense, hard, dark gray, massive crystalline equigranular ophitic textured, 
equidimensional to elongated 

Cracking, Alteration, Coating 
Unaltered, Uncoated, Uncracked except some in the distressed zone that have 
been cracked by the acid attack 

Grading & Distribution Well-graded and Well-distributed 

Soundness Sound 

Alkali-Aggregate Reactivity None 
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Properties and Compositions 
of Aggregates 

Sewer Pipe Cores 

Fine Aggregate 

Types Natural siliceous sand  

Nominal maximum size (in., 
mm) 

1/4 in. (6.3 mm) 

Rock Types 
Major amounts of strained and unstrained quartz, and subordinate amounts of 
feldspar, quartzite, chert, granite, and siltstone 

Cracking, Alteration, Coating 
Variably colored, subrounded to subangular, dense, hard, equidimensional to 
elongated 

Grading & Distribution Well-graded and Well-distributed 

Soundness Sound  

Alkali-Aggregate Reactivity None 
Table 2: Properties of coarse and fine aggregates of concrete in the sewer pipe. 

PASTE IN CONCRETE FROM SOUND TO ACID-ALTERED ZONES 

Contrary to the aggregates which have cracked but did not undergo any chemical decomposition by the acid 

attack, the paste showed major decomposition, leaching and dissolution, and various alterations to depths of 1/2 

(13 mm) to 5/8 in. (16 mm) from the corroded interior surfaces of sewer wall, after which there is a marked 

contrast in composition and properties of paste in the interior sound concrete.  

Paste in the sound concrete is very dense, hard, dark gray, has subtranslucent vitreous lusters and subconchoidal 

fractures. Portland cement was the only cementitious component used in the concrete. Paste shows abundant 

residual Portland cement particles (estimated to be 14 to 16 percent of paste volumes) having subhedral alite and 

anhedral spherical belite crystals in dark interstitial ferrite and alumino-ferrite phases. Compositions and 

properties of paste in the interior sound concrete is indicative of an estimated water-cement ratio of less than 0.40 

and a cement content of 7 to 71/2 bags per cubic yard. There is no evidence of addition of any fly ash, slag, or 

other cementitious materials found in the paste. No innocuous or deleterious secondary deposits are found in the 

paste in the sound interior concrete body of pipe wall beyond the distressed zone. 

By contrast, paste in the distressed zone (which is measured to be 13 to 16 mm thick) is soft, fragile, stained, 

severely microcracked, and severely leached showing extensive leaching of lime and enrichment of iron and 

sulfur components compared to the interior paste in the sound concrete.  Paste adjacent to the distressed zone 

shows carbonation whereas within the distressed zone carbonation of paste has become obliterated by extensive 

leaching of carbonates leaving only silica-alumina-iron-based gelatinous residues and well-developed lath-shaped 

gypsum crystals.  

Four main microstructural and compositional features of paste in the distressed zone detected from optical and 

scanning electron microscopy are: (a) extensive microcracking; (b) alteration of calcium-silicate-hydrate and 

calcium hydroxide component of Portland cement hydration to gypsum, and silica-alumina-iron-based gel; (c) 
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reddish-brown and yellowish staining from iron and sulfur compounds, respectively; and (d) loss of cohesiveness, 

strength, and inherent dense nature of paste found in the interior sound concrete.   

Properties and Compositions of Pastes Paste in the interior sound concrete of sewer pipe 

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

Residual Portland Cement Particles Normal, 14 to 16 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 
Less than 0.40, uniform throughout the depth in the 
sound concrete 

Cementitious materials contents, estimated (equivalent 
to bags of Portland cement per cubic yard) 7 to 71/2  

Secondary Deposits None 

Depth of Carbonation, mm 
Not carbonated, a thin carbonated zone is present 
adjacent to the distressed zone 

Microcracking 
None, except extensive cracking in the distressed zone 
and some microcracking in the sound concrete 
immediately adjacent to the distressed zone  

Aggregate-paste Bond Tight in the sound concrete  

Bleeding, Tempering None 

Chemical deterioration  
None within the sound concrete as opposed to 
extensive leaching, alteration, and secondary salt 
precipitation in the distressed zone  

Table 3: Properties and compositions of hardened cement paste in the interior main concrete body. 

AIR IN CONCRETE 

Air occurs as a few near-spherical and irregular-shaped voids in concrete, which are characteristic of entrapped 

air. There is no evidence of any fine, discrete, spherical or near-spherical 1 mm or less sized intentionally 

introduced entrained air-voids in any core, indicating the concrete used in the sewer pipe is non-air-entrained. 

Total air content is estimated to be 2 to 3 percent in all three cores, which are the entrapped air in concrete.  

