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This report sunrnarizes an investigation of problems related to water 
intrusion in underground str\!ctures of the Washington Metropolitan Area 
Transit Authority. Design and construction of the system has beer. evolving 
continuously since 1966 and has included a mmt>er of innovative features as 
well as certain special problems related to control of leaking water. The 
assignment was to investigate four topics of water intrusion: (1) the build
up of hydrostatic pressures and measures for pressure relief; (2) waterproof
ing procedures in the Metro system ar.d their effectiveness; (3) the special 
problem of calcification due to precipitation of carbonates in the drainage 
system of rock tunnels; and ( 4) special difficulties with the intrusion 0f 
acid water in Coastal Plain deposits. The assignment included contacting 
othe:- rapid transit agencies to evaluate their methods of treating water 
intrusion. A field test of waterproofing compounds was performed at Dupont 
Circle and Rosslyn Stations to evaluate the possible effect of sealing of 
drains in those stations by calcarecus precipitates. Studies of the effect 
of buildup of water pressures indicated little possibility of significant 
stress increase in the rock station structural lining. An on-going inve~ti
gation of the effect of acid water intrusion disclosed the abatement of these 
problems by a natural process of grounC.....ater flushing. 

17, It~ ..... 

Groundwater Control Rail Transit Document available to the Public through 
Transit TUnnels National Technical Information Service 

I 
I 

I 
I 
I 

waterproofing ~IS), Springfield, Virginia 22161. 

~~H=y=dr~o~s~ta~t~l~·c~P~r~es=s=ur~e-s----~~~~~~~~..-..~-----t-el~e~p~hon~e~7~0-3_1_48~7~-4~6-5_o-r.~~~ 
I 19. Me."'• Ci .. aol. let ••• -·• ..., k Ci 1 1 • ~· -· _... • ... I,. ..... ..... ... ..... •• ...... ll. , .... (N!IS) 

Unclaasified tlnclauified 
163 

Fena DOT F 1700.7 ta-121 



... 
> z 
Cl 
u 
u 
c ... ... 
a 

'a 

t -
• 
i ! 
• • i .. 
i • a -• • ~ .1: = . ~ : : ... -.. 
"3 • ... 
; 
• I 

u I 
• • i : 
;:; I 
~ ~ 
• • . .: 
c • 

'i .. 
! .. 

!:::: 

1 ·s 1 1 J 

j .. J 
!1 
iii I 

. . I 
ill 

J 

•• !fl 

I . 1 t 
Jtilll 

· i I 
IJiltt 

1---~1~1 

i • 

. . 

11 I 
fl 
! 

.. J-
: -A 
~ ~I • -.. • .. .. 

.. ; -~ . i 

0 
! 

0 • 

0 • 

''T'fT'' ''T'fT'' ''T'fT'' ''T'TT''I"T'rT'' ''TT'T'' '1'1''T''I''' '''l''rT'' '1T1'j"T1
' 

• I , • I. . J I ' -

.. • : • • • 
I • • 
~ 

I 
i 
1.1 

s 
1 • 
! 
c 

"I • ! .. 

1 -. -
z 

f 
:II 

I .. 
I .. 

l -

• ... .. • --

ii· 
II. J 
i! L 

"' "'!"' :-a•-

••"ll 

c 

i .. ,. 
•I • v i .... 

IiI i1 

l1tt 
IIlli 

i .... i,-. 

.. .. 
c • 

-~-

I. 
!II 

... ••• 

.I 
.. I I 
iii-

I • 

111----~li ,u 

. . 



TABLES OF CONTENTS 

CHAPTER 

1: INTRODUCTION AND BACKGROUND •.•..•....•.•.....•.............. 

PAGE 

1-1 

1.1 Contract Provisions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-1 

1. 2 Methods Employed in this Study............................ 1-4 

1.3 Geological Setting .....•.............••••.........•....... 1-5 

2: WATER INTRUSION PREVENTION. . • . . . . . • . • . • • . • . . . . . . . . . . . . . . . . . . 2 •1 

2.1 Significance of Water Intrusion in Transit Tunnels ........ 2-1 

2.2 General Experience with Tunnel Leakage.: ...•..•........... 2-2 

2.3 Factors Influencing Tunnel Lining Permeability ............ 2-4 

2.4 Cracking of Concrete Lining ............................... 2-S 

2.5 General Waterproofing Methods .••.•.••..................... 2-8 

2.5.1 Crystallizing Capillary Compounds ...•.................. 2-9 

2.5.2 Grouting for Crack Sealing ............................. 2-11 

2.5.3 Membrane Waterproofing Systems •............•........... 2-11 

2.6 Leakage to WMATA Rock Stations ............................ 2-14 

2.6.1 Dupont Circle Station .................................. 2-16 

2.6.2 Woodley Park-Zoo Station ............................... 2-16 

2.6.3 Cleveland Park Station ................................. 2-17 

2.6.4 Van Ness Station ....................................... 2-18 

2.6.5 Rosslyn Station ........................................ 2-18 

2.6.6 Conclusion on Leakage to Rock Stations ................. 2-19 

3: HYDROSTATIC PRESSURES AND PRESSURE RELIEF ................... 3-1 

3.1 Introduction .............................................. 3-1 

3.2 Hydrostatic Pressures in WMATA Designs .................... 3-2 

i 



3.3 Analysis of Hydrostatic Pressure Effects on Horseshoe 
Tunne 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-6 

3.4 Analysis of Hydrostatic Pressure Effects on Rock Stations. 3-7 

3.5 Relation of Tunnel Leakage and Water Pressures ............ 3-10 

3.6 Influence of Crack Width on Concrete Permeability ......... 3-13 

3.7 NATM Drainage and Water Pressure Resistance ............... 3-13 

4: CALCIFICATION, CAUSE AND EFFECT .•....••.....•............... 4-1 

4.1 Background of the Calcification Problem .•................. 4-1 

4.2 Experience of Other System ...........•.••...•............. 4-3 

4.2.1 META Porter Square Station ............................. 4-3 

4.2.2 Baltimore Subway Procedures ..........• ~ ................ 4-3 

4.3 The Calcification Process •................................ 4-6 

4. 3.1 Arn.bric Investigation ................................... 4-6 

4.3.2 Evaluation by US Geological Survey ..................... 4-6 

4.3.3 Studies for ftm.CE ........ ............................... 4-7 

4.4 Field Test of Waterproofing Compounds ............•........ 4-8 

4.4.1 Dupont Circle Station Test ............................. 4-11 

4.4.2 Rosslyn Station Test ................................... 4-13 

4.5 Conclusions on the Calcification Process .................. 4-15 

5: ACID WATER INTRUSION, CAUSE AND EFFECT ...................... 5-1 

5.1 Background of the Problem ................................. 5-1 

5. 2 Chronology of Investigations .............................. 5-3 

5.3 Mechanism of Acidic Water Production ...........••......... 5-5 

5.3.1 Acid Mine Waste ........................................ 5-5 

5.3.2 Carrucio-Geidel Studies ..................•.•........... 5-6 

5.3.3 Foss-Wagner Studies .................................... 5-7 

5.4 MRCE Studies of Acid Intrusion .............................. 5-B 

5.4.1 Experience in Mining Section G002 •••••...••••••••••.••. 5-10 

ii 



5.4.2 Causes of Acid Water Intrusion •••.•..•.•............... 5-11 

5.4.3 Structural Effects •.•...•..•...•••••••..••..••••.•..... 5-16 

5.5 Conclusions on Acid Water Intrusion •.••••.....•..••••..... 5-19 

6: CONTACTS WITH OTHER RAPID TRANSIT SYSTEMS •.•••••.••••.•..... 6-1 

6.1 Purpose and Background .....••.••.••••••••.••.............. 6-1 

6.2 New York City Transit Authority •••••••••••••......•....... 6-1 

6.2.1 Investigations ......................................... 6-l 

6.2.2 General Conditions ..................................... 6-2 

6.2.3 Lenox Avenue Subway Reconstruction.~··················· 6-2 

6.2.4 Conclusions on NYCTA Problems ......•••.......•......... 6-5 

6.3 London Transport Subway System ....•..••................... 6-6 

6.3.1 Investigations .........••......•....................... 6-6 

6.3.2 

6. 3. 3 

6.3.4 

6. 3. 5 

General Features of the London Subway ••••.............. 6-6 

Modern Cut and Cover Construction •••••....•.....•.•... 6-7 

Subway Extension to Heathrow ..•••.•.•••................ 6-8 

Heathrow Airport Loop Track............................ 6-9 

6. 3 . 6 Mined Tube Sections. . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . 6-10 

6.3.7 Conclusions on London Transport Experience ............. 6-11 

7: SUl1fttARY AND CONCLUSIONS. . . . . . . . • . . . • • . . • • . . . . . . . . . . . . . . . . . . . 7-1 

7.1 Introduction .............................................. 7-1 

7. 2 Water Intrusion Prevention •.•.....•.........•............. 7-1 

7.3 Hydrostatic Pressures and Pressure Relief ................ 7-3 

7.4 Calcification Cause and Effect ............................ 7-6 

7. 5 Acid Water Inflow ......................................... 7-7 

7. 6 Experience of Other Systems ....................•.......... 7-10 

REF:E:R.E!r{CES • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • R -1 

iii 



LIST OF ILLUSTRATIONS 

DRAWING NUMBER AND TITLE PAGE 

1-1 Geology of Central Washington Metro •••••••••••.•.....• 1-8 

2-1 Experience of Tunnel Leakage ...••.•.•••.•.•........... 2-22 

2-2 Illustration of Tunnel Leakage ••••••••••••••.••••.•••• 2-23 

2-3 Components of Tunnel Lining Cracks o•••geoo•••••······· 2-24 

2-4 NATM Waterproofing and Drainaoe •••••••••••..••.•..••.. 2-25 

2-5 Dupont Circle Station .•••••••••••••••••••••••••.•..•.• 2-26 

2-6 Woodley Park- Zoo Station .•••..•••••••••.•••••...•... 2-27 

2-7 Cleveland Park Station •.••...•••••••••••.••.••••...... 2-28 

2-8 Van Ness Station .•.••.•..••••.•••••..••••...•••••...•. 2-29 

2-9 Rosslyn Station ....................................... 2-30 

2-10 Suggested Collar for Penetrating Shaft ••.••..•••...... 2-31 

3-1 Observed Drawdown Around Rock Tunnels •••...••••......• 3-17 

3-2 Effect of Drainage on Hydrostatic Pressure •..•........ 3-18 

3-3 Effect of Pressures on Horseshoe Tunnel •••..••••...... 3-19 

3-4 Cross Section of Typical Station in Rock .•............ 3-20 

3-5 Flow to a Leaky Tunnel Liner ......•.•................. 3-21 

3-6 Tunnel Leakage and Head vs.Kmfrl .•..•••.....•........ 3-22 

3-7 Crack Width vs. Liner Permeability 3-23 

4-1 Rosslyn Station Waterproofing Test 4-20 

4-2 Rosslyn Station, Layout of Waterproofing Test Panels 4-21 

4-3 Dupont Circle Station, Layout of Waterproofing 
Test Panels ........................................... · 4-22 

5-1 Mechanics of Acid Production .......................... 5-23 

5-2 Cross Section, G002 Running Tunnels ...•............... 5-24 

5-3 Profile of Conditions, G002 Acidic Inflow ............. 5-25 

5-4 Chronology of G002 Acid Inflow •....................... 5-26 

iv 

f 



PAGE 

5-5 Addison Route G002 Acid Water Intrusion .....•......... 5-27 

5-6 (1) Concrete Test Core, (2) Packer for Water Sample ... 5-28 

5-7 G002-pH vs. Stations 5-29 

5-8 G002-pH vs. Stations and Soil Types •••..••...•........ 5-30 

5-9 G002-pH vs. Stations and Voids and Seeps .•..•......... 5-31 

5-10 G002-pH vs. Stations and Grout Types .................. 5-32 

5-11 GQ02-pH vs. Speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-33 

5-12 G002-pH vs. Speed and Soil Types . . . . . . . . . . . . . . . . . . . . . . 5-34 

5-13 G002-pH vs. Speed and Voids and Seeps . ................ 5-35 

5-14 G002-pH vs. Speed and Grout Type . ..................... 5-36 

6-1 Sections of NYCTA Lenox Avenue Subway ................. 6-15 

LIST OP' TABLES 

TABLE NUMBER AND TITLE 

1, Subconsultants and Contractors ............................. 1-7 

2, Tunnel Leakage Case Histories .............................. 2-21 

3, Chronology of Work for Field Tests in Dupont Circle and 
Rosslyn Stations ........................................... 4-19 

4, Chronology Relating to Section G002 Acid Water Problem .. ." .. 5-22 

NOTE: Tables and drawings are placed in each chapter 

following the text of that chapter with tables leading 

the drawings. Tables and drawings are assigned page 

numbers in the chapter in sequence following the text. 

