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20. ABSTRACT (Continued )

a. An extensive literature review on sulfu r bacter ia ,

h . Coil cc t ion of w a t e r  samp i i s , deter i oral Ion p r u d u t  t s • and conc r c t  e c o re s
at t I  h site;

c. Physical , chemical , and bact eriological tes ting of  samp les inclu d ing
ident ifica t Ion of sulfate—reducing bacteria.

d.  Obtaining other pertinent data from Huntin gton District.

Physical t e s t s  showed t h e  o r i g i nal  c o n c r e t e  t o  he of  g o d  q u a l i t y  and t h a t  sum ,
f o r m  of  a c i d  attack was in progress. Chemic al t e s t  s r c v I . I l c I  that the water
c o n t a i n d h i g h  c o n c e n t ra t i o n s  of s u l f a te s  and s t i l t  Ides . B a c t e r i o l o g i c a l t c~~~t .6

confirmed that sulfate—reducing bacteria were present. Data furni ;hed by
Huntington District reveal tha t thermal stratification occurs durin g the summer
causing a lmos t  c o m p l e t e  dep l e t i o n  of dissolved oxygen at depth s greater than
20 ft in both lakes providing an environment where sulfate—r t lti c i n g ica teria
are able to reduce the sulfates present in the water , prod uc ing hy drogen SIII f ii ,
as  a was te  p r o d u c t .  C o n d i t i o n s  in the  o u t l e t  t u n n e l s  meet t h e  c r l t e r i . I  f o r  the
d e p o s i t i o n  and p r o l i f e r a t i o n  of s u l f u r — o x i d i z i n g  b a c t e r i a  which produce sulfut h
ac id f r o m  t h e  h ydrogen s u l f i d e . i t  is c o n c l u d e d  t h a t  t h e  I t t  t r l c r . I t  ion is Itt
to  a c i d  a t t a c k  and is the  f inal s t age  of a c o r r o s i v e  process  c i c i s i d b y s ul  f u r
b a c t e r i a  a c t i o n . A t t a c k  by acid wa te r  is not  ind i cat e d , s in c e  a l l  the dt. ter io—
r a t i o n  occurs  above the  l i ne  of normal f low .

‘ 
-S...—-

Possible remedial measures including ventilation to r°emove the hydrogen sulf ide ,
flushing the walls to remove the substrate , and raising the si phon intakes t o
d raw water from above the sulfide—rich hypol imnion ,~rc off ered for c~ ccs i dt r .tt j o lt

for immediate imp lementation in both lakes. Further stud y will he nectssarv t o
d e t e r m i n e  the  app l i c a b i l i t y  of each of these remedial measures to the probl em.
I t  i s  also recommended t h a t  a long range  p rog ram be f o r m u l a t e d  t o  dea l w i t h  t l t c
p rob lem s produc ed by t h e  hi gh sulfate—sulfide co centration s in the lakes .

A t t e n t i o n  is drawn to the fac t t h a t  t h e r e  may be o t h e r  s t r u c t u r e s  u n d e r g o i n g
t h i s  t y p e  of d e t e r i o r a t  ion , and t h a t  the  corros ion may be proceed ing u n d e t ec  L c d .

One l i s s i
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PREFACE

This investigation was authorized by DA Form 2544 , No. E86—76—EF—02,

dated 28 July 1975 , and Change No. 1, dated 11 December 1975, from the
U. S. Army Engineer District , Huntington , to the U. S. Army Engineer

Waterways Experiment Station (WES). The investigation was performed by

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 , Engineering Mechanics Division. Mr. Alan D.

Buck was responsible for the petrographic work and authored the “Petro—

graphic Repor t” (Append ix A), and Mr. Tony B. Husbands , Chief , Chemistry

and Plast ics Branch , direc ted the chemical tests. Mr. Henry

Thornton , Jr., was project leader of this investigation and the author

of this report. The author is indebted to Messrs. Bill K. Colbert and

Randall R. Williams of the Environmental Effects Laboratory for their

periodic adv ice and assistance , and to Mr. Tom Plummer and Dr. George

Kincaid , Huntington District , for their respective efforts in samp le

collec tion and testing at the sites , and supplying data pertinent to the

investigation .

Spec ial recognit ion is given to Dr. Thomas D. Wright , consultant to
the Environmental Effects Laboratory, for his technical input and parti-

cipation in conference activities that were essentia~ to the successtul

completion of this study.

Directors of the WES during the conduct of this investigation and

the preparation and publication of this report were COL G. H. Hilt , CE,
and COL J. L. Cannon , CE. Technical Director was Mr. F. R. Brown .
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CONVERSION FACTORS , U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows :

Multip ly 
________ 

By To Obtain

feet 0.3048 metres

feet per second 0.3048 metres per second

pounds (force) per square inch 0.00689476 megapascals

inches 2.54 centimetres

acres 4046.856 square metres
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ACID TACK OF CONCRETE CAUSED BY SULFUR BACTER IA A C T I O N

PIEDMONT AND CLENDENINC LAKES OUTLET TUNNELS

MUSKINGUM WATERSHED, OHIO

PART I: INTRODUCTION

Back ground

1. Piedmont and Clendening Lakes are two of a system of p r o j e c t s

designed to provide f lood control , recreat ion, and wa te r  conse rva t ion  in

the Muskingum Watershed in southeastern Ohio (Photographs 1 and 2 ) .

Piedmont and Clendening Lakes were constructed in 1937 and 1936, respec-

tively, and cover approxima tely 2300 and 1800 acres ,* respectively.

