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PREFACE

This investigation was conducted for the U. S. Army Engineer
District, Huntington. It was performed by the U. S. Army Engineer
Waterways Experiment Station (WES) Concrete Laboratory (CL) personnel
under the direction of Mr. Bryant Mather, Chief, CL, Mr. Leonard Pepper
and Mrs. Katharine Mather, former Chief and Chief, respectively, of the
Engineering Sciences Division, and Mr. John M. Scanlon, Chief, Engineer-
ing Mechanics Division. Mr. Alan D. Buck was responsible for the petro-
graphic work and Mr. Tony B. Husbands directed the chemical tests. Mr.

m

He T. Thornton, Jr., was project leader of this investigation
the author of this report.

A report was issued to the sponsor in August 1977 as WES Miscel-
laneousrngqgwg;77-9. Funds available for the Concrete Technology In-
formation Analysis Center (CTIAC) were made available for the prepara-
tion of a paper based on this work so as to facilitate technology
transfer. The paper was approved by the District Engineer, Huntington
District, and the Office, Chief of Engineers, and accepted for publica-
tion by the American Concrete Institute. This is CTIAC Report Io. 28.

Directors of the WES during the conduct of this investigation and

v

{

the preparation and publication of the report were COL G. H. Hilt, CE.

and COL J. L. Cannon, CE. Technical Director was Mr. F. R. Brown.
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ACID ATTACK OF CONCRETE CAUSED

BY SULFUR BACTERIA ACTION

INTRODUCTION

Piedmont and Clendening Lakes are two of a system of projects designed
to provide flood control, recreation, and water conservation in the
Muskingum Watershed in southeastern Ohio. Piedmont and Clendening Lakes
were constructed in 1937 and 1936, respectively, and cover approximately
2300 and 1800 acres (931 and 728 hectares), respectively. Periodic inspec-
tion reports on these two projects in May of 1970 and June of 1974, and
interim inspections in December 1976, documented the progress of inordinate
deterioration of the concrete in the outlet tunnels. During this time the
cement paste was decomposed into a '"mushy' substance to depths up to
1-1/4 in. (approximately 32 mm) exposing and dislodging aggregate. A
preliminary study of the periodic inspection reports and other available
information on the projects indicated problems of a unique nature and
dictated some deviation from the methodology developed over the years for
various types of condition surveys. The program of investigation adopted
for this project was designed to provide information that would be
relevant in answering the following questions:

a. What is the mechanism causing the deterioration of the concrete
in the outlet tunnels?

b. Do the characteristics of the concrete reinforce this mechanism
or contribute to the deterioration?

c. What remedial measures are available and which of them are
feasible and applicable in this particular situation?
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The testing program and means by which data were collected are as follows:

a. An extensive literature review into the cause, effect, and
remedial measures concerning the mechanism of concrete corrosion
caused by sulfur bacteria.

b. Sampling at each site, including water, deterioration products,
and concrete cores.

c. Tests for physical properties of concrete, characteristics of
deterioration products, water quality, and identification of
sulfate-reducing bacteria.

d. Obtaining other pertinent data and information.
LITERATURE REVIEW, SULFUR BACTERIA

Most of the literature addressing the problem of deterioration of
concrete by bacterial action evolved because of the great impact of
this corrosive mechanism on concrete sewer systems. This is a serious
problem and, as Rigdon and Beardsley2 observed, occurs mainly in warm

climates such as prevail in California, Australia, and South Africa.

Description and Life Cycle

Sulfur-reducing bacteria belong to the genus of bacteria that obtain

the energy for their life processes from the oxidation of some element
other than carbon, such as nitrogen, sulfur, or iron.2 Some of them

are able to reduce the sulfates which are present in natural waters and
produce hydrogen sulfide as a waste product. These bacteria, as stated
by Wetzel,3 are anaerobic. Another group takes the reduced sulfur and
oxidizes it back to sulfuric acid. The genus Thiobacillus is the sulfur
bacteria which is most destructive to concrete. It has a remarkable
tolerance of acid. Concentrations of sulfuric acid as great as 5 percent

do not completely inhibit their activity.