Page numbers are noted on the drawings at the bottom of 

the drawing and left of the title block. 

v 



.. . .a.:.;.-., • • .£. J• • -II.... .. _ __.. ..... - . .,... .. ,...: 

-- --- I- • • "' 
...... ---..,.-'!"--_...-- ·-.,..-.- L~-~ •. .l-.--a.:- .- ... ·. ,...A-:-·.:,.._ •• ,..,. ••• - .... ---· -



PREFACE 

A study of water-related problems at the Washington 

Metropolitan Area Transit Authority (WMATA) under an Urban Mass 

Transportation Administration ( UMTA) Technica 1 Assistance grant 

(DC-06-0374) commenced in January 1983 with Mueser Rutledge 

Consulting Engineers (MRCE) 

given WMATA designation No. 

as subcontractor. This study was 

Tl7908 and constitutes Modification 

No. 1 to MRCE contract No. 3Z72SU for general soil ccr:sulti:-:g 

services to WMATA for fiscal year 1982-3. It has been assigned 

the MRCE Job No. 5634 and that appears as the identification 

number on illustrations in this report. The work has continued 

in stages from January 1983 with active field work at intervals 

and submittals of summaries at various times. In a meeting of 

Feb. 9, 1984 which included UMTA project management, W1'1ATA and 

MRCE representatives, the activities to that date w~re 

su~~arized. The study focused on water intrusion problems 

experienced by WMATA in certain portions of its system. Most of 

these problems are site-specific, specialized and local. Some 

port ions of this study have wider implications to other rapid 

transit systems. A limited survey was also made of the 

experience of several other transit agencies. In this respect 

the study somewhat parallels other recent UMTA studies of seepage 

control in underground transit structures. 

The active portion of the study was divided into four areas: 

Vi 



1. Water intrusion prevention; 

2. Hydrostatic pressures and pressure relief; 

3. Calcification, causes and effects; 

4. Acid water, causes and effects. 

These tasks utilized a number of specialist subconsultants 

plus a field test concerning calcification and hydrostatic 

pressure relief in two of WMATA's older rock stations. The 

purpose of the study was essentially problem solving, based on 

field observations and gathering of site information. While this 

study w i 11 by no means settle the general problems of subway 

leakage, certain specific difficulties encountered in the WMATA 

system are clarified and information of interest to other rapid 

transit properties has been obtained. 

A number of WMATA staff members assisted MRCE in the 

investigation, a list too extensive to detail here. Mr. L.H. 

Heflin was Project Manager for Wl'1ATA. Those who were 

particularly helpful in the Wl'1ATA Department of Design, 

Construction and Facilities Maintenance include the following: 

Office of Engineering and Architecture: 

Larry H. Heflin, Design Manager/Senior Geotechnical 

Engineer. 

Office of Construction: 

Carl G. Bock, Senior Geologist/Geotechnical Engineer; 

John Rudolf, Chief Civil/Structural Engineer. 
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Office of Facilities Maintenance: 

Timothy L. Reed, Assistant Superintendent, Track and 

Structures. 

Personnel of the General Engineering Consultant (GEC, DeLeuw 

Cather and Co.) who assisted include Messrs. Charles w. 

Daugherty, Engineering Geologist, and Mohammed Irshad, Chief 

Structural Engineer of the GEC subway project staff. Messrs 

Daugherty and Bock as active engineering geologists on :he 

project over many years, were res pons ibl e for recogni z i r.g c.nd 

elucidating certain of the water intrusion problems. Da:a 

collected and collated by them has been utilized extensively ir. 

the MRCE study. 

Of particular assistance in providing information on their 

own experiences with tunnel leakage were Mr. Joseph P. Welsh of 

GKN Hayward Baker Co. and Mr. Henry A. Russe.ll of Parsons, 

Brinckerhoff, Quade & Douglas, Inc. 

Personnel of Mueser Rutledge Consulting Engineers (formerly 

Mueser Rutledge Johnston and DeSimone) who participated include: 

James P. Gould, Partner-in-Charge; 

Arthur M. Mayes, Resident Project Engineer; 

Sergio L. Tello, Head of Office Engineering for Project; 

Karl Westermann, Assistant Project Engineer; 

Joseph Vigilante, Field Engineer. 
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I 

The report is presented in two volumes. The first is the 

text with illustrations, followed by a list of references. This 

is intended to be complete and to stand alone. Detailed 

memoranda and reports by MRCE personnel relating to inspections 

and field operations are assembled in an Appendix volume intended 

for limited printing and distribution. Also included in that 

volume are the reports by subconsultants to MRCE. 

iX 



CHAPTER 1: INTRODUCTION AND BACKGROUND 

1.1 Contract Provisions 

This study was initiated by a WMATA proposal to UMTA, dated 

October 15, 1980. The proposed work was summarized as follows: 

•A. PROJECT SUMMARY 

This project will consist of a series of studies which ~ill 
investigate and provide solutions to a number of stru~t~ral 
problems occurring within Metro tunnels. These studies 
which are to be undertaken within this project are: Calci
fication Studies, Hydrostatic Pressure Relief Studies, Acid 
Water Studies and Water Leakage and Waterproofing 
Methods ... • 

•1. Calcification Studies 

The original Metrorail tunnel design anticipated that 
groundwater pressures within the rail system would be 
reduced or nullified by allowing the groundwater to drain 
from behind the structural concrete into the tunnel drainag~ 
system and be pumped from the system. Subsequent to the 
construction o: the tunnels various chemical reactions have 
allowed a precipitate of materials, referred to here as 
calcification, which severly reduces or totally prohibits 
the groundwater from flowing freely and results in pressure 
upon the structure. 

This study anticipates an analysis of the clogging material 
and seeks to correlate its presence with those factors which 
may have occasioned its genesis in rock tunnel 
structures ... • 

•2. Hydrostatic Pressure Relief 

Hydrostatic relief studies are the actual pressures now 
present and probable in the future on stations, structures, 
and running tunnels excavated in rock or rock like material. 
such an effort would be two pronged. First, to see if our 
design for heavier structural loading because of the 
presence of groundwater is indeed called for in those areas 
where there is no hydras tat ic pressure relief system and, 
secondly, to see if increased pressures are present in those 
areas where hydrostatic pressure relief system has failed; 
and, if present to what extent ... • 
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•J. Acid Water Studies 

An acid water study is needed to confirm that the Metro 
structures are not being attacked by water bearing acid as 
with the case on design Section G-2. In this area, acidic 
waters caused deterioration of steel ribs used as temporary 
_supports as well as the metal flashing ___ ~~-~~ for the forming 
of floatJ_1!_9 slabs. Subsequent investigations proved. that 
the structure1ntegri ty of the 1 iner was not damaged, the 
strength of the acid makes it imperative that the remainder 
of the system be investigated to ascertain if any other 
areas may be subject to possible structural weakening. This 
study will provide a basis for maintenance and any needec 
rehabilitation of the Metro system ••• • 

•4. Water Leakage and Waterproofing Investigation 

This section of the project will consist of an investigation 
of the causes of water leakage and waterproofing nethocs 
used to deal with and solve the problem of water intrusior.. 
This study will include site visits to transit systems ar.d 
other underground structures. This project will prov1de 
qualified Metro personnel familiar with Metrorail dewater1ng 
problems to investigate unfamiliar approaches to water 
control.• 

The practical significance of the water intrusion is to 

create the most costly, dangerous and annoying maintenance 

problem in the Metro system. The consequences include electrical 

arcing, shorting and malfunctions, icing, failure of steel track 

fastening and deterioration of neoprene rail pads and grout beds: 

clogging of drainage systems, fouling of pumps and impellers: and 

probably most significant, a safety hazard which has resulted in 

worker accidents. The earliest difficulties with leakage in 

cast-in-place concrete lining led to extensive and repeated 

grouting contracts for sealing leaks. More recently pre-cast, 

segmented, gasketed concrete lining stipulated in the detailed 

design has provided an economical method of controlling leakage. 

Leakage to underground rapid transit structures remains the chief 

problem in the operation of the system arising from the natural 

setting. 
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MRCE submitted a preliminary 

subcontractor to WMATA on July 12, 

proposal for work as a 

1982 and a modified final 

proposal on October 22, 1982 which was accepted by WMATA on 

December 8, 1982 with active work commencing in January 1983. 

The technical work under the program was assigned to Modificatior. 

No. 1 of MRCE Services Contract JZ 725U. A number of subcon

sul tants and subcontractors were retained by MRCE as 1 is tee 1 n 

Table No. 1. WMATA representatives participated in field trips 

to certain other transit systems in connection with ~ater 

intrusion studies. WMATA staff accompanied many MRCE inspections 

to various parts of the Metro system, expedited access, oversaw 

safety arrangements and provided background informaticr. on 

construct ion conditions, remedial programs and experiences with 

water intrusion. 

Generally this study has been concerned with water problems 

.:.n rock tunnels and rock stations except for the acid water 

problem which occurred within Coastal Plain sediments. However, 

as water problems and construction experiences have evolved ever 

the five years occupied by the study, the investigation has 

become more wide ranging. Because the control of water intrusion 

and hydrostatic excess pressures are general in nature, this 

report has been organized to cover these topics in Chapters 2 and 

3, followed by treatment of the specific problems of 

calcification and acid water, Chapters 4 and 5. 
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1.2 Methods Employed in This Study 

Essentially five different investigative procedures were 

employed in the various aspects of this study: 

1. Search and study of background data, case histories and 

technical literature: 

2. Field inspect ion trips and staff interviews both for 

WMATA sections and other transit systems; 

3. Field tests and field data gathering 

chiefly for the studies of acid water 

calcification; 

and sampling, 

intrusior. ar.d 

4. Laboratory testing of samples of groundwater, so i 1, 

precipitates, rock and concrete; 

5. Data analysis, reduction and synthesis leading to this 

summary report. 

The examination of background was focused chiefly on 

information collected by WMATA, Bechtel Associates, Inc. (the 

then General Construction Consultant) and DeLeuw Cather and Co. 