Periodic inspection reports on these two projects in May of 1970 and

June of 1974, and interim inspec tions in December 1976 , documented
observations of inordinate deterioration of the concrete in the outlet

tunnels. The observations made during the Inspections pertaining to

the condition of the tunnel concrete are summarized below :

a. Piedmont Tunnel. The tunnel liner during the initial
inspection was reported to be in good condition wi th onl y
a nominal amount of deteriorated concrete noted. However ,
the second periodic inspec t ion revealed significant
deterioration had occurred . In the transition area
cement paste had been disintegrated and eroded leaving
about 1 in. of aggregate exposed . The first 8 monoliths
downs tream of the trans it ion displayed 3/4 in. to 1 in.
of surface deterioration above the normal flow line and
became discontinuous in the following 3 monoliths being
generally limited to the crown area. When last observed
during the interim inspection the concrete deterioration
appeared to have become more extensive in depth and
extent , both laterally and longitudinally.

b. Clendening Tunnel. Cond itions similar to those noted in
the Piedmont Tunnel existed in Clendening except the
latter appeared to be in a more advanced state. During
the first periodic Inspection approximately 1/8 in. of
deteriorated concrete was detected in the crown area ,

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 3.
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e x t e n dIn g  7 monol i ths  dowiistream of the t r a n s i t i o n .  At
the second inspection the depths had increased as much as
1 to 1—1/4 in. above the flow line and the deterioration
had progressed to about 11 monoliths below the transition .
In the t r a n s i t i o n  area heavy aggregate exposure was ex-
hibited similar to that of the Piedmont Tunnel. Addi-
tional deterioration was apparent during the interim
inspection.

The p e r i o d i c  i n s p e c t i o n  r e p o r t s  c o n t a i n e d  p e t ro gr ap h i c  r e p o r t s  on samp le

m a t e r ia l s  t a k e n  f r o m  t h e  t u n n e l s .  These r e p o r t s  o f f e r e d  t h e  p o s t u l a t e

t h a t  a n a e r o b i c  b a c t e r ia l  a c t i o n  may be in p r o g r e sa , and t h e  s u l f i d e s  be ing

p r o du c e d  were react ing with t h e  c a lc i u m  compounds  in t h e  c o n c r e t e .

2 .  In  J u l y  1975 , t h e  C o n c r e te  L a b o r a t o ry  ( C L ) ,  U .  S. Army Eng inee r

W t t e r w a v i - i  E x p e r i m e n t  S t a t i o n  (W E S ) ,  wa s a d v i s e d  of t h e s e  problems and

r e q u e s t e d  t o  p e r f or m  condition surveys of these projects including

“stud ies and e v a l u i t  ions  n ec e s s a ry  to p r o v i d e  s u f f i c i e n t  gu idance  in

dev~~lop i n g  r emed ia l  r e p a i r  schemes , if n e c es sar y . ” D u r i n g  subsequent

communication Huntington I)istrict personnel requested that the CL deter-

m ine  i f  b a c t e r i a l  i c t  ion was caus ing  the pr oblem , and consider the pos—

s i b i l i t y  of isola ting and i d e n t i f y i n g  them .

Sc ope

3. A prelimin ary stud y of the periodic inspection reports and

o t h e r  avai labl e information on t he  projects ind icated problems of a u n i q u e

natur and dictated some deviation from the methodology developed over the

y e ar s  l. or various types of condition surveys. The program of investiga—

ti on 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?

e. What remedial measures are available and which of them are
feasible and applicable in this particular situation?

The testing program and means by which data were collected are as follows :

a. An extensive literature review into the cause , effec t , and

5 
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remcd ial measures concerning the mechanism of concre te
corrosion caused by su l fu r  bacteria .

b. Sampling at each site , including wa ter , de teriora tion
products , and concrete cores.

c. Tests for physical proper ties of concre te, charac teris tics
of deterioration products , water quality, and identifica-
tion of sulfate—reducing bacteria .

d. Obtaining pertinent data and information from Huntington
Dis t r i c t .

6
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p
P AR’! 1 1 :  LITE RA’I’ URE REV I EW ,

S U I F 1 I R  RAC I ER IA

4. Most of the literature addressing t h e  p r o b l e m  of d e t e r i o r a t i o n

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 Beardsley 1 observed , occurs mainly in warm

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

Descr iption and Life Cycle

5. Sulfur—reducing bacteria belong to the genus of bacteria that

obtain the energy for their life processes from the ox idation of some

element other than carbon , such as nitrogen , sulfur , or iron.
1 

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,
2 
are anaerobic . Another group takes the reduced

sulfur and oxidizes it back to sulfuric ac id . The genus Thiobacillus

is the sulfur bacteria which is most destruc t ive to concrete. It has a

remarkable toleranc e of acid . Concentrations of sulfuric ac id as great

as 5 percent do not completely inhibit their activity.

The Corrosion Process

6. Ri gdon and Beardsley’ and Forrester 3 de scr ibed the proces s of

corrosion of concrete by bac terial action in almost identical terms.

Sulfur bacteria are l ikely to be found wherever warmth , moisture , and

red uc ed compounds of sulfur are present. Certain conditions must pre-

vail before the sulfur bacteria can become established on the concrete

surface and begin the process of corrosion. Sufficient moisture must be

present to prevent the desiccation of the bacteria. There must be ade—

quate supp lies ~f hydrogen su lf ide , carbon dioxide, nit rogen compounds ,

and oxygen. In addition , soluble compounds of phosphorus , iron, and
o the r  t r a c e  e lements  must  be present  in the moi s tu re  f i l m .