The Corrosion Process
Rigdon and Beardsley2 and Forrestera described the process of corrosion

of concrete by bacterial action in almost identical terms. Sulfur bac-

teria are likely to be found wherever warmth, moisture, and reduced




compounds of sulfur are present. Certain conditions must prevail before
the second group of sulfur bacteria mentioned above can become estab-
lished on the concrete surface and begin the process of corrosion. Suffi-
cient moisture must be present to prevent the desiccation of the bacteria.
There must be adequate supplies of hydrogen sulfide, carbon dioxide,
nitrogen compounds, and oxygen. In addition, soluble compounds of phos-
phorus, iron, and oiher trace elements must be present in the moisture film,
Newly made concrete has a strongly alkaline surface with a pH of about
12. No species of sulfur bacteria can live in so alkaline an environment.
Therefore the concrete is temporarily free from bacterially induced cor-
rosion. Natural carbonation of the free lime by the carbon dioxide in
the air slowly drops the pH of the concrete surface to nine or less. At

this level of alkalinity the sulfur bacteria Thiobacillus thioparus, using

hydrogen sulfide as a substrate, generate thiosulfuric and polythicnic
acid. The pH of the surface moisture steadily declines, and at a pH of

about five the Thiobacillus concretivorus begin to proliferate and produce

high concentrations of sulfuric acid, dropping the pH to a level of two
or less. The destructive mechanism in the corrosion of the ceoncrete is
the decomposition of the calcium silicates and aluminates in the cement

paste by the sulfuric acid.

Effects of the Corrosion Process

Reference 5 cites examples of corrosion damage such as: a steel
rising main which dissolved in 18 months; concrete trunk sewers stripped
beyond the reinforcement within 10 years; numerous cases of asbestos
cement pipes (some with protective coatings) eaten away above the sewage
line in 5 to 10 years; machinery and fittings being attacked—in one
case, cast iron penstocks at a pumping station are reported to have
totally disappeared in 6 to 7 years. All this damage was attributed to
bacterial action of one type or other. W00d36 reported a disposal well
in Texas suddenly developed a high head after previously operating under
vacuum; a fresh-water well in California suddenly caused plugged filters

ahead of a demineralizer unit (the clogging material was identified as
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elemental sulfur); a water supply system in Kansas suddenly became
fouled with iron deposits; deionizing equipment in Arizona became in-

effective because of resin poisoning due to leaching of iron from the

formation. Each malfunction resulted from some type of bacterial action.

Remedial Measures

Parker7 outlined 17 ways in which the corrosion process may be inter-
rupted and result in the damage being halted.

Discharge of sulfides

Eliminate trade wastes containing sulfides.

Hydrogen sulfide generation

T

a. Reduce the concentration of sulfates.

b. Partially purify by sedimentation, etc.

c. Dose with chemicals to raise oxidation-reduction potential.

d. Aerate by forcing air into bottom end of rising mains.

e. Treat with chlorine to oxidize any hydrogen sulfide present and
to prevent further generation.

f. Remove slime and silt where hydrogen sulfide is generated.

g. Increase the rate of flow.

Emission of hydrogen sulfide

a. Reduce turbulence of flow.
b. Precipitate hydrogen sulfide by adding heavy metal salts.
Add alkalies to reduce the undissociated hydrogen sulfide.

o |

. Run sewer full, thereby eliminating atmosphere.

Rate of hydrogen sulfide
fixation on concrete

a. Ventilate to remove hydrogen sulfide and lower humidity.

b. Flush walls periodically above waterline to eliminate environment
of proliferation.

€. Use a more acid resistant concrete.
d. Dose atmosphere with ammonia to neutralize acid.
e. Provide protective lining for concrete.