(then and now General Engineering Consultant (GEC)) for the WMATA 

system. Field inspection of WMATA facilities were confined 

chiefly to 1983 and 1984 and were carried out principally by MRCE 
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engineer K. Westermann at WMATA and in New York City, and by J.P. 

Gould at London Transport. Field testing was performed by a 

group of subconsultants and subcontractors and was generally done 

under the direct inspection of Messrs. A.M. Mayes and K. 

Westermann. Data analyses were performed chiefly in MRCE offices 

in New York City, generally by S.L. Tello and K. Wester~ann. 

The technical consultants and subcontractors assisted in or 

performed portions of the field tests, laboratory tests and data 

analyses. Table No. 1 summarizes the functions carried ou~ by 

the subcontractors, whether professional or technical, and 

indicates the section of this report in which their .,,;ork is 

described. They are listed in Table No. 1 simply in alphabetical 

order without making a d i st i net ion of type of organiza t ior. cr 

type of work. 

1.3 Geological Setting 

The Washington Metro system is located in an especially 

1nteresting geological setting, about evenly divided by the •tall 

line. • This separates the Piedmont province in the west and 

northwest consisting of relatively shallow crystalline bedrock 

from the Coastal Plain province of deep near-shore sediments on 

the south and east. Bedrock is a •metasediment • upgraded to 

schist and gneiss from the original clayey and sandy deposits by 

heat, pressure and igneous intrusion. Its sedimentary origin is 

manifested by extensive calcite filling in the rock joints, a 
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greater proportion in the ordinary country rock than in the rock 

more altered by igneous intrusion. The Coastal Plain sediments 

consist of compact and heavily over-consolidated sands and clays 

of Cretaceous age dipping southeast. Because of the deltaic, 

lagoonal and back swamp origin of thea~ depositsg numerous 

horizons contain carbonized organic material with associated 

pyrites. Among these pyrites are a finely crystalline form 

called •marcasite• which has high specific surface area. These 

two contrasting geological settings have created ~he two 

distinctive problems with underground water: solution and 

reprecipitation of calcium carbonate in the rock tunnels of the 

Piedmont and instances of acid water intruding tunnels in ~he 

Coastal Plain sediments. 

The general geologic setting is shown in the simplified map 

of Drawing No. 1-1 which distinguishes major divisions o~ 

geologic materials below surface fill or residual soil with the 

lines of the principal underground sections of the central subway 

system. Attention was focused originally in this study on 

tunnels in bedrock since these involved certain structures which 

rely on drainage to eliminate exterior hydrostatic pressures. 

These have experienced difficulties with calcification as well as 

unwanted and unexpected water intrusion. The ordinary problems 

of waterproofing tunnels or cut-and-cover stations in soil were 

not part of the original study plan. However, as the studies 

evolved it became apparent that experiences with general water 

intrusion con.tained useful lessons for those specific problems 

that were the focus of the investigation . 
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'l'ABLB NO. 1 , SUBCONSULTAHTS AND SU'BCON'l'RAC'l'ORS 

SUBCONSUL'l'ANT REFERENCED 
OR SCOPE OF SERVICZS IN 'l'HIS 

SUBCONTRAC'rOR REPORT 

WMA'l'A Division Cored concrete lining in G002 Chap. 4, field 
of Maintenance installed valves in these tests and 

cored holes. Assisted in Chap. 5 G002 
inspections G002 and acid water. 
Rockville Route. 

Enszineering: Performed chemical tests of Chap. 4, field 
Science, Inc. water samples fraa G002 and tests and 

(Test:inq from Rockville acut~ St~ti~o Chap. 5 G002 
Laboratory) leakaqe. acid water. 

Report in 
Appendix. 

Technical Subcontractor tor field teat Chap. 4, field 
Grouting: tor brush-on capillary tests of 
Services Inc. penetratinq waterprootinq waterprootinq 

(Groutinq and compounds and water pressure compounds 
Waterproofinq build-up behind lining of 
Contractor) two stations ained in rock~ 

Goldberg- Desiqned, supplied and direct- Chap. 4, field 
Zoino ' Assoc. ed installation of instru- tests at 
(Geotechnical ments for measurement of DuPont and 
Consultants) water pressures outside of Rosslyn. 

shotcrete lininq and Details in 
stresses in lininq surface. Appendix 

Df,Leuw Cather Provided b&ckqround data on Chap. 4, forms 
!LOd ComJ2an:£ acid water inflow and of calcite 
(ProJeCt calcification. Analyzed precipitation 
::;eneral effect of water pressures 'l'Wo reports in 
Enqineerinq on stresses oa rock station Appendix. 
Consultant) supports. Studied JDeCha.niSIII 

ot calcite precipitation (by 
R.S. DeSanto). 

W.B. White Sampled calcite and inflowinq Chap. 4, 
(Consultant seepaqe and tested them tor character ot 

in chemical constituents. inflow in? 
Geochemistry) water. 

Report in 
Appendix. 

Division TWo Rehabilitated pumpinq wells Chap. 5, G002 
IDewaterinq ' previously installed in acid water 
Well Drillinq Section G002 and water study. 
Contractor} samplinq from these wells. 

Warren Desi;ned and supplied valves Chap. S, G002 
George, Inc. tor water samplinq and acid water 
(Test .Borinq water pressure measurement study. 
Contractor) in cored holes throuqh con- Valve details 

crete tunnel lininq. in text. 

Er lin, B.ime Performed petrographic study Chap. 5, acid 
Associates and chemical analysis of water study. 
(Concrete- acid effects on cores of Report in 
Cement concrete lininq taken at Appendix. 
'l'echnolOCJY} acid water seepaqe in 

Section G002. 

London Provided data on London Trans- Chapter 6 
'l'rans:egrt port experience with tunnel 
International le&kaqe &nd prevention of 

in.tlow. 
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CHAPTER 2: WATER INTRUSION PREVENTION 

2.1 Significance of Water Intrusion in Transit Tunnels 

•Guidelines for Tunnel Lining Design• (Reference 2-1), Page 

39, •Influence of Water•, contains an excellent review of the 

problems of 

paraphrased 

leakage 

herein. 

and waterproofing, 

Infiltration to 

portions of which 

transit structures 

are 

can 

interfere with electrical functions, create hazards for workers 

and patrons and unsightly conditions in public areas, and 

eventually cause deterioration of structural elements. Unti: the 

advent of the New Austrian Tunneling Method (NATM), it was net 

generally practical to build a truly •impervious• tunnel. Most 

transit tunnels operate with tolerable quantities of inflow that 

must be collected and removed. 

The effects of tunnel leakage on the surrounding ground and 

adJacent facilities will depend on local geology and hydrology. 

Even moderate leakage can cause unacceptable exterior drawdown 

where compressible, normally-consolidated, fine grained soils are 

nearby. Leakage can accelerate solution of soluble sediments, 

those containing calcareous constituents or gypsum. Where fine 

sand or silt, such as New York City post-glacial lake deposits, 

surround the tunnel leakage can lead to piping of soil particles 

causing loss of ground and eventual settlement at the surface and 

of tunnel elements. Fortunately, in Washington, D.C. , soils of 

significant compress ibi li ty are only rarely encountered with in 
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the radius of influence of the subway acting as a drain. Nor are 

there instances of damage to well water supplies or of subsoils 

highly vulnerable to piping. Infiltration problems associated 

with the Washington Metro System include the formation of 

calcareous precipitates in drainage systems of rock tunnels and 

the production of acid water within certain Cretaceous soils. 

These two special conditions are the subjects of Chapters 4 and 5 

of this report. 

2.2 General Experience With Tunnel Leakaae 

To assess the performance of various tunnel lining ur.d 

waterproofing systems, data on allowable and actual leakage 

experienced have been summarized in Drawing No. 2-1 and detailed 

in Table No. 2. An instructive summary of case histories is 

presented in Reference 2-l, Appendix C, •Measured and Specified 

':'u r.nel I nf il tra t ion Rates. • Experiences are summarized therein 

:or a number of tunnels on land and subaqueous, used for a 

variety of purposes. The ma jeri ty of cases are for segmented 

caEt iron or concrete linings. 

intensity of water infiltration 

The unit utilized to express the 

is gallons per square feet of 

tunnel interior surface area per day. However, a more graphic 

measure of transit tunnel infiltration is used on Drawing No. 2-1 

by converting to gallons per minute per 1000 lineal feet of 

single running tunnel, applicable to transit tunnels with an 

average inside diameter of 16 to 19 feet. 
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For transit tunnels, the infiltration permitted by 

specifications is usually stated in terms of leakage per 100 or 

200 lineal feet of single tunnel. Typically, this allowable value 

is equal to about 0.1 gpm per 100 lineal feet, or, on the 

horizontal scale of Drawing No. 2-lv approximately 1 gpm per 1000 

lineal feet of tunnel. Leakage given per 1000 lineal feet tends 

to average out exceptional local inflow created by individual 

large leaks. 

There is overall similarity in the watertightness o! 

particular lining types. For example, the Baltimore ex per.:. ence 

with segmented, gasketed concrete or cast-iron linings is similar 

to that of London Transport. In both cases the leakage averages 

out below the specified limit of 1 gpm per 1000 lineal feet after 

general contact grouting and local remedial grouting of .heavy 

individual leaks. The two earliest sections of precast concrete 

liner on the Washington Metro have had similar low leakage rates. 

The least favorable experiences have been in all sys terns with 

cast-in-place concrete _linings. Several of these systems show a 

worst case local leakage of more than 1 gpm of flow per lineal 

foot which averages out over a long section of tunnel to values 

of 200 to 500 gpm per 1000 feet. 

The intensity of leakage in a transit tunnel is the result 

of various factors interacting: permeability of the surrounding 

ground, effective permeability of the lining, and basic ground

water conditions such as total head and effectiveness of 
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recharge. This relationship is illustrated schematically in the 

upper panel of Drawing No. 2-2 and it is considered in more 

detail in Chapter 3 which concerns the magnitude of hydrostatic 

pressures acting on the exterior of the lining. 

2.3 Factors Influencing Tunnel Lining Permeability 

The effective permeability of the tunnel lining depends on 

its secondary permeability which depends in_turn on the character 

of joints in segmented liner or of cracks in cast-in-place 

concrete. Segmented metal liner received its earliest 

applications in London subways which also pioneered precast 

concrete segments for transit tunnels. Favorable r.~ining 

conditions in London clay and its low permeability led to their 

wide use of precast concrete which provided a high degree of 

watertight ness. While segmented, bo 1 ted cast-iron 1 iners have 

~ong been favored in the United States, the use of segmented 

concrete for subways was initiated under an UMTA demonstration 

grant in Baltimore Metro in 1978 (Reference 2-2). Since that 

application, the method has found increasing use, including two 

recently-completed WMATA tunnels. The experience in these 

systems and the range of cases given in Appendix C of Reference 

2-1 indicate that average inflow over 1000 lineal feet can be 

kept well below 1 gpm after larger individual leaks are sealed by 

grouting or caulking. 



Leakage 

systems has 

experience 

ranged 

with 

from 

cast-in-place concrete 

barely acceptable to 

in many 

highly 

unsatisfactory. It should be recognized that placing concrete 

for tunnel liner is inherently difficult, requiring long pumping 

lines with fluid mixes, difficult joint arr&ngements, reinforcing 

which impedes placement, high tunnel air temperatures on curing 

and fluctuations of interior temperatures during use plus the 

perturbing effect of train vibrations. Drawing No. 2-1 and Table 

No. 2 record the results of one of the more spectacular recent 

experiences with leakage of cast-in-place concrete lining on the 

Buffalo light rail system (Reference 2-3). This was an unu~ual 

case where porous limestone supplied unlimited recharge outside 

concrete liner of uncertain quality. Leakage which locally had 

reached as much as 250 gpm in 300 lineal feet was reduced by 

carefully engineered grouting to less than 1 gpm per 1000 lineal 

feet at the most troublesome locations. 