7

‘I

_ _ _ _  
a



7. Newly mad e concrete has a strongly alkaline surface with a

pH of abou t 12. No species of sulfur bacteria can live in so alkaline

an environment. Therefore the concrete is temperarily free from bac-

t erially induced corrosion. Natural carbonation of the free lime by the

carbon dioxide in the air 3lowl y drops the pH of the concrete surface to

nine or less. At this level of alkalinity the sulfur bacteria Thiobacil-

lus th i~ p ar u s , using hydrogen sulfid e as a substrate , generate thiosul—

furic and polythionic ac id . 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 ac id , dropp ing

the pH to a level of two or less. The destructive mechanism in the cor-

rosion of the concrete is the decomposition of the calcium silicates and

aluminates in the cement paste by the sulfuric ac id .

Effects of the Corrosion Process

8. Reference 4 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 p ipes (some with protec t ive 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 totall y disappeared in 6 to 7 years. All this damage was attributed

to bacterial ac t ion of one type or other. Wood s5 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 identi-

fied as elemental sulfur); a water supp ly system in Kansas suddenly

became fouled with i ron deposits; delonizing equipment in Arizona became

ineff ective because of resin poisoning due to leaching of iron from the

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

8
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Remedial Measures

9. Parker
6 

outlined 17 ways in which the corrosion process may be

interrupted and result in the damage being halted .

Discharge_of suif ides

Eliminate trade wastes containing sulfides.

Hv~ ro~ en sulfide generation
a. Reduce the concentration of sulfates.