DESCRIPTION AND CONDITION OF OUTLET TUNNELS

Description
The outlet tunnel at Piedmont Lake is 670.5 ft (approximately 204 m)

long, 10 ft (approximately 3 m) in diameter, and has a grade of 0.26 per-
cent. The Clendening Lake tunnel is 498 ft (approximately 152 m) long,

8 ft (approximately 2.4 m) in diameter, and has a grade of 0.372 percent.
At the downstream end of each tunnel there is a rising invert with a

2-ft (approximately 0.6-m) wide slot. These rising inverts back water
up in the tunnels when operating at normal water release. The back-up
water depth is approximately 3 ft (1 m) at Clendening and 4 ft (1.2 m)

at Piedmont. After the water flows over the invert or through the slot,
it passes through the stilling basin and continues downstream. About

50 percent of the time, during a typical vear, water from the reserveoir
enters the tunnels through siphons which function to maintain minimum
pool (approximately 34 ft (10 m) of water) in the reservoirs. Although
the siphoning usage is controlled at higher elevations, the water drawn

from the reservoir by the siphons comes from very near the bottom.

Condition
The water in the stilling basins and in the streams at both projects
was of a pale blue color with a white foam floating on it. The lines of
normal flow were clearly discernible by the water marks on the sides of
the tunnels. About one~third of the way into the tunnels the deteriora-
tion became evident above the normal flow lines (Figure 1). In the
vicinity of the gate-transition areas the deterioration was more pronounced
(Figure 2). The conditions inside the tunnels were very similar to
those described by Parker7 when relating to acid attack in concrete sewers.
Before access to the tunnels was granted (September), the air inside
was checked for methane, hydrogen sulfide, and other toxic gases by per-
sonnel from the Mine Enforcement Safety Administration. Hydrogen sulfide
gas was present at a level of five parts per million in the air in Clen-

dening tunnel. Although this is not considered to be a hazardous level,



the presence of hydrogen sulfide gas in the tunnel was noteworthy. No
other toxic or corrosive gases were found in either tunnel. However,
operations personnel at both sites reported that during July, August,
and September a very strong hydrogen sulfide odor ;rcvails. Piedmont
personnel reported that during this period the white-painted signs
near the tunnel portal turn black, and that the black film disappears
in the fall when the odor subsides. Piedmont tunnel had 3 to 4 hr to

ventilate prior to measurements for toxic gas detection.

SAMPLING, TESTS AND RESULTS, OTHER DATA

Sampling

Water samples, deterioration products, and concrete cores were taken
from each tunnel to provide specimens for physical, chemical, and biolo-
gical tests. Three water samples were taken from each tunnel--an un-
stabilized sample for sulfate tests, a sample stabilized with zinc acetate
for sulfide tests, and a sample to test for sulfate-reducing bacteria.

All water samples were taken as near to the gates as possible in order to
avoid contamination and aeration.

Two samples of deterioration products were scraped from the roof of

each tunnel in the severely damaged areas. One sample from each tunnel

was returned to the laboratory as scraped from the roof; the other was
added to water containing zinc acetate for sulfide stabilization.

Two 4-in. (approximately 100-mm) diameter concrete cores were taken
from each tunnel in September 1975. One core came from near the longi-
tudinal midpoint of each tunnel, and one came from near the sluice gates
in each tunnel. All cores were taken from a height of about 3 ft (1 m)

up on the tunnel walls.

Tests and Results

Ultrasonic velocity measurements and unconfined compressive strength

tests were performed on the concrete cores returned to the Concrete

Laboratory in accordance with CRD-C 51-728 and CRD-C 27-—65.8 The average
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velocity and strength of the Piedmont cores were 15,180 fps (4627 m/s)
and 9515 psi (66 MPa), respectively, with very little variation between
the upstream core and the midpoint core. There were two pieces of each
core from Clendening tunnel. The average velocity and strength for the
upstream cores were 15,105 fps (4604 m/s) and 7745 psi (53 MPa). The
midpoint cores averaged 15,150 fps (4618 m/s) and 6245 psi (43 MPa).
The Piedmont cores were considerably stronger than those of Clendening,
but the velocities were all very nearly the same. These data indicate
no reason to suspect poor concrete quality.