2.4 Cracking of Concrete Lining 

Obtaining quality concrete in cast-in-place tunnel lining is 

complex compared to above-ground concreting. Concrete slump at 

the mixing plant must be chosen to meet a four or five-inch slump 

commonly specified at placement. This can be achieved by 

including additives such as super-plasticizers and flyash. The 

slump at mixing must take into account the distance and mode of 

transportation, concrete behavior under high-pressure pumping and 

the constrictions behind the forms created by the initial tunnel 
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support. The maximum size of aggregate should be reduced for 

lining having dense reinforcement and closely spaced initial 

supports. Concrete lining expands during curing due to the heat 

of hydration. Subsequent cooling causes contraction and 

longitudinal cracking totalling roughly one half inch in a 100 

foot length. Subsequent lineal changes due to external 

temperature variation is additive. The distribution of cracks 1n 

the cast, unreinforced lining depends in part on the roughness of 

the surface against which the concrete is placed. At one 

extreme, a smooth circular opening cut by a tunnel boring ~achine 

in rock will facilitate slip of the concrete and will inteora~e 

many potential small cracks into fewer larger cracks. The 

inevitable cracking of cast concrete linir.g reduces the 

effectiveness of waterstops at formed joints in controlling 

leakage. Longitudinal reinforcement does not greatly alter tr.e 

total contraction but it tends to distribute it in numerous 

smaller cracks. The inclusion of f lyash as a partial cement 

replacement tends to reduce the amount of cracking by reducing 

the heat of hydration while at the same time it enhances the 

pumpability of concrete. 

The natural advance of the poured lining creates a slope at 

its leading face. A sloping construction joint on this face is 

acceptable and may be preferable to formed vertical joints if 

properly cleaned and consolidated. It should be recognized that 

no joint control measures eliminate the difficulty with cracking 

under tunnel placing conditions. An interesting st~dy was 
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undertaken of unreinforced cast linings for Detroit sewer 

tunnels, reported in Reference 2-4. The marked influence was 

observed of the build-up of heat in the tunnel due to rapid 

placement of successive lengths of concrete lining. Despite the 

necessary ventilation measuresa continued rapid placement can 

build up and sustain an air temperature in the tunnel above 90°F. 

This increases total contraction when the tunnel concrete returr.s 

to normal ambient temperatures. 

There are two basic components in concrete cracking: or.e 

relates to both drying and curing shrinkage, which is inf:uencec 

by the water-cement ratio of the mix; the other is ther~al 

contraction responding to changes in the ambient air temperature. 

It has been suggested that a continuously maintained hu~id 

atmosphere will restore much of the contraction due to drying 

shrinkage, just as increasing ambient temperature wil~ cause 

thermal cracks to close. However it should be recognized that 

cracks once having opened will not precisely reseal. The effects 

of both drying shrinkage and therm"l shrinkage are accentuated in 

an atmosphere such as Washington, D.C., where high temperatures 

and high humidity occur in summer and low temperatures with dry 

air in the winter. This characteristic seasonal change 

aggravates cracking in tunnel sections near open portals. 

Drawing No. 2-3 illustrates the general influences on 

cracking of cast-in-place concrete expressed as total width of 

circumferential cracks occurring in a 100-foot length of tunnel. 
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The lower diagram from standard texts illustrates the drying or 

curing shrinkage versus cement and water content. For a good 

quality mix producing a 28-day compressive strength of 4500psi, 

drying shrinkage is about 3/8 inch in 100 feet. The upper 

diagram of Drawing No. 

widths of this tunnel 

conditions to humid 

2-3 ~hows the variation in total crack 

concrete in Washington from dry winter 

summer conditions. The use of light 

reinforcing has little influence compared to seasonal te~pe~ature 

changes. Contraction in winter is double the magnitude of the 

original curing shrinkage. Expansion in summer reduces it by 

half. The influence of crack width and spacing on permeab::ity 

of cast concrete is treated in Chapter 3 in analyzing the effect 

of tunnel leakage and drainage on external hydrostatic pressures. 

2.5 General Waterproofing Methods 

A useful summary of measures for permanent infiltraticn 

control in tunnels is presented in Table 6.2 of •Guidelines for 

Tunnel Lining Design• (Reference 2-1). There are five categories 

of methods: drainage, grouting, waterstops and gaskets, sealants, 

and impervious membranes. 

control is attention to 

However, the measure for infiltration 

the basic 

concrete. Recent OMTA-sponsored 

waterproofing methods at great length. 

quality of cast-in-place 

research has reviewed 

One of these studies by 

Paul Parks and Associates (Reference 2-3) concerns experiences 

with leakage and leakage control in five rna jor eastern transit 

systems, Atlanta, Boston, Buffalo, New York and Washington. 
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Particularly instructive case. histories are the treatment of 

major infiltration in the Niagara Frontier Transit Authority of 

Buffalo and for the Lenox Avenue line in New York City. The 

latter is covered in some detail in an independent review by MRCE 

in Chapter 6 of this report. This report will not summarize the 

broad subject of infiltration control, but rather will focus o~ 

the experiences gained from WMATA cases and from data gathered 

specifically for this study. 

The two most important WMATA developments have been ~he 

advent of segmented concrete liner and the New Austrian Tur.ne:. 

Method (NATM). Waterproofing ~cthods considered in this chapter 

include crystallizing capillary coatings, grouting for crack 

sealing and utilization of waterproof membranes. For pract ica 1 

reasons, brush-on_ coatings are ~ore frequently used on the 

negative side, that is, on the interior surface of the tunr.el 

fir.a: lining. Me~branes are more frequently used on the positive --
side, that is, the exterior surface of the final lining. 

2.5.1 Crystallizing Capillary Compounds A variety of pro-

ducts have been developed which can be categorized as brush-on, 

negative side, intergral surface coatings with penetrating 

characteristics (Reference 2-5). They are compounded with 

Portland cement, fine quartz or silica sand, organic or inorganic 

sodium and/or calcium salts and/or stearates. There are two 

alternative concepts of the function of these penetrating 

coatings. When seeping water interacts with the sodium silicate 
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it forms a crystal on the concrete surface. By osmosis, the 

sodium silicate lodges in pores of inner concrete surfaces, thus 

filling pores and reducing permeability. When leakage becomes 

active, crystal growth is sustained and fine cracks supposedly 

are sealed. Alternatively, it rnay be that the brush-on compound 

applied on a concrete surface corning into contact with moisture 

and unhydrated lime forms insoluble fiber crystals. The f ibe::-s 

are formed in voids and capillary tracts of the concrete. 

Whatever the mechanism, these compounds are r~ceiving wi~espread 

use as a simple and inexpensive means of waterproofir.g by 

brushing on the interior surface of concrete basements and 

underground structures. A useful summary is given by Anderson in 

Reference 2-5 which includes his evaluation of the supposed 

advantages and the deficiencies. Examples of successful use by 

WMATA are presented in Reference 2-6. Five of these compounds 

we::-e utilized in the field test of water pressures and water-

proofing in two WMATA rock stations, described in Chapter 4. 

A difficulty with all •cementatious• coatings is their 

incompatibility with the basic concrete shrinkage. As explained 

in Section 2.3, concrete shrinkage from summer to winter may 

involve a linear strain of one unit in 2,500: while cementatious 

compounds exhibit linear strains of one in 100 to one in 500. In 

general, it appears that when shrinkage of the concrete 1 iner 

continues because of wide seasonal temperature variations, the 

surface coating of crystallizing penetrating compound will also 

crack. Continuing trai!:l ____ v!t?F~ti__ons create another disturbing 
__.--·-- --- ---

2-10 

; -~2·~ '-· ~ : ,_.,.~!-·!:_. ~-·~~-\~-~,;:.. ,. 
- . ...J.----=-·-~---.- .. _. ... _ • .___..~J·.-...,;: •• • ··-·L. .... -~ 



- ·-- - ... _··~·-~ -:-:-:: - ~ "T __ :.........,....._,~ .. ---=·--·---~'----.&.a-r·a;- .-.-··:....:..·.1 ~JC ·~:..~ 

influence on healing of shrinkage cracks in transit tunnels. As 

a rough indication, where the situation is unfavorable enough to 

produce cracks greater than about 0.02 to 0.03 inches, the brush-

on compound will eventually crack at the same location. However, 

experience in the Atlanta subway (Reference 2-7) indicates that 

crystallizing penetrating co~pounds can substantially reduce the 

total water seepage through concrete whether it is intact or 

contains fine cracks. Its use has satisfactorily decreased 

humidity in ancillary rooms held at relatively constant tempera-

ture which are also free of train vibrations. 

2. 5. 2 Grouting for Crack Sea 1 ing A detailed summary of 

grouting methods for correcting water intrusion in t=ansit 

tunnels was presented by Baker in Reference 2-3. WMATA 

procedures for crack sea 1 i ng obse=ved in this study at Sect icn 

A009 of Rockville route have utillZed acrylate chemical grout. 

Instead of relying on injection to permeate directly within the 

crack itself, this was in:;ected into holes drilled through the 

cracks to the outside cf the cast concrete lining for the purpose 

of spreading an impervious coating on the exterior surface of 

badly cracked concrete. The procedure involves drilling 

successive holes through the section along the crack until the 

sealing is accomplished. 

Water-reactive polyurethane gels have been used for crack 

sealing with success in the Atlanta and Boston systems. The 

usual method is to drill holes angled into the crack with the 
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position and sequence of holes adjusted during the work as 

indicated by the pattern of grout take. 

2.5.3 Membrane Waterproofing Systems Increasing awareness 

of leakage difficulties with cast-in-place concrete linings led 

to the use of membranes for positive side waterproofing of 

concrete final linings. The most recent development in the 

United States is the advent of the New Austrian Tunneling Method 

(NATM) which includes a drainage filter fabric or •fleece• placed 

outside a PVC waterproofing membrane, both secured to the init:al 

lining and against which the final lining is poured. ~he !leece 

is a non-woven polypropylene about ~ inch thick. The 60 mil PVC 

membrane is spliced by heat welcHng and attached by heat ir.g 

against plastic-headed nails driven through the fleece and into 

~he initial shotcrete lining. The fleece facilitates drainage of 

exterior water and cushions the PVC membrane against damage. The 

lowest edge of the fleece encircles the embedded longitudinal 

drain at the base of the tunnel sidewall, as shown in Drawing No. 

2-4. The longitudinal side drains feed laterals which connect 

through a junction box to the centrally placed invert drain. The 

junction box affords access to the system for inspection and 

clean-out. 

This drainage feature is an important element of the NATM 

scheme, first utilized in Section BOlO of Glenmont Route of 

Washington Metro. In the three years since completion of the 

first sections of the poured-in-place final lining, there has 
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been no evidence whatsoever of leakage through the final tunnel 

lining. The contrast is striking between that section of 

Glenmont Route and the conventional cast concrete lining of 

adjacent Section 8009. 