b . Partiall y purif y 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 .

~~~. Increase the rate of flow.

Emi ssion  of hy~~~~gen s u l f i d e

a. Reduce turbu l ence of flow.

b. Prec i pitat e hydrogen sulfide by adding heavy metal salts .

c. Add alkalies to reduce the undissociatod hydrogen sulfide.

d. Run sewer full , thereby eliminating atmosphere.

Rate of hydrogen sulfide
fixa ion on concrete

a. Ventilate to remove hydrogen sulfide and lower humidity.

b. Flush walls periodicall y above waterline to eliminate
environment of proliferation .

c. Use acid resistant concrete.

d. I)os&’ atmosphere with ammonia to neutralize ac id .

e. Provide protective lining for concrete.

9 
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PAR’I’ II I :  DESCRIPTION AND C O N D I T I O N

OF OUTLET TUNNELS

Descri pt_ion

10. The outlet tunnel at Piedmont Lake is 670.5 ft long, 10 ft in

diameter , and has a grade of 0.26 percent. The Clendening Lake tunnel

is 498 ft long, 8 ft 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

wide slot (Photograph 3). These rising inverts back water up in the

tunnels when operating at normal water release. The back—up water depth

is approximatel y 3 ft at Clendening and 4 ft at Piedmont . After the water

flows over the invert or through the slot , it passes through t h e  s tilling

basin and continues downstream (Photograph 4). About 50 percent of the

t ime , during a typ ical  year , water from the reservoir enters the tunn els

through siphons which function to maintain minimum pooi (approximately

34 ft of water) in the reservoirs. Although the si phoning usage is con-

trolled at higher elevations , the water drawn from the reservoir h~ t h e

siphons comes from very near the bottom .

Condition

11. The wat er in the stilling basins and in the streams at both

projects was of a pale blue color with a white foam floating on it

(Photographs 3 and 4). The lines of normal flow were clearl y discernible

by the water marks on the sides of the tunnels. About one—third of the

way into the tunnels the deterioration became evident above the norma l

flow lines (Photograph 5). In the vicinity of the gate—transition areas

the det erioration was more pronounced (Photograph 6). The conditions

inside the tunnels were very similar to those described by Parker6 when

relating to acid attack in concrete sewers.

12. Before access to the tunnels was granted (September), the

air inside was checked for methane , hydrogen su lfide, and other toxic

gases by personnel from the Mine Enforcement Safety Administration.

10
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Hydrogen sulfide gas was present at a level of f ive parts per million

in the air in Clendening 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

t unnel. However , operat ions personnel at both sites reported that during

July, August , and September a very strong hydrogen sulfide odor prevails.

Piedmont personnel reported that during this period the white—painted

signs near the tunnel por tal turn black , and that the black film disap-

pears in the fall when the odor subsides. Piedmont tunnel had 3 to 4 hr

to ventilate prior to measurements for toxic gas detection .

V
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PAR T I V :  SAMPLIN G, TESTS AND RESULTS , OTHER DATA

Samp l ing

Water samples

13 . Water samp les , deterioration products , and concrete cores were

taken from each tunnel In September 1975 to provide spec imens f o r  phys ica l

and chemical tests. Three water samples were taken from each tunnel. In

September 1975 , an um stabillzed sample for sulfate tests and a sample

stabilized with zinc acetate for sulfide tests were taken from each tun-

nel. In January 1976 , another sample was taken from each tunnel to test

for sulfate-reducing bacteria. This interim provided time for acquisition

of equipment and preparations for performing the tests. All water samples

were taken as near to the gates as possible in order to avoid contamina-

tion and aeration .

Deteriora t ion products

14. In September 1975 , two samples of deterioration products were

scraped from the roof of each tunnel in the severely damaged areas. One

samp le from each tunnel was returned to the laboratory as scraped from

the roof; the other was added to water containing zinc acetate.

Concrete cores

15. Two 4—in, d iameter conrrete cores were taken from each tunnel

in September 1975. One core came from near the longitudinal mid poi nt 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 up on the tunnel walls.

Tests and Results

Physical tests
16. Veloc ity measurements and unconfined compressive strength

tests were performed on the concrete cores returned to the CL in accord—

ance with CRD—C Sl—72~ and CRD—C 27—65.~ The results of the veloc it y

measurements and strength tests are given in Table 1. The average veloc-

ity and strength of the Piedmont cores were 15,180 f ps and 9,515 psi ,

i ~~~~~~~~~~~~~~~~~~~~~ ~~~~ .~~ _~~~~~~~~~~~~_ - 
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respectively, with very little variation between the upstream core (P—l)

and the midpoint core (P—2). There were two pieces of each core fr om
Clendening Tunnel. The average velocity and strength for the upstream

(C—i) cores were 15,105 f ps and 7 ,745 psi. The midpoint cores averaged

15,150 f ps and 6,245 psi. The Piedmont cores were considerably stronger

than those of Clendening, but the velocities were all very nearl y the same.

These data look generally normal and indicate no reason to suspect poor
concrete quality.

17. 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. The results are given in Table 2 along with locations

and path lengths. One velocity on pier No. 2, Piedmont , was low , but

this is prQbably caused by surface irregularities. The strength of the

concrete represented by velocities in Table 2 was probably 6,000 psi

and above.

18. Appropriate petrograp hic method s were used to test the concrete

cores and deterioration products from the tunnels. A complete petrographic

report is attached as Append ix A. It 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 repor t are:

a. The mechan ism of deterioration is not sulfate attack
because there was no ettringite present (a reaction
produc t of sulfate attack), and sulfa te attack would
be more widespread .

b. There are indications of some form of ac id 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 .

Chemical tests

19. Tests for sulfate content in the water of the two outlet

13
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tunnels using the turbid ime tric method 8 r evea led levels of 499 mg/~ at

Piedmont and 311 mg/p at Ciendening . Sulfides were shown by tests (228 A)9

to be present in Piedmont and Clendening waters in the amounts of 11.5 mg /2

and 7.2 mg/i , respectivel y. The test for sulfate—reducing bacteria , D

993_58 ,
8 
which entails growing the bacteria in a culture medium , was

positive for the Piedmont Lake sample. The samples were collected in

January, dur ing the mixing cycle of the lake , so it is not surprising that

the Clendening sample was negative.

Other Data
20. Huntington District furnished water quality data from samp les

taken over the years from various locations in Piedmont and Clendening

Lakes which included water temperature , 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/ i Reporting
Mean Max Mm Mean Max Mm 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.

** Maximum dep th  35 f t .

21. The fact that the overall thermal structure and d ynam ics of

some lakes undergo seasonal changes (as discussed by Reid),1° is rela-

t ivel y well known . During winter the temperature of the water is rela-

tively uniform from surface to bottom due to surface water becoming dense ,

moving to the bottom and displacing water which has become relativel y

warmer. During the summer this natural mixin g diminishes and any vertical

heat transfer must be accomp lished , mainl y, by wind action. 1° Thermal

stratification can develop, causing a therma l resistance to mixin g, which

ultimatel y can lead to the development of a thermocline . A thermocline

is defined as “the plane of max imum 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 .10 
In the

fal l , norma l mixing due to increased relative density of surface water

14
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starts to break down the stratification . When this occurs , vertical

cir ula t ion is restored , vertical temperature gradients diminish , and

d i s so l v e d  oxygen  becomes more evenly distributed from surface to bottom

o~ the lake . A rev iew of the water quality data indicates tha t seasonal

conditions similar to those just described exist at Piedmont and Clenden—

ing lakes.

22. Tables 3 and 4 give the temperature and dissolved oxygen pro-

files with water depth for Piedmont and Clendening lakes, respectivel y.

Jul y data for 1973 through 1976 are compared to show typical conditions

during the summer months at Piedmont. November 1973 and September 1976

data are given to show how conditions begin to change in the fall. Data

given f or Clendening Lake include days in August of 1974 , 1975 , and 1976 ,
and September 1976. The July 1976 and September 1976 data , Piedmont Lake,
are p lotted in Figures 1 and 3, respec tively. August 1976 data (no tab-

ulation ava ilable) are plotted in Figure 2. Clendening Lake data from

June , July, August , and September 1976 are plotted in Figures 4—7 .

These data were obtained from collection points in the deep parts of

the lakes near the dams, PES20002 at Piedmont , CLB20002 at Clendening,
and show that dissolved oxygen depletion occurs in the summer months at