Velocity measurements were also made through the piers located just
downstream of the gates in each tunnel. These piers were in the splash
area where water enters the tunnels and exhibited considerable loss of
mortar and aggregate where the deterioration product had been washed
away. The surfaces were rough due to exposed aggregate, but did not
prohibit velocity measurements. Two readings were made in each pier in
each tunnel. One velocity on pier No. 2, Piedmont, was low, but this is
probably caused by surface irregularities. The strength of the concrete
represented by these velocities is probably 6000 psi (41 MPa) and above.

Appropriate petrographic methods were used to test the concrete cores
and deterioration products from the tunnels. Miscellaneous Paper No.
C—77—91 includes a complete petrographic report that contains a detailed
description of the cores and the deterioration products, the locations
from which they came, and an explanation of test procedures. Some general
findings stated in the petrographic report are:

a. The mechanism of deterioration is not sulfate attack because there
was no ettringite present (a reaction product of sulfate attack),
and sulfate attack would be more widespread.

b. There are indications of some form of acid attack because the
acid-soluble carbonates in the aggregate are missing.

c. Attack by acid water is not indicated, since all the deterioration
occurs above the waterline.

Tests for sulfate content in the water of the two outlet tunnels using
the turbidimetric method9 revealed levels of 499 mg/% at Piedmont and
10
311 mg/% at Clendening. Sulfides were shown by tests (228 A)~ to be

present in Piedmont and Clendening waters in the amounts of 11.5 mg/& and

O
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7.2 mg/i, respectively. The test for sulfate-reducing bacteria, D 993-58,9

which entails growing the bacteria in a culture medium, was positive for
the Piedmont Lake sample. The samples were collected in January, during
the mixing cycle of the lake, so it is not surprising that the Clendening

sample was negative.

Other Data

Available water quality data from samples taken over the years from
various locations in Piedmont and Clendening Lakes included water tempera-
tures, pH, dissolved oxygen content, and sulfate content at various water
depths. The pH and sulfate content taken from the composite statistical

summaries for the two lakes are as follows:

pH Sulfate, mg/4% Reporting
Mean Max Min Mean Max Min Period
Piedmont* 7.9 8.9 7.1 526 700 420 7/73-9/76

Clendening** 7.8 9.2 6.6 314 431 250 8/74-9/76

* Maximum depth 30 ft (approximately 9 m).
*% Maximum depth 35 ft (approximately 11 m).

The fact that the overall thermal structure and dynamics of some lakes
undergo seasonal changes (as discussed by Reid),ll is relatively well
known. During winter the temperature of the water is relatively uniform
from surface to bottom due to surface water becoming dense, moving to
the bottom and displacing water which has become relatively warmer.
During the summer this natural mixing diminishes and any vertical heat

43 Thermal stratifi-

transfer must be accomplished, mainly, by wind action.
cation can develop, causing a thermal resistance to mixing, which ultimately
can lead to the development of a thermocline. A thermocline is defined as
"the plane of maximum rate of decrease in temperature." In many lakes

the zone below the thermocline, designated the hypolimnion, becomes devoid
of dissolved oxygen and high in carbon dioxide.11 In the fall, normal
mixing due to increased relative density of surface water starts to break
down the stratification. When this occurs, vertical circulation is
restored, vertical temperature gradients diminish, and dissolved oxygen

becomes more evenly distributed from surface to bottom of the lake. A

10
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review of the water quality data indicates that seasonal conditions
similar to those just described exist at Piedmont and Clendening Lakes.
Figures 3-8 give temperature and dissolved oxygen profiles with
water depth for Piedmont and Clendening Lakes. July and August 1976
data are presented to show typical conditions during the summer months.
September 1976 data are given to show how conditions begin to change
in the fall. These data were obtained from collection points in the
deep parts of the lakes near the dams, and show that dissolved oxygen
depletion occurs in the summer months at depths of 20 to 22 ft (6 to 7 m)
and below at Piedmont, and at depths of around 15 ft (approximately 5 m)
and below at Clendening Lake. Plots of data (Figures 5 and 8) collected
in the early fall illustrate the return of uniform distribution of
temperature and dissolved oxygen with depth due to natural cold-weather
mixing action. A study of all available data indicates that dissolved
oxygen depletion begins in Piedmont Lake in early June and lasts into
September, when stratification starts to break down. There were insuf-
ficient data to determine when this cycle starts at Clendening, but mixing

action starts in September.