A. particularly helpful feature of the NATM system is the 

fact that the filter fabric and the waterproofing membrane car. be 

extended continuously from tunnel or station up shafts, esca!a

torway or other penetrations. Thus the intersection of the 

penetrating structure with the underground tunnel is entirely 

shielded from surface infiltration. It is at the intersection of 

penetrating structures with the underground opening that the ~est 

troublesome leakage has occurred in WMATA rock tunnels. 

In contrast, the Los Angeles subway ( SCRTD) is uti 1 i zing a 

heat-welded, 100 mil thick, high-density polyethylene (HDPE) for 

an exterior waterproofing membrane. This is to be hydrocarbon-

resistant s i nee the t unne 1 wi 11 pass into gassy or petroleurn

l~pregnated ground. The membrane is nailed to a smoothed surface 

on the initial lining of ribs and lagging. Drainage cannot be 

provided because of the anticipated presence of hydrocarbons in 

the ground. Therefore the final lining is designed to fully 

resist exterior fluid pressures. 

A similar arrangement has been employed to waterproof WMATA 

cut-and-cover stations in soil. No drainage fleece has been 

provided in order to avoid exterior drawdown. The membrane wraps 
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completely over the sides and top of the station concrete but· 

terminates under the invert slab near its exterior edge. As 

construction has advanced, leaks have appeared in shrinkage and 

construction joints of the cast concrete lining. This 

illustrates the inherent problem of a stiff separate 

waterproofing membrane punctured at numerous locations for 

attachments or uti 1 i ty penetration, and thus vulnerable to the 

intrusion of water into the surface between the membrane and the 

final concrete lining. The very continuity and stiffness of the 

plastic membrane encourages a pattern of communicating spaces to 

develop on the back of the concrete which can spread water from 

any opportunistic leak to any available crack in the concrete, 

defeating the waterproofing function. 

2.6 Leakage to WMATA Rock Stations 

The WMATA Rockville Route from Dupont Circle to the 

encircling Beltway included eight stations excavated by tunneling 

in bedrock. These stations have experienced water intrusion 

accompanied by calcification in varying degrees, as discussed in 

Chapter 4. The stations' cross section includes a wide circular 

arc roof, typically 60 feet between supports and 45 feet high at 

the center of the arch, with vertical side walls and flat invert. 

Inside the final structural support was placed the architectural 

concrete arch forming the train room interior. The space between 

the structural support and the architectural lining is typically 

eight feet high at the crown and was utilized for ventilation, 
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passage of utilities and for maintenance of waterproofing 

coatings on the exterior of the architectural concrete. 

The wide, clear interior span offered aesthetic and 

operational advantages but involved special design ar.d 

construction problems of grand scale. Surrounding rocks are 

metamorphosed sedimentaries of the Wissahickon formation which 

exhibited strong structural control, striking north parallelir.g 

the stations • axes and dipping steeply west. Dip slip shears, 

slickensides and thin gouge or mylonite occur along the 

foliation, controlling rock movements and loading. Excavatior. 

has required a variety of staging procedures with te~porary 

support provided by rock bolts and initial shotcrete. The final 

structural lining consisted of successive layers of shotcrete on 

14-inch, wide-flange ribs. A typical cross section of the main 

train room 600 feet in length is presented in Drawing No. 3-4. 

Rock loads were reprezented by a symmetrical tent loadir.g 

acting across the arch with lateral rock reaction ·modeled by 

springs resisting deformation of the structural lining. 

Hydrostatic pressures were not included. The symmetrical tent 

load was checked by applying discrete rock blocks moving in a 

direction controlled by the rock attitude at the station. 

Drainage was accomplished by small diameter weep holes, primarily 

inherited from those placed in the original tunneling to cor.trol 

the flow of water through the rock surface to be shotcreted. 

Shotcrete placed as lagging between the heavy ribs has cracked 
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extensively in most of the stations, exhibiting reflection cracks 

along the edges of the interior flange of the rib. 

As 

through 

a consequence leaks have developed in many stations 

the cracked shotcrete, producing extensive deposits of 

calcium carbonate at the point of exit of the leaking water. 

Drain lines have been clogged by calcium carbonate precipitates. 

The hazard of developing hydrostatic pressures on the exterior of 

the 1 ini ng is discussed in Chapter 3. Leakage in five of the 

rock stations is described in the following text. The stations 

are the oldest of those constructed in rock, including Dupont 

Circle, Woodley Park, Van Ness, and Cleveland Stations of 

Rockville Route and Rosslyn Stat ion of Runt i ngton Route. They 

are shown in simplified plan and profile by Drawings Nos. 2-5 

through 2-9. 

2. 6 0 1 Dupont Circle Station (Drawing No. 2-5). It is 

characterized by the least thickness of rock cover in this group 

of stations and by a series of prominent foliation shears 

striking nearly parallel to the station axis. Groundwater and 

the water-carrying utilities flow across the station from east to 

west. The water table is near the base of the underpass 

structure on Connecticut Avenue, lying 3 5 or 4 0 feet above the 

tunnel crown. Total leakage into the 600 foot length of station 

is of the order of 5 to 10 gpm. A prominent leak is concentrated 

at the northeast corner of the train room near the train room's 

vertical wall. Probably this leakage was promoted by the 
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presence of the Q Street vent shaft at this corner plus two large 

sewers that cross along the line of Q Street. Extensive grouting 

was carried out behind this headwall which reduced this leakage 

to acceptable amounts. 

2.6.2 Woodley Park-Zoo Station (Drawing No. 2-6). Rock is 
t 

deeply weathered with extensive JOinting and shearing. A 

chloritic shear zone was mapped striking north in the north half 

of the station and northwest in the south half and dippir.g 

steeply westward. Groundwater is about 80 feet above the tur.r.el 

crown. The most annoying leakage occurred at the intersection of 

the entrance escalatorway with the west side of the train roo~. 

A collection pool was installed to contain the substantial inflow 

and prevent it from intruding the train room. The upper portion 

of the entrance escalatorway was built in cut-and-cover 

excavation. It is 1 ikely that water obtained access along the 

L.:pper surface of the escalatorway where rock was loosened in 

blasting. The mechanical room at the north end of the station 

has beer. the location of other leaks which were treated 

extensively by grouting. It is probable that these were fed by 

flow down the exterior of the north vent shaft. 

2.6.3 Cleveland Park Stat ion (Drawing No. 2-7). Cover 

rock consists of 40 to 55 feet of blocky, massive, hard and 

relatively sound diorite gneiss. Groundwater is 50 to 60 feet 

above the crown of the train room and descends at both ends of 

the station into relatively deep fills. The entrance on the 
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north was placed in a deep cut-and-cover. Leakage into the 

station was concentrated just at the base of the sloping top of 

the escalatorway where it intersected the north end of the train 

room. Backfill of the cut-and-cover excavation provided a 

pervious communication downward. There is no indication that 

utilities aggravated the leakage except that there are two sewers 

and a water line placed centrally in Ordway Street which inter-

sects the south corner of that former open excavation. 

2. 6. 4 Van Ness Station (Drawing No. 2-8). Bedrock i.!=; 

quartz-diorite gneiss with 20 feet of rock above the stat~cr. 

crown of moderately jointed, occasionally highly jointed, 

unweathered, hard, blocky gneiss with prominent foliation. 

Groundwater slopes from a high of about 55 feet above ~he tunnel 

crown to a low of 30 feet on the north. The north entrance 

structure was placed in cut-and-cover in a manner similar to 

c 1 eve 1 and Park Stat ion, also with leakage concentrated at the 

point where the slope of the entranceway intersected the north 

end of the station. 

2. 6. 5 Rosslyn Station (Drawing No. 2-9). Bedrock is 

generally hornblende gneiss, more massive and with less evidence 

of shears than any of the other four stations. The distinctly 

favorable rock conditions permitted a broad opening to be made 

with a full face excavation in the upper part of the station. 

There is typically 45 or 50 feet of relatively sound rock cover 

over the entire station with groundwater close to the top of, 
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rock. The direction of groundwater flow is eastward, nearly at 

right angles to the station axis. The entranceway on the west 

was in cut-and-cover for the upper portion, then passing into a 

mined tunnel. A particularly annoying leak occurred precisely at 

the point where the entranceway structure joined the train room 

with a persistent leak directly over the path of entering 

patrons. Undoubtedly this was caused in a manner similar to the 

other station entrances by a direct path of flow from the 

backfill of the cut-and-cover excavation down the top ot the 

sloping entranceway. 

2.6.6 Conclusions on Leakaae to Rock Stations These cases 

demonstrate that the most troublesome leakage to the statior:s 

mined in rock frequently is created by penetrations from the 

r surface to the underground opening. Usually the most permeable 
(. '' 

{fie\.' ·\, . zone below the water table is the jointed upper portion of the 

rock. A sloping, penetrating structure intersects the pervious 

horizon and transmits water downward where it is dammed by the 

station lining. :Leakage occurs precisely at the least desirable 

location where the public passes from the escalatorway into the 

train room. Since such leaks cannot be tolerated, an intensive 

grouting or sealing effort has been necessary. 

The NATM scheme provides a nearly ideal solution by 

continuing the drainage fleece and the waterproof membrane from 

the deep station structure up the escalator shaft. This 

guarantees that even if groundwater i nf i 1 tra tes from above it 

2-19 



will merely pass along the drainage fleece into the track drains 

and not intrude the structure. At Wheaton Station of Glenmont 

Route the NATM waterproofing was applied in such a manner that it 

eliminated the need for the vault between the structural lining 

dnd the interior architectural concrete. 

Before the NATM waterproofing procedure evolved, MRCE made 

recommendations for a cutoff collar for shafts which penetratec 

through weathered rock to a station in impervious rock at deptt, 

as illustrated on Drawing No. 2-10. It consists of a concrete 

ring with grout holes and waterproofing membrane positioned ~ear 

the top of relatively sound rock. Grouting would be do~e above 

the collar in more jointed rock with secondary grout holes 

extending laterally into better quality rock. The construct ion 

joint between the shaft concrete lining and the collar contains 

an elastomeric membrane plus waterstops at top and bottom of the 

collar. This scheme has not been implemented and would be 

redundant where the NATM waterproofing procedure is invoked. 

However, such a provision should be considered in a situation 

such as the Washington rock profile where a deep structure in 

essentially impervious rock is connected to a source of water by 

the presence of the penetrating shaft. 
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TABLE NO. 2. , TUNNEL LEAKAGE CASE HISTORIES 

. TYPE OF PERMISSIBLE 
SYSTEM TUNNEL LINING LEAKAGE LEAKAGE EXPERIENCE 

Wash. D.C. Cast concrete 0.2gpm per Worst condition found in 
shallow rock with extensive 
re-charge, max. about 
lOOgpm/lOOOlf. 

Metro and shot-
WMATA crete on 

ribs 

Segmented pre-
cast concrete 

250lf 
or .. 

O.lgpm in 
any lOOlf 

Appears to meet specifica
tion limitation in first 
two sections completed. 

Baltimore Segmented pre- .07gpm per Reported "as no measurable 
infiltration "in segmented 
gasketed liner. Extensive 
grouting of cast concrete 
required to meet specifi
cation limitation. 

Subway 

Buffalo 
Light 
Rail 
NFTA 

cast or metal 
liner 

Cast concrete 

lOOlf 

0.9gpm per 
lOOOlf or 
. OSgpm in 
any 30lf 

Local maximum 250gpm in 
300lf. Typically 10 to 
60gpm per lOOOlf . 

Reduced to specified limit 
by cement grout outside 
lining and by acrylamide 
gro~t in cracks in cast 
concrete. 