MICROSTRUCTURES OF SULFURIC ACID ATTACK IN CONCRETE SEWER PIPE 

Optical microscopy and SEM-EDS studies show the following main microstructural features from bacterial acid 

attack on Portland cement concrete that are consistent in all three cores: 

(a) Extensive microcracking in concrete where cracks are mostly oriented parallel to each other and have 

transected and circumscribed both coarse and fine aggregate particles. Cracking of dense, hard, crushed 

diabase coarse aggregate particles indicate the extent of deterioration that has taken place due to sulfuric acid 

attack, where not only the intensity of acid but a possible stagnant environment inside the pipe has intensified 

the attack to cause cracking of dense diabase aggregates. The dense, low water-cement ratio near-
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impermeable nature of sound interior concrete has prevented the attack from progressing beyond the 15 to 20 

mm zone of alterations found in the cores.  

(b) Extensive leaching of paste from around the aggregates causing proud exposure of aggregates against leached 

and eroded paste. 

(c) Extensive leaching of lime and silica and enrichment of iron and sulfur in the distressed zone compared to the 

sound interior concrete.  Reddish-brown and yellowish stain noticed in the distressed zone are from iron and 

sulfur compounds, respectively that have deposited from sewer effluences and sulfuric acid attack.  

(d)  Precipitation of well-crystallized lath-shaped secondary gypsum crystals in porous areas, cracks, and voids in 

distressed zone that are telltale features and testaments of sulfuric acid attack in concrete.   

(e) Presence of silica-alumina-iron-based gelatinous mass (often as rhythmic precipitation with reddish-brown 

iron compounds) as a leftover residue from calcium-silicate-hydrate component of Portland cement hydration 

after extensive leaching of lime.  

MINERALOGICAL AND CHEMICAL ALTERATIONS FROM BACTERIAL ACID ATTACKS IN CONCRETE 

X-ray diffraction (XRD), X-ray fluorescence (XRF), and ion chromatographic (IC) studies of distressed zone and 

interior sound concrete of sewer pipe showed characteristic mineralogical and chemical signatures that are 

hallmark features of sulfuric acid attack in concrete sewer pipes: 

(a) Precipitation of gypsum and iron oxide in the altered zone that are detected in XRD spectrum of distressed 

concrete, but not present in corresponding spectrum of sound concrete; 

(b) Extensive sulfate, iron oxide, and volatile content in the distressed zones (14.3%, 10.2%, and 38.5%, 

respectively) from XRF studies from respective precipitation of gypsum and gelatinous mass in the altered 

concrete compared to more normal values of 0.4% sulfate, 6.2% iron oxide, and 9% volatiles in the sound 

concrete;  

(c) Loss of silica (21.7% silica) and to a lesser extent alumina and lime from the distressed zone compared to 

much higher silica content (61.5% silica) in the sound concrete; 

(d) Very high water-soluble sulfates in the distressed zones in all three cores (9%, 4.6%, 10.9% in Cores 1, 2, and 

3, respectively) compared to more normal and consistent 0.5% water-soluble sulfate in the sound interior and 

exterior concretes in all three cores. These water-soluble sulfate contents from IC from around 10% in the 

distressed zone to 0.5% in the sound interior concrete match with the bulk sulfate content from XRF of bulk 

distressed concrete (14.3%) and sound concrete (0.4%) indicating almost entire release of sulfate from the 

concrete to the deionized water.  

(e) Negligible chloride in the distressed zone compared to interior concrete in Core 1, but noticeably higher 

chlorides in the distressed zones in Cores 2 and 3 compared to the interior sound concretes indicating a 

potential external chloride source, which is most likely from the sewer effluent at the location of Cores 2 and 

3.      
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DISCUSSIONS 

MECHANISM OF SEWER PIPE DISTRESS BY BACTERIAL ACID ATTACK 

Normal sewage effluents are usually alkaline and do not attack concrete in contact with them directly. However, 

anaerobic bacteria present in sewer pipes can decompose the inorganic and organic sulfur compounds present, 

releasing hydrogen sulfide to the atmosphere above the effluent. This gas is absorbed by the moisture film coating 

inside the pipe walls, which contains aerobic bacteria. The aerobic bacteria oxidizes the hydrogen sulfide gas to 

sulfurous and sulfuric acids, which then attack and dissolve the hardened cement paste (Poole and Sims 2016, 

Thistlethwayte 1972; McClaren 1984). The result is the development of a chemically corroded concrete surface 

on the crowns of sewer pipes consisting of exposed aggregates standing proud against severely corroded cement 

paste.  

This bacterial acid corrosion of the crown of a sewer pipe is most severe when the sulfur content of the effluent is 

high and the flow rate in sewer is slow or stagnant, so that the sewer becomes septic. Temperature and oxidation–

reduction potential will also influence the growth of bacteria and hence the rate of production of sulfuric acid. A 

detailed study of corrosion of sewer pipes was undertaken by CSIR South Africa (1967), and these studies were 

followed up by Barnard (1967), Thistlethwayte (1972) and Pomeroy (1977). 