depths of 20 to 22 ft and below at Piedmont,, and at dep ths of around

15 f t and below at Clendening Lake. Plots of data (Figures 3 and 7)

collect.~d in the early fall illustrate the return of uniform distribu-
tion of temperature and dissolved oxygen with depth due to natural cold—

weather mixing action. A study of all the data furnished by Huntington

- District indicates that dissolved oxygen dep let ion begins in Piedmont

Lake in early June and las ts into Sep tember , when stratification starts

to break down . There were insufficient data to determine when this .
~~

cycle starts at Clendening , but mixing action starts in September .

15
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PART V: DISCUSSION

Concrete Quality

23. The results of the 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 either deleterious materials 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 respec tive tunnels.

Water Quality

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

contribute to the deter ioration of the concrete in the outlet tunnels.

However , the sulfate levels of approximately 500 mg/f (Piedmont) and
300 mg/2 (Clendening) and sulfide levels of 11.5 mg/I. (Piedmont) and

7.2 mg/p (Clendening) are high and could lead to deterioration of envi—

ronmen al quality downstream. Some sources of sulfur compounds to

natu r a l  wa ter s are rocks , fer t ilizers, atmospher ic transpor t , and organic
wastes.

2 
The relat ive contributions of these sources vary with the

regional lithology , agricultural app lication of sulfate-containing

fertilizers , the proximity of atmospher ic sourceq , and the type of

industrial wastes dumped into inflowing streams . Paper—producing in-

dustries and stri p—m ining operations are common sources of sulfate—rich

by—pr oducts. A brief stud y of available information performed by the

water quality s taff , Huntington District , indicates that strip—m ining
operations are the ma jor contributors of sulfate to Piedmont Lake.

25. The high concentrations of hydrogen sulfide in Piedmont and
Clendening Lakes during the summer are apparently the result of the

decomposi tion of organic matter by bacterial metabolism. The summer

16
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strat ii icat ion of the  wa te r  and subsequent  depletion of dissolved oxygen

in the hypolimnion provide the required environment for the bacterial

reduction of sulfates and release of hydrogen sulfide. Stuiver U reports

tha t the rate of reduction of sulfates in anoxic regions , or regions

partly devoid of oxygen , is 10 t imes faster than in the fully aerobic

region . He also found tha t horizontal diffusion was sufficient to trans-

port sulfates to the surrounding sed iments , thereby providing organic

substrates for bacterial metabolism in the hypo limnion and sediments.

The sulfide is stored in the water and in the sed iment. During a 4—month

period , as much as 1 mg was stored per cm
2 
of sed iment in one pond . The

escape of hydrogen sulfide to the atmosphere by d if f usion or gas bubbl es

was very small.

26. With accumulations of hydrogen sulfide on and near the bottoms

of the lakes , i ll t h a t  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 norma l operation of the siphons and gates , since they

both draw water from near the bottom of the lakes. As the water enters

the tunnels t h e  turbulence causes hydrogen sulfide to be released into

the tunnel air and the corrosion process described in paragrap hs 6 and 7

begins. Factors that substantiate these postulations are:

- - a. Ac id water is not the deteriorating agent of the concrete.

b. The sulfate—rich , oxygen—free hypolimnion during summer
stratif ication provides the environment for bacterial
proll ferat ion .

C .  The sulfide contents of the water samples were very high.

d. The water entering the tunnels is drawn from the hypo—
l imnion where hydrogen sulfide is stored .

C .  Sulfate—reducin g bacteria were cultured and identified
fr om a samp le of Piedmont Lake water.

f .  The conditions in the tunnels are favorable for bacter ia
prolifera t ion and the damage in the tunnels is similar
to that described in the literature.

~~ . Ph ys ica l  t e s t s  show the intact concrete to be of good
quality, and also Indicate that ac id attack is the
deteriorat Ion mechanism.

17 
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PART V I :  REMEDIAL MEASURES

Long Range

27, The most desirable remed y would be one which would eliminate

the entire process. To accomplish th is, the high concentrations of sul—

tates in the lakes must be eliminated . Finding and/or el iminatin g the

sulfate source or sources may be impossible or i m p r ac t  i c a l , espt c iall y

if stri p mining operations are the major contributors. The next point

of interruption of the process is reducing or elim i nating the hydrogen

sulfide generation or oxidizing it by chemical treatment as it is gen-

erated . Dosing with chem icals can be costl y and problem atic. Of all

the possibilities , aeration or destratification seems to be the most

practical means of inhibiting hydrogen sulfide produc t ion in the

lakes.

28. Circulation and aeration by mechanical means is a common

method of increasing the use potential of lakes. The basic objective is ,
1~ 13usually, to improve the dissolved oxygen condit ions . ‘~~

‘ The two cate-

gories of aeration are total aeration and hypolimn etic aeration . Total

aera tion ef fec ts complete destratification and ~typolimnetic aeration
br ings deep water up for oxygenation and returns it without disrupting

therma l stratification. Other techniques used are deepening, dredg ing ,

drawdown and sediment consolidation, harvesting, etc. 12 There are , of

course , problems assoc iated with each techni que.

Immed iate

29. There are a variety of ways to Interrupt the concrete deteriora-

ti on process in the tunnels. Of those mentioned in paragraph 9, ventila-

tion and wall flushing seem to be the most practical and , probably , the

most economical. Ventilation could be accomplished by forc ing air through

the e n t i r e  lengths  of the tunne ls , or by ven t ing  wi th  a series of s h a f t s

bored through the crown , or both. Some experimentation would be necessary

to determine t h e  flow of air through the tunnel or the number of vents

18
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that would be required to effectivel y reduce the deterioration . The

effectiveness of flushing the walls to remove the substrates necessary

to sustain bacteria metabolism would also have to be investi gated .

30. Another measure that should be given serious consideration is

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

it seems tha t siphoning the water from Piedmont Lake from the upper 20 ft ,

and from Clendening Lake above 15 ft could possibl y eliminate the injec-

tion of hydrogen sulfide into the tunnels through the siphons . These
levels may change gradually during the summer , but period ic samp les o f

water could serve as a depth guide. Gate operation would still inject

sulfide , but minimal operation may reduce the sulfide to a harmless level.

It may be necessary to supplement shallow siphoning with some degree of

ventilation .

31. The measures outlined in the two preceding paragraphs may

serve to decrease the effects of the corrosive process in the tunnels ,

hut the causative factors will remain in the lakes if remedial measures

are not imp lemented . The sulfate and sulfide concentrations will remain

high , and the semiannual periods of dissolved oxygen depletion caused by

thermal stratification will continue. Althoug h an overall oxygenation

problem may never arise , the potential for injecting water with high

sulfate—sulfide contents into the fresh—water stream will remain.
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PART V II : CONCLUSIoN S AND RECOMMENDATIONS

32. After an evaluation of the summation of test results and other

accumulated d a t a  and inf ormation pertaining to this Investigation , it is

concli~ded 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 )rocess starts with the production , by bact eria , of hydrogen sulfide

f c r w~ 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 turbulenc e of the water. The hydrogen sulfide collects in the crown

of the t unne l in concentrated amounts for some distance down the tunnel ,

is oxidized into sulfuric acid by concretivorus bacteria , and the con-

stituents of the cement paste are decomposed by the acid . Physical

mechanisms such as freezing and thawing and hydraulic washing probabl y

aid the corrosive process.

33. It is reconinended that remedial measures such as ventilation ,

flushing , or raising siphon intakes be implemented as soon as determina-

tions have been made concerning the applicability of each measure to the

problem . Considering the emphasis placed on energy conservation and

increased pi ~ductiv 1ty within most energy sources , It seems unlikel y that

strip—miming operations will cease or diminish in the near future. There-

f ore , if stri p—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 .

34. Because of its subtle nature , th is type of problem co u ld go
undetected for many years. For this reason , and because of the potential

impac t on strucutral integrity and environmental cons iderations , it seems

appropriate to point out that there may be other structures deteriorating

that have gone undetected . Rigdon and Beardsley1 observed that most sewers

in the southern United States meet the conditions for bacteria prolifera-

t ion. The results of this investigation indicate that this problem is not

necessaril y restricted to certain structures or regions.

20

a
—.--— -