London 
Transport 

Segmented pre
cast concrete 
or metal 
liner 

Not stipu
lated 

Generally 0.1 to 1gpm per 
lOOOlf. Metal liner used 
for modern sub-aqueous 
tunnels. 

:'i"P l c c! 1 
'oo'aste
'oo'ater 
Tunnel 

Note: 

Typically 
cast-ln-place 
concrete 

4 to 12qpm 
pe:- lOOOlf 

Tunnels in London clay 
usually yield insignificant 
leakage. 

Exceptional cracking can 
occur when high internal 
water pressures deform the 
lining outward against 
yielding ground. 

For transit tunnels of approximate 18 feet inside diameter, 
divide the value of leakage as gpm per 1000 lineal feet by 40 to 
obtain approximate leakage in gallons per square foot of tunnel 
surface per day. Leakage in liters per square meter per day is 
approximately equal numerically to the value of leakage in gpm 
per 1000 lineal feet. 
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CHAPTER 3: HYDROSTATIC PRESSURES AND PRESSURE RELIEF 

3.1 Introduction 

This chapter concerns hydrostatic pressures acting on WMATA 

tunnels from groundwater sources, and the relation between 

pressure relief and leakage into WMATA tunnels. It is not 

intended to be a general treatment but rather to reflect WMATA 

specific experience with groundwater problems with particular 

emphasis on rock tunnels and stations. The ASCE-UTRC, 

•Guidelines for Tunneling Design• (Reference· 2-1) has the 

fc:lowing advice on resisting external water pressures. 

•rn many instances, it is not necessary to design the 
concrete linings of rock tunnels to resist full hydrostatic 
pressure. Neither 1s it necessary to provide hydrostatic 
pressure relief or external drainage unless it is desired to 
channel water leakage through the lining or collect it in an 
external drainage system. Tur.nel shape has a strong impact 
on the lining stresses resulting from external water 
t=Jr-essure. ·Moments 1n circular tunnel linings from hydro
~:atlC loading will be limited to those caused by elevation 
changes between the crown and invert. The thrust from water 
pressure in a circular lin1ng may even increase its capacity 
oy compensating !or tensile stresses associated with 
bending.• 

Since the earliest oesigns of 1966, ivMATA procedures for 

resisting water pressures and providing drainage or 

watertightness have evolved in stages and a summary of those 

developments follows. It should be recognized that both in rock 

or soft ground the external water pressures acting on the lining 

and leakage through the lining are produced by an interaction of 

the following factors: 
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1. Permeability of the surrounding ground and of the 
tunnel lining; 

2. Provisions for systematic drainage to the tunnel or 
inadvertent leakage through the lining; 

3. Tunnel head acting from the groundwater source, divided 
in two components: head loss in the surrounding ground 
and increment of head loss causing flow through the 
lining. 

These factors are illustrated diagrammatically in Drawing 

No. 2-2. Briefly, as the liner itself becomes lesE pervious or 

if systematic drainage is omitted, the head retained outside the 

liner is maximized and vater within the tunnel is a minimum. On 

the other hand, either systematic drainage or inadvertent leakage 

will decrease the surrounding water pressures acting outside the 

lining. 

3.2 Hydrostatic Pressures in WMATA Designs 

!r. Wl'!ATA design procedures, circular running tunnels have 

oee~ ~aken as resisting full hydrostatic pressures, whether the 

:•r.ir.g has been cast-in-place concrete or pre-cast segmented. 

l1nes. Horseshoe runn1ng tunnels in rock were originally 

cor.s:dered to be tully pressure relieved by drainage lines anc 

1nvert drains at the1r base. The earliest WMATA stations in rock 

were large single vaults supported by shotcrete, rock bolts and 

heavy steel ribs. These were designed to be fully pressure-

relieved by the individual drainage lines positioned at leaks and 

placed during construction and before completion of shotcrete 

applications. The earliest piezometer observations near running 
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tunnels and stations in rock suggested that drainage or leakag~ 

was creating very substantial drawdown, almost complete relief of 

water pressures in the rock joints immediately surrounding these 

mined openings. This appeared to be occurring even though the 

uppermost piezometric levels in the shallow water table remained 

near the original unaltered water levels. This is suggested by 

the data plotted in Drawing No. 3-1 showing the actual drawdown 

observed in piezometers which have intake points isolated in rock 

near the tunnel openings. 

These observations represent the typical condition where 

permeability decreases substantially with depth in the profile of 

~ock weathering. rn some locations it is likely that piezometric ~ 

levels near tunnels would be low in any case because of lack of 

con::1unication through rock )oir:ts with a source of recharge at 

sha:low depth. The usual condition in WMATA deep rock tunnels is 

:o encounter water pressure after construction much lower than 

values hydrostatlc with the surficial groundwater level in 

ovP~b~rden soils. 

One except1on to the general rule of extensive drawdown is 

Piezometer No. VR-! near running tunnel in rock in Section A006, 

which shows only roughly 50\ drawdown at a point within a few 

feet of circular tunnels. As it became apparent that systematic 

drainage in rock tunnels was being influenced by the problem of 

calcification, concern developed that the assumption of complete 

hydrostatic pressure relief at rock stations was not conservative 
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enough to allow for the progressive clogging and rest~icting of 

the drainage function. 