The present case study is a good example of sulfuric acid attack from the oxidization of hydrogen sulfide gas in 

sewer environment by aerobic bacteria (e.g., Thiobacillus). The acid dissolved the hardened cement paste leaving 

the larger aggregates standing proud of the surface. In severe cases, the aggregates fall out as the depth of attack 

increases. 

The surfaces examined in three cores representing the inner wall of the sewer had been in contact with sewage for 

some period, and it is likely that some of the outer corroded material may have been removed. The external 

appearance of the corroded surfaces is characteristically brownish-yellow, and aggregates were standing proud of 

the corroded cement paste. In thin section micrographs, the texture of the corroded zone consisted of an 

approximately 15 mm wide outer layer of severely micro-cracked, altered amorphous brown material intermixed 

with gypsum, backed by a 2 to 5 mm zone of hardened paste of carbonation in the sound concrete directly 

adjacent to the distressed zone. Behind the leached and altered layer, a zone of intense carbonation varying from 

less than 1 mm to 2 mm in width are seen in the sound concretes adjacent to distressed zones in all three cores, 

which graded into sound paste. 

The texture of the corroded surface of the sewer pipe is similar to that observed by Chandra (1988) and De 

Ceukelaire (1992) and is probably typical of most forms of acid attack, where the hardened cement paste is 

solubilized. A fragile outer zone is formed where the acid attack has gone to completion, and only hydrated 

amorphous silica and alumina remain, which is stained by iron compounds. This outer corroded zone can vary 
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from as little as less than 1 mm to several millimeters in depth as in the present case. Inside the corroded zone is a 

reaction layer consisting of carbonated paste intermixed with brown amorphous material derived from the iron-

bearing phases in the hardened paste. Although the corrosion zone may appear as separate layers of brown 

amorphous material and carbonation, careful examination will usually show that this separation can rarely be 

justified. Inside the reaction layer is a zone of hardened paste, which is depleted in calcium hydroxide and 

merges into sound paste. This last zone is often missed in examination but must always be present as acid attack 

inevitably sets up chemical gradients. The most obvious evidence of the chemical gradient is some depletion of 

calcium hydroxide. 

The bacterial activity that is described in this section is probably the best known form of ‘biodeterioration’ that 

affects concrete materials and products, but the deleterious involvement of such micro-organisms is probably 

much more widely implicated in a range of degradation processes, which similarly affect building stone. A useful, 

well referenced and indeed award-winning overview on this subject was recently published by De Belie (2010), 

also including explanations of ways in which some bacteria can be used beneficially for cleaning or consolidation 

purposes. 

EXTENT OF DETERIORATION FROM SULFURIC ACID ATTACK 

Without knowing the nominal thickness of the sewer pipe from the sound portions, it is not possible to determine 

the loss of concrete mass by the bacterial acid attack. However, careful observation of some field photographs, 

especially where a photo was taken with a ruler placed over sound submerged portion of the pipe, a nominal pipe 

wall thickness of around 5 inches is found reasonable. Based on that thickness of sound pipe wall, the present 31/2 

in. thickness of all three cores from the distressed aerated portion of pipe indicates a 30 percent reduction in pipe 

wall thickness from the bacterial acid attack. Such a loss is significant and can potentially cause collapse of pipe 

as has occurred in the upstream portion of the present location of study.  

However, the dense, low water-cement ratio, near-impermeable nature of the sound concrete found in all three 

cores beyond the distressed zone indicates role of good concrete quality in resisting deeper penetration of acid 

and eventual collapse of pipe despite almost 30 percent loss of the pipe wall thickness. Present laboratory 

examinations found the strong intensity of the acid attack, e.g., from the severity of microcracking (where even the 

dense crushed diabase coarse aggregate particles have cracked) to the extent of alteration of paste by 

decomposing the dense, strong calcium-silicate-hydrate mass of the sound concrete (as found in the interiors) into 

porous, fragile, gypsum and gelatinous mass of literally no strength. Present study also found the role of good 

quality (e.g., dense, low w/c, well-consolidated nature)  of concrete in resisting the acid ingress and subsequent 

collapse of pipe.   

Due to the severity of acid attack and almost 30 percent loss of the pipe wall thickness, future serviceability of the 

present segment of pipe without an extensive repair is questionable. The original concrete of the pipe is found to 
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be of excellent quality, which has prevented acid ingress and potential collapse by restricting the severity of the 

attack to the 30 percent mass at the time of examination. The present study showed an intense balance between 

the severity of the bacterial acid attack and the role of concrete quality to maintain serviceability, where collapse 

has occurred in segment where even good quality of concrete could not resist the intensity of acid being formed.     
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✪ ✪ ✪ END OF TEXT ✪ ✪ ✪ 

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. 