~~~
=-=— ------ . . - .

- .—~~~~~~~~ 
, . - - - 

~~~~~~~~~~~~~~~~~~~~~ 
- - - — --—-————.-- 

~~~~~~~~~~~~~~



- - .  - -

REFERENCES

1. Rigdon . J. H. , and Beard slev , C. W . , “Corrosion of Concrete by
Autotrop hes ,” Corrosion — Nat iona l Association of Corrosion
Engineers, Vol 14, Apr 1958, p 60 .

2. Wetzel , R. C., Limnology, W. B. Saunders Company, Ph i lad elp hia ,
London , Toronto , 1975 , p 271.

3. Forrester , J. A. , An Example of Concrete Corrosion Induced by Su].phur
Bacteria in a Sewer, Technical Report No. TRA/320, Cement and
Concrete Association , 52 Grosv enor Gardens , London SW1 , Jul 1959.

4. A pp leton , B., “Acid Test for Middle East Drain Brains ,” New Civil
Engineer, 19 Feb 1976.

5. Woods , C. A. , “Bacter ia: Friend s or Foes? ,” Chemical Engineering,
5 Mar 1973.

6. Parker , C. D. , Mechanics of Corrosion of Concrete Sewers by Hydrog~~
Sulfide , presented at a conference of Australian sewerage authorities ,
Melbourne , Australia , 28—30 Nov 1950.

7. U. S. Army Engineer Waterways Experiment Station , CE , Handbook for
concrete and Cement, with quarterl y supp lemen t s , Vicksbu rg , Miss.,
Aug 1949.

8. ASTM Manual on Industrial Water and Industrial Waste Water , 2d ed.,
American Society for Testing and Materials , Ph iladel phia , Pa., 1966.

9. American Public Health Association , Standard Methods for Examination
of Water and Wastewater, 13th ed ., Washington , D. C., 1971 .

10. Reid , C. K. , Ecology of Inland Waters and Estuaries , Van Nostrand
Reinhold Co., New York , Cincinnati , Toronto , London , Melbourne ,
1961 , p 110.

11. Stuiver , M ., The Sulphur Cycle in Lake Wa ters du r ing Therma l
Stratification , Geochim , Cosmochim., 1967 , Act a , 31 :2151—21 67.

12. Survey of Lake Rehabilitation Techniques and Experiences, Technical
Bulletin No. 75 , Depar tment of Natu ral Reso urces , Madison , Wis.,
1974 , p 18.

13. A e r a t i o n  as a Lake Management Techni que, Techn ica l  B u l l e t i n  No. 87 ,
Wisconsin Depar tment  of N a t u r a l  Resources , Madison , W i s . ,  1975.

21

- —~~~~~,.-.. ~~~~ . --.... 
- 

.. . - - — -  .



Table 1

P iedmont _-_C l e n d en f n &  Lakes
Results of LaboratorL Tests  f o r

Pulse Velocity and Compressive Stren~ th
of Concrete Cores

Compressive
Core No. 

- -  
Ve1oc

~~~~Lj~~ Strength , psi

P—l 15,235 9 ,550

P—2 9,480

Average 15 ,180 9,515

C—l (top) 15,060 7 ,490
C—l (bottom) 

____

Average 15,105 7 ,745

C—2 (top) 14,660 6 ,330
C—2 (bottom) 15,635 ~ j60

Average 15 ,150 6 ,245

________________________ _________________ ________ — _______ 
a
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Table 2

P iedmont  - Cl e ~~~~~~~ Lakes

H1 so it s of se Veloc ty~ M easu r e m e nt s on_P i er s

Pier Path Length Velocity Average Pier
No. Read in~ Location * ft ~ps V e locit y, fps

Piedmont_ Lak e
1 6 f t  u p s t r e a m  f r o m  nose 2 . 9  15 , 185 15 150

10 f t u p s t r e a m  f r o m  nose 2 . 1  15 , 110

2 2 f t u p s t r e a m  f r o m  nose 2 . 4  14 ,460 
1 3 9 ) 0

2 6 f t  u p s t r e a m  f r o m  nose 1 .4  13 , 335

3 6 f t  u p s t r e a m  f r o m  nose 2 . 9  15 , 590 15 1 0
3 10 f t u p s t r e a m  f r o m  nose 2 . 1  14 , 685 ‘

Cli’ndening Lake
1 4 ft upst ream f r o m  nose 3 . 2  15 , 460 

15 l h M
1 7 f t u p s t r e a m  f r o m  nose 2 . 2  14 , 865

2 4 ft ups t r e a m  f r o m  nose 3 . 2  13 , 975 
U 3 02 7 f t upstream from nose 2.2 14,665

* All reading locations were 4 ft from the f loor , verticall y.

.
~~~~~~ ________ _______ 
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T a b l e  ~3