The general effect of drainage on water pressures can be 

readily assessed by the flow net procedure. The pattern of flow 

usually can be estimated to the extent required in practical 

problems by the graphical construction. Accuracy of the 

prediction of quantity of flow is limited by the accuracy of 

knowledge of the permeability of the surrounding ground which is 

usually poor to mediocre. Two flow net examples are shown on 

Drawing No. 3-2. These assume two-dimensional seepage to 

concrete-lined horseshoe tunnels in isotropic ground and are 

examples of approximate procedures available for a design 

estimate. The upper diagram reflects the combined effect of a 

c ra i nage slot representing an 

:::-.e through the liner above 

array of weep holes on 

the springline plus a 

~~~ercrain across the base of the invert. 

a single 

pervious 

7~e lower d1agram of Drawing No. 3-2 illustrates the effect 

o! the invert underdrain alone. The plot at the left of the 

~ur.nel cross section in both these sketches shows the hydrostatic 

pres::;ures actin<; outside the liner while the drains are active 

and compares this to the original full head of water. In this 

case original head is taken at 60 feet at tunnel crown and 80 

feet at tunnel invert. With both the weep holes and invert 

underdrain functioning, hydrostatic pressures on the straight leg 

of the liner average a maximum of about 13% of the original 
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pressure. If only the invert is drained, hydrostatic pressures 

vary from about 50% at the tunnel crown to 10% at the outside 

base of the sidewalls. 

The purpose of these studies was to assess the effect of 

plugging of small weep hole drains caused by_ calcification, as 

observed in the rock stations and in certain horseshoe-shaped 

running tunnels. On the basis of such studies, it was 

recommended in 1979 that for design of the horseshoe cast-in

place concrete liner at normal working stress, water pressures be 

assumed at 25% of the original height of static groundwater at 

~he crown and 10\ of the full height at the base of the straight 

le~. It was additionally required that the tunnel liner designed 

on this basis be checked for 100% of full hydrostatic acting 

a9a:~s: the straight leg, req~iring a safety factor just greater 

:~a~ unity on ~he stresses produced. This later condition 

~:-c;::-.ar::..ly controlled flexural reinforcing in the legs of the 

~.crseshoe liner. 

As a desi9n with the New Austrian Tunneling Method (NATM) 

~as being developed 

proposal for Section 

in 1984 

BOlO 

in a value 

of Glenmont 

engineering change 

Route, there were 

protracted d:lscussions o! the effect of water pressure 

transferred from the dra i nac;e f 1 eece on to the interior final 

lir.ing. Eventually it wa~ concluded that the effect of plugging 

of the drainage fleece could be accounted for by applying a water 

pressure equal to five meters of head upon the interior cast-in-
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place 1 iner of the NATM design. This amounted to about one-

fourth to one-fifth of the original groundwater pressure. 

Piezometer observations to Autumn 1988 indicate extensive 

drawdown of piezometric levels produced in the rock surrounding 

the BOlO tunnels and acceptable stresses within the interior 

concrete liner. 

3.3 Analysis of Hydrostatic Pressure Effects on Horseshoe Tunnel 

To take advantage of the experience of DeLeuw Cather & Co. 

( DCCo) as General Engineering Consultant for the WMATA system, 

they 1.1ere retained as special investigator for this study to 

distingL.:ish the effects of water pressures acting on running 

tunnels and stations in rock. Two separate problems were 

co:1s1 de red: the e!! ects 1 n a horseshoe tunnel with an in ·.·ert 

d:-a1:1aqe layer, and the effects on a typical station mined in 

:oc~ s~?por~ed by shotcrete anc steel ribs. 

Bas 1 c resu 1 t s for t h~ horseshoe sect ion are summarized on 

:. : a -.. .:. n g r~ o • 3 - 3 • The tunnel 1s taken as a simple frame of 

ccr.stant cross section w.:.o:.h th~ conservative assumption of pin 

s~pport at the baa~ of t~e stra1ght legs. Moments at crown and 

sprlr.gline are compared for cases which combine the basic rock 

load with four different distributions of lateral water 

pressures. If the invert drain is functional, the horizontal 

water pressure diagram on the straight leg decreases to zero at 

its base. In that case negative moment produced at springline is 
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acceptable; moment at the c~own is small. The safety factor with 

respect to a moment balance ranges from two to three. If the 

invert drain does not function properly, water pressures on the 

straight leg are taken as a uniform rectangular diagram.. Then 

the negative moment at the crown can become relatively large and 

safety factors drop below 1.5. If the drain is completely 

plugged and water pressures became hydrostatic with the original 

groundwater, the safety factor for crown moments decreases to 

about one. Thus, the continual functioning of the invert drain 

1s important and deserves maintenance attention. This analysis 

is conservative since the rock load was not decreased to reflect 

buoyancy acting on the wedge of overbreak rock as water pressures 

are increased. 

3.< A~alysis of Hydrostat1c Pressure Effects on Rock Stations 

;.. .:-epo::-t by DCCo was subn!tted to MRCE in November 1983 

:::.ed, •Effect of Hydrostatic Pressure on St=esses in WMATA Rock 

S:a:1or. 5"::.::-uctural Lin1ngs• (Reference 3-1). The WMATA mined 

recK statio~s o! Rockvil:e Route are caverns, typically 60 to 65 

~ee: in width, opened by multiple headings with structural 

support by several layers of shotcrete applied behind and around 

stee! ribs spanning the entire cavern arch. 

Hycrostatic pressures were to be eliminated by drainage 

holes installed outside the shotcrete plus underdrains beneath 

the station invert slab. The general arrangement of the cavern 
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support and the drainage are shown on Drawing No. 3-4. The 

station arch was designed using symmetricai roof rock loading and 

an initial small horizontal loading, then permitting an increase 

in horizontal pressures as the support deflects against rock 

engaging an assumed horizontal rock modulus by the outward 

deflection. The capacity of the supporting section was checked 

by applying discrete rock blocks whose magnitude and orientation 

were determined by the attitude of the joints in the surrounding 

rock. 

Structural support in three rock stations were studied by 

DCCo: Forest Glen, Bethesda and Medical Center. For Forest Glen 

Stat1on adding a water pressure diagram equal to 20% of the total 

head decreasing to 10\ at the base of the side wall caus~d a 50% 

1ncrease in compress1ve stress compared to the original design of 

a c:-y rock load without water. Addition of this water pressure 

ca~sed a 3.5 t1mes increase in concrete compressive stress if the 

:r.:eract:.on of the tunnel l1ner and the supporting rock on the 

!:te ~a:! was not considered. 

for Bethesda and ~e~1cal Center Stations, adding a full 

hydrostatic pressures at the crown of the station arch created a 

61\ increase in maximum compressive stress in concrete. This 

produced only a 5\ overstress in the structure due to the reserve 

capacity of the arch section. In fact, a field investigation 

with piezometric measurements outside the shotcrete lining, 

indicat~d the bu1ldup of only a few.feet of water pressure on the 
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shotcrete lining despite efforts made in this UMTA investigation 

program to seal the shotcrete liner. The shotcrete contains 

numerous reflection cracks, generally one along each outstanding 

flange of the steel arch ribs. Although this method of pressure 

relief by unplanned drainage can create an annoying maintenance 

problem ..and leaks damaging the arc hi teet ural finish, it also 

ensures that hydrostatic pressure will not develop on- the 

structural lining of the original rock stations. Thus, while 

Rockville Route stations might appear to be potentially 

vulnerable to the buildup of water pressures, neither the 

st::-uctural analysis nor the realities of the in situ condition 

suggest a long term threat to structural integrity of the lining. 

tJo investigation has been made of the corrosion of the steel ribs 

or rate of 1 oss of structural section. However, pH values in 

leaking water in the rocK stations are near neutral or slightly 

clkallne and are buffered by calcite within the bedrock joints. 

Strain ga~ge measurer::ents were made by the University of 

:::!nOlS invEstlgation tea~ on the steel ribs of the lining of a 

::.;::-:be:- of the earlier Rockville Route stations mined in rock 

Those observations have been analyzed to 

de~ermine thrust and rnoment in the composite cross section of 

ribs and shotcrete and compared to the locus of failure 

combinations of thrust and moment. These analyses indicate that 

the st::-ess level measured in situ is about 20% to 30% of yield 

point values for the design composite section of ribs and 

shotcrete. How~ver, it is only about 15% of the actual yield 
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point for the as-built cross section which incorporated a 

substantiallY greater thickness of shotcrete than was planned. 

3.5 Relation of Tunnel Leakage and Water Pressures 

The study of Section 3. 2 concerned drainage to a tunnel 

where exterior water pressures were controlled by planned 

drainage arrangements. Experience with leaking cast-in-place 

concrete liners indicates liner permeability can be as high as 

-3 -4 lxlO to lxlO feet per minute. Where a leaky concrete liner 

is constructed in waterbearing ground, leakage to the tunnel and 

wc.ter pressures on the liner are a function of the relative 

permeability of ground and liner. The factors involved in this 

relationship are explored in Drawings Nos. 3-5 and 3-6. Drawing 

No. J-5 is a sir.1ple flow n~t drawn for a tunnel in sand where 

~cr:zo~:al tunnel dimensions are reduced by one half to account 

: c : a:: 1 sot r o pic perm e a b 11 i t y of the surrounding sand . The flow 

~a::ern is symMetrical about the tunnel centerline. This 

d~d:ys:s yields a •shape fac:or• which defines the efficiency of 

!:ow 1n the ground surro~~d~ng the tunnel, equalling 1.6 in this 

case. 

Shape factor is an insensitive parameter and variations in 

tunnel shape or soil stratification have little effect on it. 

Therefore, this flow net can be used to demonstrate the factors 

that influence tunnel leakage and water pressures developed on 

the exterior of the liner. In the computations of Drawing No. 
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3-5 the flow through the sand stratum is then set equal to flow 

through the tunnel liner. These quantities depend on the values 

of permeability of the surrounding ground and the liner itself. 

Head loss across .the .liner can then be expressed in terms of the 

ratio of these two permeabilities. On Drawing No. 3=6 that fact 

is utilized to demonstrate the quantity of flow into the tunnel 

in the upper diagram and the potential head loss on the exterior 

of the liner in the lower diagram. 

The upper diagram shows that acceptable leakage on the order 

of 1 gpm per 1000 feet of length can be expected whenever liner 

permeability is lxl0- 7 teet per minute or less. If the liner 

permeability is as great as lxlo- 6 fpm, the permeability of the 

c;round must then be not more than about 2xlo- 6 fpm in order to 

rree~ acceptable standards for leakproofing. This is the 

Sl~uation experienced in many London Transport tunnels mined in 

~o~cc~ clay where leakage to the tunnel is restricted by 

o~r~eab:lity of the clayey ground. Then segmented pre-cast 

!:r.Pr£ ~o.·ith no great attention to joint tightness have been 

~otably successful. 0n the other hand, the worst WMATA 

experiences with l~akage to running tunnels have combined the 

unfavorable circumstances of a cast-in-place concrete tunnel near 

a portal surrounded by JOlnted rock and continuously recharged 

from a stream overhead. That combination of conditions probably 

involved permeability both of the ground and the liner in the 

range of 10- 3 to 10- 4 !pm, leading to average inflow of 100 to 

200 gpm per 1000 foot o! tunnel. 
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The lower diagram of Drawing No. 3-6 uses the same 

information to establish a relationship between the two 

permeability values and the increment of head acting on the 

exterior of the tunnel liner. This, of course, is the water 

pressure that has to be resisted in the liner design. In this 

analysis there is no significant effect on the magnitude of these 

external pressures from the shape of the liner, whether circular 

or horseshoe. However, the shape of the tunnel has a large 

influence on the magnitude of its flexural stresses. 

The lower diagram shows that if liner permeability is two 

orders of magnitude greater than permeability of the surrounding 

ground, 2/3 to 3/4 of the total head is preserved to act on the 

tunnel liner. Where tunnel liner permeability is only one order 

of masnitude less than that of the surrounding ground, only about 

l/3 of the total head remains to act on the liner. Of course 

._~e:-. :he surrounding ground and the tunnel liner are of ·equal 

?e=~eabillty then the liner is no more effective than a~ 

equ1va:er.t several !eet of the surrounding ground itself, and the 

head remaining to act on the liner is negligible. It is assumed 

that the permeability of the liner is distributed as an 

equivalent concrete sect1on of uniform porosity. 

It should be recognized that these solutions are site 

specific and that the conclusions vary somewhat depending on flow 

pattern in the ground and also on the manner in which the head 

loss is concentrated around individual larger cracks in the 
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tunnel liner. However, these simple computations illustrate the 

overall relationship between leakage and exterior water 

pressures. 

3.6 Influence of Crack Width on Concrete Permeability 

Drawing No. 3-7 ·illustrates a brief study made for this 

report to quantify those factors in the cracking of concrete 

which influence the equivalent average permeability of the tunnel 

l1ner. In the upper diagram, a relationship between flow 

gradient and thickness of an individual crack is shown for an 

ideally smooth crack and a crack so rough that it is equivalent 

to f:ow through granular soil wherein the crack's average width 

1s taken as one-fifth of particle diameter. The flow in the 

sr.:ooth slot is taken as an upper bound, whereas flow in the 

eqc:valent irregular so1l pores is the lower bound. Probably, as 

:~e crack width increases, the flow tends to approach the upper 

:.c~::c of the snooth slot. For very small cracks, the flow 

a~p=oaches that o! the pa~h through granular soil. That assumed 

~ec1an condit1on is trar.slated in the lower diagram to equivalent 

ccr.crete liner per~eab1l1ty versus crack width and crack spacing. 

Permeability and crack width are related exponentially and cover 

a range in this analysis s1milar to the actual permeability range 

evidenced in the field for cast-in-place concrete lining, between 

-4 -7 lxlO and lxlO feet per minute. 
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3.7 NATM Drainage and Water Pressure Resistance 

Drawing No. 2-4 contrasts the standard horseshoe tunnel 

specified in Section BOlO of Glenmont Route with the competing 

section constructed under the value engineering change proposal 

for the •New Austrian Tunneling Method• (NATM). The conventional 

cast-in-place-horseshoe section was installed in adjacent Section 

8009. The contrast between leakage inflow where these two 

running tunnels abut is striking. Specific information on the 

extent of exterior drawdown in the rock surrounding B009 has not 

been available. Numerous pumping wells were carried to the 

jointed rock in Section 8009 and the overall effect of the 

construction dewatering was to create a substantial drawdown. It 