DISCUSSION

Concrete Quality

The results of the ultrasonic velocity measurements, unconfined compres-—
sive strength tests, and petrographic examinations of the concrete cores
indicate that the quality of the concrete in the outlet tunnels at Pied-
mont and Clendening Lakes is good, and that the mechanism causing the
deterioration did not originate from materials of a deleterious nature or
reactions within the concrete. Velocity measurements made through the
concrete piers near the sluice gates in each tunnel indicate that the
quality of the concrete in the piers in each tunnel is as good as that

of the concrete cores from the respective tunnels.

Water Quality

The pH of the water at Piedmont and Clendening Lakes does not contribute

%




to the deterioration of the concrete in the outlet tunnels. However,
the respective sulfate levels of 500 mg/2 and 300 mg/%, and respective
sulfide levels of 11.5 mg/2 and 7.2 mg/% are high and could lead to
deterioration of environmental quality downstream. Some sources of
sulfur compounds to natural waters are rocks, fertilizers, atomospheric
transport, and organic wastes.3 The relative contributions of these
sources vary with the regional lithology, agricultural application of
sulfate-containing fertilizers, the proximity of atmospheric sources,
and the type of industrial wastes dumped into inflowing streams. Paper-
producing industries and strip-mining operations are common sources of
sulfate-rich by-products. A brief study of available information indi-
cates that strip-mining operations are the major contributors of sulfate
to Piedmont Lake.

The high concentrations of hydrogen sulfide in Piedmont and Clendening
Lakes during the summer are apparently the result of the decomposition of
organic matter by bacterial metabolism. The summer stratification of the
water and subsequent depletion of dissolved oxygen in the hypolimnion
provide the required environment for the bacterial reduction of sulfates
and release of hydrogen sulfide. Stuiver12 reports that the rate of
reduction of sulfates in anoxic regions, or regions oartly devoid of oxygen,
is 10 times faster than in the fully aerobic region. He also found that
horizontal diffusion was sufficient to transport sulfates to the surrounding
sediments, thereby providing organic substrates for bacterial metabolism
in the hypolimnion and sediments. The sulfide is stored in the water and
in the sediment. During a 4-month period, as much as 1 mg was stored per
cm2 of sediment in one pond. The escape of hydrogen sulfide to the atmos-
phere by diffusion or gas bubbles was very small.

With accumulations of hydrogen sulfide on and near the bottoms of the
lakes, all that is necessary to start the corrosion process is to get
the hydrogen sulfide into the crowns of the tunnels. This is obviously
accomplished by the normal operation of the siphons and gates, since they
both draw water from near the bottom of the lakes. As the water enters

the tunnels the turbulence causes hydrogen sulfide to be released into

12




the tunrel air and the corrosion process described previously begins.
Factors that substantiate these postulations are:

a. Acid water is not the deteriorating agent of the concrete.

|o*

. The sulfate-rich, oxygen-free hypolimnion during summer strati-
fication provides the environment for bacterial proliferation.

The sulfide contents of the water samples were very high.

=" Te]

The water entering the tunnels is drawn from the hypolimnion
where hydrogen sulfide is stored.

e. Sulfate-reducing bacteria were cultured and identified from a
sample of Piedmont Lake water.

f. The conditions in the tunnels are favorable for bacteria prolifera-
tion and the damage in the tunnels is similar to that described
in the literature.

g. Physical tests show the intact concrete to be of good quality,
and also indicate that acid attack is the deterioration mechanism.