Piedmont Lake l’empera t ore

and Dissolved Oxy~ en I ) a t ; i

Water Depth Tempera t  ore I) i ssolved ox;gen
ft 

- 
deg C 

-~~ g/

- -

0 27.0

5 26.9 8.6

10 25.8

15 2 5 . 3  7 . 2

20 2 3 . 8  0 .4

25 19.0 0 . 2

- - ________  
10 Ju ly 1974

O 28.0 9.6

10 2 4 . 9  11.4

20 21.0 3.8

30 15 .1 0.1

______—-______ 
13 July 1975 

_____ ______

0 26.5 10.3

5 26.1 10.7

10 2 5 . 9  1( 3 .6

15 25.5 q .8

17 23.5 5.0

20 2’ .]

22 20.1 0.1

25 17.0 0.1

27 1,.5 0.1

3() 1 f . 3  0 .1

(Co nt t iua~~i )

—
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Table 3 (Continued )

Water Depth Temperature Dissolved Oxygen

- 
f t  

-- 
mg/  

—

-~~~~~~~ _____ 
15 ~J u l y 197 6 _______ -

0 2 5 . 2  8 .0

2 25.1 8.1
4 24.9 8.2

6 24.1 8.0

8 23.8 7.7

10 23 .7 7 .6

12 2 3 . 5  7 . 4

14 2 3 . 4  7 . 2

16 23.2 6.9

18 23 .0 6 .8

20 22.4 5.6

22 20.4 0.3

24 18.7 0.3
26 16.9 0.3

29 November 1973

0 8.8 11.0

5 9.1 10.6

10 9 . 2  10 .4

15 9 . 5  1 0 . 2

20 9.4 10.0

- — 
22 Sep~ enber 1~ _ _ _~~~~~~~~_

0 20.3 7.0

2 20.3 7.0

4 20. 3 7 . 0

6 20.13 7.0

8 20.2 7.0

10 20.1 7.0

(Cont  inued )
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Table  3 (Conc l u d e d)

Water Depth Temperature Dissolved Oxygen

— 
ft deI~~~~~ 

m g/ I

22 September 1976 (Continued) 
_________

12 20 .1  7 . 0

14 20 .0  7 . 0

16 20.0 6.9

18 20.0 6.8

20 20 .0  6 . 5

22 20.0 6.2

24 19 .7 6 .6

—-‘— —-. -— - - — 
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Tabl e 4

C1endcni~~ Lake Ten~perature

and I)iss Ived 0~ygen I)ata

W a t t  r Depth Tempera ture 1) is sd V el O xy g e n

- 
f t  d e~~ C’ 

- 

- 
2O Au~~~st 1914 

O 29.5 10.8

5 25.8 12.7

10 2 4 . 4  5. 8

15 23 .0 0.2

20 20.4 0.2

30 16.7 0.2

34 14. 8 0 . 2

Au~ u s t  1975 
- __________-

0 25 .7 9.5

2 24.9 9.9

5 .4.8 9.3

24.7 9.1

10 24.3 4.7

12 2 4 . 0  0 . 7

15 22 .2 0 .0

17 20.8 0.0

20 19.0 0.0

22 17.1 0.0

25 16.0 0.0

27 14.8 0.0

30 13.8 0.0

32 13.4 0.0

35 13.3 0.0

18 August 1976 -

0 25.5 8.4

2 25.5  8.4

(Continued)
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Table 4 (Continued )

Water i)ept It T emper at  u re  1) i ssol ved Oxygen 

18 August 1976 (Continued ) 
- - -

4 25 .1  8 .4

6 24.9 8.6

8 23.3 8.0

10 2 2 . 9  3 .6

12 2 2 . 6  1 .9

14 2 2 . 5  0.8

16 2 2 . 2  0 . 5

1M 21.9 0.4

20 21. 5 0.4

22 20 .9  0 . 3

24 20.4 0.3

26 2 0 .0  0 . 3

28 19.4  0 . 3

30 17.6 0.3

32 16.5 0 . 3  

0 19.9 3.3

2 20.0 3.2

4 20.0 3.2

6 20.0 3 .2

8 20.0 3 . 2

10 20.0 3.2

12 20.0 3.2

14 20.0 3.2

16 20.0 3.2

18 20.0 3.2

20 20.0 3.0

2 2  20.0 3.0

t 
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Table 4 (Conclud ed)

Water Depth Temperature Dissolved Oxygen
f t de ,g C m g / I . 