REMEDIAL MEASURES

Long Range

The most desirable remedy would be one which would eliminate the entire
process. To accomplish this, the high concentrations of sulfates in the
lakes must be eliminated. Finding and/or eliminating the sulfate source
or sources may be impossible or impractical, especially if strip mining
operations are the major contributors. The next point of interruption of
the process is reducing or eliminating the hydrogen sulfide generation or
oxidizing it by chemical treatment as it is generated. Dosing with chemi-
cals can be costly and problematic. Of all the possibilities, aeration
or destratification seems to be the most practical means of inhibiting
hydrogen sulfide production in the lakes.

Circulation and aeration by mechanical means is a common method of
increasing the use potential of lakes. The basic objective is, usually,

to improve the dissolved oxygen conditions.ls’ e

The two categories of
aeration are total aeration and hypolimnetic aeration. Total aeration
effects complete destratification and hypolimnetic aeration brings deep

water up for oxygenation and returns it without disrupting thermal
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stratification. Other techniques used are deepening, dredging, drawdown

: : . 13
and sediment consolidation, harvesting, etc. There are, of course,

problems associated with each technique.

Immediate
There are a variety of ways to interrupt the concrete deterioration
process in the tunnels. Of those mentioned previously under remedial
measures, ventilation and wall flushing seem to be the most practical
and, probably, the most economical. Ventilation could be accomplished
by forcing air through the entire lengths of the tunnels, or by venting
with a series of shafts bored through the crown, or both. Some experi-
mentation would be necessary to determine the flow of air through the
tunnel or the number of vents that would be required to effectively
| reduce the deterioration. The effectiveness of flushing the walls to
remove the substrates recessary to sustain bacteria metabolism would
also have to be investigated.

Another measure that should be given serious consideration is that

of raising the siphon intake elevation. Looking at the plotted data it

seems that siphoning the water from Piedmont Lake from the upper 20 ft
(approximately 6 m) and from Clendening Lake above 15 ft (approximately
5 m) could possibly eliminate the injection of hydrozen sulfide into the
tunnels through the siphons. These levels mayv change gradually during
the summer, but periodic samples of water could serve as a depth guide.
Gate operations would still inject sulfide, but minimal operation may
reduce the sulfide to a harmless level. It may be necessary to supple-
ment shallow siphoning with some degree of ventilation.

The measures outlined in the two preceding paragraphs may serve to
decrease the effects of the corrosive process in the tunnels, but the
causative factors will remain in the lakes if remedial measures are not
implemented. The sulfate and sulfide concentrations will remain high,
and the semiannual periods of dissolved oxygen depletion caused by thermal
stratification will continue. Although an overall oxygenation problem may
never arise within the lakes, the potential for injecting water with high

sulfate-sulfide contents into the fresh-water stream will remain.
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CONCLUSIONS AND RECOMMENDATIONS

After an evaluation of the summation of test results and other
accumulated data and Enformation pertaining to this investigation, it
is concluded that the deterioration of the concrete in the outlet tunnels
of Piedmont and Clendening Lakes is most likely due to acid attack and is
the final stage of a corrosive process caused by sulfur bacteria action.
The process starts with the production, by bacteria, of hydrogen sulfide
from the sulfate-rich water in the lake, and by organic decomposition in
the sediment. The hydrogen sulfide passes through the siphons and gates
and is released into the atmosphere in the gate-transition area due to the
turbulence of the water. The hydrogen sulfide collects in the crown cof
the tunnel in concentrated amounts for some distance down the tunnel, is

oxidized into sulfuric acid by concretivorus bacteria, and the constitu-

ents of the cement paste are decomposed by the acid. Physical mechanisms
such as freezing and thawing and hydraulic washing probably aid the cor-
rosive process.

It is recommended that remedial measures such as ventilaticn, flushing,
or raising siphon intakes be implemented as soon as determinations have
been made concerning the applicability of each measure to the problem.
Considering the emphasis placed on energy conservation and increased
productivity within most energy sources, it seems unlikely that strip-
mining operations will cease or diminish in the near future. Therefore,
if strip-mining operations are the major contributors of sulfates to
Piedmont and Clendening Lakes, the corrosion process caused by the action
of sulfur bacteria will have to be interrupted at some point after the
sulfates have entered the lake water.