--

2 Se~~t ember 1976 (Continued) -

24 20.0 2.9

26 19.8 2 .2

28 19 .0 0 .5

30 17.6 0.4

32 16.8 0.4
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Figure 1. Piedmont Lake , 15 Ju ly 1976

TEh~PERA T URE , C
30 40 50

~~~2O —

3 0 —  —

LEGEND

D—C DISSOLVED OXYGEN

0-— .O TEUPERAT URE

40 I I I I
O 5 0 5 ~0 25

DISSOLVED OXYGEN~ rn,/1

Figure 2. Piedmont Lake , 19 August 1976

____ _______ — a
- - -

~ 

- - -~~ - - ~~—~~~~~~ - - - - r ~~~~~~a~~~~—-——- - --  -______ - - 
-‘ ~~~~v



- - - -

TEUPERA TURE~ C
10 20 30 40 50

1 0 —  —

I-

~~2 O -  -

3 0 —  —

LEG (NO

O—O DISSOLVED OXYGEN

O-— -O TEMPERATURE

40 I I I I
0 5 10 IS 20 25

DISSOLVED OXYGEN ~ rn9/!
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w i t h  t h e  C l en d e n i n g  cores . A l l  ‘if the cores we re 4 i n .  in d i a m e t e r ;  t hey
wi -r i ’  t a k e n  a t  or be low t h e  u s u a l  w a t e r l  i n c  i n  t h e  t u n n e l s .

le st ,pruic edure

4 A fter the cores were logged , the end s were sawed off to facilitate
compress ive strength and velocity tests.

S. The cores and the soft deteriorated concrete’ were examined with a
St ereomicroscope.

I . I h i ’ Op p o s i t e  end n i e c e s  of each core were crushed and blend ed to
t n r~~ ide  i c o m p o s i t e  sam p le of each c o r e,  These ’ sam p l es  were  t h e n  separa ted

‘~~er a ISO pm (No . 100) s i e v e .

7 . t h e -  sof t , d e t e r i o r a t e d  sam p les  were  a l l o w e d  to  d ry  and were then
s ep a r a t e d  over a 150 pm s i e v e .  The i n t e n t  of s e p a r a t i n g  these  samp l e s
and t h e  crushed concret e cores over t h e  150 pm s i e v e  i s  to o b t a i n  a
c o n c e n t r a t e  of c~~iient pas te  in the  m a t e r i a l  p a s s i n g  the  150 pm s i e v e .

S. l ;i ch  of t h e  samp l e s  f i n e r  t h an  the 150 pm (No . 100) s ieve  was  ground
to  pass t h e  45 urn (No . 325) sieve; the resulting powd ers w e r e  t h e n  X -r ay e d
as t i g h t l y - p a c k e d  powders in a barium hydroxide-satura ted nitrogen atmos-
phere to prevent carbonation of the cement paste.

9. All X-ray patterns were made with an X-ray diffractometer using
nickel-fil tered copper radiation .

10 . Small portions of each powdered samp le were p laced in dilut e hydro
chloric acid (H C 1)  to see whether soluble effervescent carbonates were
presen t.

Results and discussion

11 . Apparently in tac t concret e. The composition of the blended material
from each end of each of the four cores is similar. Except for the presenc e
of a small amount of gypsum , this composition is a normal one for the
crys talline components of concrete. The presence of gypsum indicates in
a l l probability tha t it formed as a reaction product between su l furic acid
and calcium hydroxide in the core near the tunnel. The composition is
shown below by groups:

Hydra ted Cement Aggregate Reaction Product
Constituents Constituents with 112S014

E t t r i n g i t e  ~~ a r tz  Gypsum
Calcium hydroxide Plag i oclase and

potass jun
f e l d sp ar s

C a l c i t e
Do I om i t e
M i c a
K a o l i n i t e  c l a y

AZ

~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - 
-
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N o residual unhydrated cement was detected by X-ray diffrac tion in the
concre te cores from Piedmont Lake. There appears to he a small amount
of unhvdrated c ; Ilciiil n alwninoferrite , a cement constituent , in the con-
cre t e cores from Clenden ing Lake .

12 Soft, deteriorated concrete. Both samples are similar; they are
composed of gypsum and quartz and a trace of mica.

3 it is apparent tha t the original cement constituents have been re-
placed by gypsum in the sof t , deteriorated concrete and t ha t  this conver-
sion is mos t pronounced in concrete above the waterline in the tunnels.
ih e  change from intact to deteriorated concrete does not suggest  the
mechanism of su l fate attack for two reasons. First , the reaction product
should be ettrin gite rather than gyp sum if it were su l fate attack.
St-cur-idl y , the reac t ion wou ld probabl y he widespread rather than localized
if i t  were su l fate attack.

14 , The chang e does indicate some form of acid attack sinc e the acid
soluble carbonates in the aggrci~ate ( c a i c  ite , dolom ite) are missing in
the deteriorated concrete . T h i s  w a s  d e f i n i t e ly  shown by p lacing small
amount s of t h e se  samp les in n~ i l u tc hydrochloric acid . Attack by acid
water is riot indicated sinc e the deterioration is above the waterline.
The phi of the wat er from both tunnels is 7 .1 which also shows that the
water is riot acid. Therefore , the mod e of occurrence and the composition
of the reaction produc t s ’ i p p c s t  that the deterioration resulted from att-i:k
by sulfur i c acid. l’ resumab iv t h e  o r i g i n a l  step was the action of anaerobic
bacteria he-low the w at e r l i n e  forming 1( ,S gas in the tunnels. The emergence
of the gas at the water su i i -face and it~ subsequent a l tera t ion to su l f u r i c
In. id by ;uutotrop ic bac t eri a mak es the att ack possible . The presence of
about 5( 1(1 and 300 ppm of su l fates in the tunnel water at Clendening and
Piedmon t Lakes , respec t ivel y, shows that there is an original supp l y of
sulfur to make this a feasible re-action .

1 5 ‘hhe ri’p uu rt by  ACI Committee 515
2 prov ides  genera l  gu idance  on m a t e r i a l s

to use to protect concrete against var ious kind s of chemical attack.
Specific comments abou t possible remedial action to stop this deterioration
wil l  he discussed in the overall report .

1
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