Because of its subtle nature, this type of problem could go undetected
for many years. For this reason, and because of the potential impact on
structural integrity and envirommental considerations, it seems appropriate
to point out that there may be other structures deteriorating that have
gone undetected. Rigdon and Beardsley2 observed that most sewers in the

southern United States meet the conditions for bacteria proliferation.
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The results of this investigation indicate that this problem is not

necessarily restricted to certain structures or regions.
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Figure 2. Clendening Lake, deterioration near gates
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TEMPERATURE , °C

0 10 20 30 40
o .8
| I |
10— )
u ¢ ° 2
- ¢ -
z 20— 9 z
o $ &
[=] d a
30—
LEGEND —io
D——0 DISSOLVED OXYGEN
O-—-0 TEMPERATURE
40 | | ] ]
0 5 10 15 20 25
DISSOLVED OXYGEN, mg/#
Figure 5. Piedmont Lake temperature-dissolved

oxygen profile, 22 Sep 1976




DEPTH, FT

TEMPERATURE , °C

0 30 40 50
. 18 T 1’
i
10 !
|
__15
l
!
20 ,
30
LEGEND t
D—-0 DISSOLVED OXYGEN
O-—-0 TEMPERATURE
40 1 | 1
0 10 15 20 2s

Figure 6.

DISSOLVED OXYGEN, mg/X4

Clendening Lake temperature-dissclved
i . o —
oxygen profile, 1h Jul 1976

DEPTH, M

-

A

=



TEMPERATURE , °C ]
o 10 20 30 40 50 |

£ T ;o o I
9
4
10— ¢
¢
e g P
o -
£ 20 b x
o ¢ &
=] ¢ o
g
0 p"d
3
d LEGEND )
O——0 DISSOLVED OXYGEN
O-—~-0 TEMPERATURE
40 ] | | I
(o] S5 10 15 20 25

DISSOLVED OXYGEN, mg/4

Ficure 7. Clendening Lake temperature-dissclved
oxygen profile, 18 Aug 1976

T O L o il Ntind, T




TEMPERATURE , °C

00 10 20 30 40 5%
T ] T T
;
¢
10— ]
;
5
E 0 B
% $ .
E 20}— ¢ E
3 9 b
0
¢ s
g
30 ¢
d LEGEND —o
O——{0 DISSOLVED OXYGEN
O-~-0 TEMPERATURE
o e i & | L
o 5 10 15 20 25

DISSOLVED OXYGEN, mgqg/X&

Figure 8. Clendening Lake temperature-dissolved
oxygen profile, 22 Sep 1976




In accordance with letter from DAEN-RDC, DAEN-AS] dated
22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Thornton, Henry T

Acid attack of concrete caused by sulfur bacteria action /
by Henry T. Thornton, Jr. Vicksburg, Miss. : U. S. Waterways
Experiment Station ; Springfield, Va. : available from Na-
tional Technical Information Service, 1978.

17, (7] p. : ill. ; 27 cm. (Miscellaneous paper - U. S.
Army Engineer Waterways Experiment Station ; C-78-14)

Prepared for U. S. Army Engineer District, Huntington,
Huntington, W. Va.

CTIAC Report No. 28,

References: p. 16-17.

1. Acid attack. 2. Bacteriological tests. 3. Chemical tests.
4. Concrete deterioration. 5. Corrosion. 6. Dissolved

oxygen. 7. Hydrogen sulfide. 8. Hypolimnion. 9. Physical
tests. 10. Sulfates. 11. Sulfides. 12. Sulfur bacteria.

13. Sulfuric acid. 14. Thermal stratification. 1. United
States. Army. Corps of Engineers. Huntington District.

IT. Series: United States. Waterways Experiment Station, Vicks-
burg, Miss. Miscellanecus paper : C-78-14.

TA7.W34m no.C-78-14

L

P