is expected that much o: the drawdown has been sustained by the 

continuing leakage to running tunnels and shafts in B009. 

:~ Section BO!O piezometers have been placed from within tr.e 

:~~~1ng tunnel, carried through the initial shotcrete at a height 

a!:out five feet above the invert and then brought through the 

! :eece, waterproof 1 iner ar.~ final concrete lining to emerge or. 

the interior tur.r.el wall. Be!ore tunneling, a group of four deep 

observation wel!s had been in~talled from the ground surface to 

bottom positions midway between the two running tunnels, with 

intake points about 10 feet above tunnel crown. Since their 

installation, the interior piezometers have recorded 4 to 6 feet 

of water head with no significant change as tunneling progressed 

to completion and the final concrete lining was cast. 
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The observation wells from the ground surface have shown a 

continual gradual drawdown during mining to a depth of 35 to 40 

feet below the original water table. . Then the residual head 

above the tunnel crown is 15 to 20 feet of water at a distance of 

10 feet above the crown. The gradient to the crown is about 2~ 

to 1 taken on an angle from the position of the piezometer. This 

gradient is similar to the average gradients directed toward the 

cast-in-place lined tunnels and stations of Rockville Route on 

Drawing No. 3-1. According to the interior piezometers, a 

residual head of five feet of water is present in the drainage 

fleece, and there is a differential head of roughly 30 feet in 

the 20 or 25 foot distance between the tips of the exterior 

observation wells and the interior piezometers. This is 

e~uivalent to a gradient o! about 1~ to 1. All piezometers are 

reac~1ng to an active !low field directed into the drainaqe 

•· • & _.;.Eece o_ the tunnel where there is a reduction of head of 50 to 

6G :ee~ belo1.1 the origu:al water table. There is not yet (in 

~~t~~~ 1988) an indicat1on that this extensive drawdown is beinq 

re~:ored as tu~~el1ng work 1s completed. 

The drainac;e !leece and the waterproofing membrane in the 

NA~M design is extended up the shaft walls and surrounds the top 

and sides of the Wheaton Station, providing an extensive drainage 

~edium and a complete waterproofing enclosure for all the mined 

underground structures of Section BOlO. The key question that 

will only be answered by the passage of time is whether the 

drainage fleece could become less pervious because of continuing 
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compressive stresses, vibrations, chemical changes, the intrusion 

of sediment or the accumulation of precipitates within the 

drainage fleece. Since carbon dioxide gas released from calcite

charged inflowing ground water will tend to be trapped within the 

fleece, its presence in the fleece may inhibit continuing 

calcareous .. precipitation. Therefore it is likely that the fleece 

is much less vulnerable that conventional drains to clogging by 

precipitates. Experience in Europe doe~ not indicate any 

si9nificant loss of drainage capacity of· the NATM fleece with 

passage of time. 
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CHAPTER 4: CALCIFICATION, CAUSE AND EFFECT 

4.1 Background of the Calcification Probl~m 

Nine wide arch stations were constructed for WMATA in 1970 

to 1980, eight on the Rockville Route and one, Rosslyn Station,· 

on the Huntington Route. Characteristics of these stations, 

their drainage arrangements and the problems of leakage into the 

stations were SUI'ilmarized in Section 2.6 of Chapter 2. These 

stations are all positioned in metamorphosed sedimentaries of the 

Wissahickon formation. Bedrock strikes west of north, roughly 

paralleling the axis of the Rockville stations, with a steep dip 

westward. The stations' permanent support consists of shotcrete 

layers over heavy wide-flange steel ribs. The top of rail is in 

tte range of 60 to 100 !eet below ground surface. The stations 

are excavated largely in unweathered rock with typically 30 to 60 

:e~t a: rock cover above the crown of the opening. Within this 

~~ace 1s the dlstinctive architectural lining which has become a 

t~::~ark of the Washington Metro System. 

:he station structural design loading consisted of a 

symmetrical rock load of •tent• shape, verified by analyzing load 

transfer from discrete rock blocks sliding in a direction 

controlled by the att1tude of the rock joints. Hydrostatic 

pressures were assumed to be removed entirely be drainage into 

weepholes placed through the shotcrete and connected by 

collecting headers to the invert slab underdrainage system. The 

4-l 



weepholes drilled into rock are typically two-inch diameter, 

eight feet long at 10 foot centers. These lead into collectors 

which open directly into the drainage layer beneath the track 

invert slab or into an access corridor on either side of the 

architectural concrete, carried from there by collector pipe to 

the track drain. The invert slab is underlain by a pervious 

layer which feeds the central drain pipe directed to the pumping 

sumps at intervals along the tunnel. 

From the early stage of construction of these rock stations, 

problems developed with precipitates of calcium carbonate in the 

form of a white or grey sludge which hardened on exposure to air. 

Calcite is widely distributed in joints of the bedrock, in 

great est proport 1 on where the rock is most weathered, and has 

been carried into solution by moving ground water, precipitating 

'-'here the inflow i ng water reaches atmospheric pressure in the 

s:atlon interior or in its drainage system. The small diameter 

c:eano~ts provided on the drainage header have thwarted efforts 

a~ naintaining ur.impeded flow. The precipitate has clogged small 

diarr.eter drains ar.d decreased the effectiveness of the track 

underdrainage. It has covered drainage grates and seriously 

reduced the cross sect 1 on of 1 a rge diameter main drains. It 

interferes with pumping from sumps by forming a build up on pump 

impellers. All of this necessitates periodic cleaning and 

removal by labor-intensive methods, substantially increases 

maintenance activities ar.d costs. Of potentially great 

importance is the possibility that clogging of the drainage 

4-2 



system wi~l permit a gradual buildup of water pressures outside 

the station's walls, imposing a load not considered in the 

original structural analysis. That possibility was investigated 

by DeLeuw, Cather and Co., as subconsultant to MRCE and was 

reported by them in Reference 3-1. The problem has long con-

cerned the General Engineering Consultant and the Authority, and 

with each successive station design efforts were made in the 

layout of the drainage system to minimize problems with 

precipitates. 

4.2 Experiences of Other System~ 

4.2.1 MBTA Perter Square Station. Porter Square Station for 

the new Red Line extension of the Massachusetts Bay Transit 

A~~hority, completed 1n 19~5, exhibits similarities to the WMATA 

.::-ock stations (Reference 4-1). It is excavated in the local 

Ca~~=lcse argill1te as a cavern 550 feet long, 70 feet wide and 

~5 fee~ high w1~h a total depth to crown of about 70 feet. The 

arg~:!1te cover reaches JJ feet and the original water table is 

58 feet above the crowr.. Drainage provisions consisted of an 

a.::-ray of two inch diameter weep holes, typically eight feet long, 

at 10 foot centera, placed after the first shotcrete application, 

with slotted PVC pipes inserted. These led to 1~ inch diameter 

PVC collectors, each provided with a clean out opening. 

Structural support was similar to WMATA rock stations, consisting 

of several layers of ~hotcrete over 8WF40 steel ribs placed at 

:ive foot centers. The design loading followed the ~JMATA pattern 

with 
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u symmetrical tent load assumed, verified by discrete rock blo9ks 

posing an asymmetric loading. 

An array of piezometers was used to measure water head built 

up outside the shotcrete. In a manner similar to the WMATA 

experience there was unplanned pressure relief through cracks in 

the shotcrete lining of the chamber at rib locations. It was 

thought that fluctuating tensile stresses in the ribs were high 

enough to aggravate cracking of the adhering shotcrete. Water 

pressure l'ileasured in the piezometers was several feet of head 

outside of the shotcrete lining several years after construction. 

This v a 1 ue increased to a maximum of four feet, probably as a 

result of general return of the surrounding water table to its 

original 1 eve 1. Tot a 1 inf 1 ow from the drainage system was less 

t~a: one gallon per cinute. As in other metasediments, a 

ca!careous precipitate was carried by the flow through the 

-~~~~g. This appears to have sealed many cracks, contributing to 

:~~ s!1ght increase in hydrostatic pressure. However, there new 

~!=FE"a:-s to be an equilibrium, with some relief pipes clogging 

wh!:e new small cracks in the liner open, so that a balance is 

:-eached in the exter1or water pressures. 

s:.resses in the steel ribs have reached 

Measured compressive 

maximum values in the 

range about 5 to 8 ksi, due to thrust from the rock overbreak 

loads. Exterior water pressures make an insignificant contri

bution to thrust in the ribs. 
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4.2.2 Baltimore Subway Procedures. WMATA experience 

difficulties of drainage in rock prompted an evaluation 

problems that might be encountered in Baltimore subway 

with 

of 

rock 

sections by specialists involved in both Washington and Baltimore 

systems. These studies lead to the following conclusions: 

1. Invert drainage layers are rapidly clogged by 

introduction of water discharging from the tunnel weep 

holes directly into the granular drainage material. 

2. Two inch diameter PVC pipes inserted within weep holes 

and 

and 

drain lines 

damage by 

precipitates. 

were shown to be subject to clogging 

at tempts to clean the pipe of 

3. One improvement considered was to substitute three inch 

diameter weep holes drilled at 15 foot centers through 

the cast-in-place liner after its completion, with 

additional holes where seeps appeared durir.g tunneling. 

These would discharge in a vertical chase in the face 

of the tunnel l1ner to control the staining and confine 

formation of deposits. 

4. Future plans were to consider the practicability of 

redesign to el1minate the need for hydrostatic pressure 

relief in runn1ng tunnels in rock. 
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4.3 The Calcification Process 

was 

4.3.1 Ambric Investigation. 

first encountered in the 

When the calcification problem 

mid-1970's, Ambric Testing and 

Engineering Associates was retained by the General Engineering 

Consultant to test the precipitate and analyze its source. They 

reported in February 1976 (Reference 4-2) with the following 

conclusions from their work performed at Rosslyn and DuPont 

Circle Station: 

1. The shotcrete 1 ining did not appear to be damaged or 

deteriorated by the process which formed the calcareous 

prec ip ita te. Neither the shotcrete nor the aggregate 

itself reacted when tested with the groundwater, 

indicat1ng that the precipitate does not originate from 

the structural materials of the station lining. 

2. The calcareous precipitate tends to seal cracks in the 

shotcre:e and also to clog the invert drainage layer. 

Complete clogg1ng of that layer seems to be inevitable 

in several decades. These developments point up the 

need tor d1rect connection of any drainage lines with 

the ma1n invert collector pipe and that well-placed 

clean out arrangements are essential. 

4.3.2 Evaluation by u.s Geological Survey. Early in the 

MRCE study in 1983 a contact was made with the Groundwater Branch 
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at the U.S Geological Survey -Headquarters in Reston, VA. It was 

hoped to draw on their understanding of the basic mechanism of 

calcareous precipitate production. They repeated a common 

opinion that although concrete is often disfigured by unslightly 

efflorescence of lime, it is highly unusual for good quality 

concrete to be damaged or made unserviceable by leaching of lime 

from void spaces to create a surface precipitate. The chemical 

reaction that forms the precipitate is recorded in Drawing No. 

4-l. As a solution (groundwater flow) contacts a vapor 

containing carbon dioxide (the atmosphere), the solution will 

lose carbon dioxide until equilibrium is established. The 

partial pressure of carbon dioxide is generally higher in 

groundwater than in rainwater. Solutions passing through so i 1 

also generally increase in calcium ion concentration. The 

p=eclpitate of calcium carbonate in efflorescent crusts is 
I 

~ela~ed to the carbonate systems reactions. The occurrence of 

ca:c1ur. ticarbonate in water 1n the Piedmont is not surpris1ng 

s:~ce this is commonly associated with alumina-silicate-rich 

a~~l!e=s. The weathered ~etasedi~ents contain high concentration 

c! Hco
3 

and CA++ which are conducive to the saturation of the 

s=cundwater with calciu~ carbonate. 

4.3.3 Studies for MRCE. A report by Dr. R.S. DeSanto, 

scientist of DeLeuw Cather and Company, dated February 23, 1984, 

CP.eference 4-3) was based on a field trip to Rockville Route 

stations on December 21, 1983. He identified the familiar 

mechanism of calcareous precipitation. Inhibitating 

4-7 



,, 
j, 

i -~~£-=-~-~-::~~ ~-~:~~;:~~~--·~--~~ ~~ -~· --:.:· ---.: ··. -- .--
·--.-- -:--~- ..... ~~-t9'E? I -&.- --~....:u--.m,.._~c "'""· ,...._._...,.,..,.. ~._,.,...,..,....-------

precipitation would require shrouding the discharge of drains to 

maintain a back pressure in the gas above the discharge. Warmer 

temperatures within the transit structures encourage release of 

co
2 

from the draining water and concurrent precipitation. Adding 

acid to the discharge would restore the balance of hydrogen ions, 

limiting or delaying the supersaturation of the discharge with 

calcium carbonate. 

A report of Prof. W.B. White of February 17, 1985 was based 

on inspection and tests of .March 5, 1984 (Reference 4-4). His 

tests were performed on samples of leaking water and the 

precipitates and involved ~easurements of pH values and chemical 

constituents. The presence of relatively high sulfates in the 

water tested suggests that DuPont Circle and Van Ness stations 

leakage had a contrib~t1on from combined storm drains with 

san1tary sewers which included organic materials. The rna jor i ty 

o~ s~~ples taken 1ndicated supersaturation of the inflowing water 

w::h calcium carbonate. He also noted that typically there is a 

s~~s:ant1al content of calcium carbonate available in the profile 

o! weathering in ~etasediments. Experience with the intensity of 

Freclpitation ind1cated that the concentration is greatest where 

weathering extends closest to the station opening and is the 

least where igneous 1ntrusions have most altered the 

metasediments of the country rock. 

4.4 Field Test of Waterproofing Compounds 
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In a month from November to December 1983, a fieid test was 

conducted in an exterior corridor at DuPont Circle station and in 

one at Rosslyn station to assess the performance of waterproofing 

compounds on the shotcrete liner and to determine the 

accompanying increase of exterior pressures. Attention was 

focused on the two oldest stations mined rock, where it was 

feared that calcification would eventually clog drains and allow 

build up of excessive pressures on the shotcrete liner between 

steel ribs. Application of the rna terials was carried out by 

Technical Grouting, Inc. under contract to MRCE and funded out of 

the MRCE port ion of the study grant. Table No. 3 summarizes 

the chronology of contract work and studies at the two stations. 

The Contractor's field work occupied one full month between 

November 16 and December 16, 1983. 

The program consisted of the following operations: 

l. Three proprietary waterproofing compounds were applied 

on individuals panels in DuPont Circle station and 

three 

Each 

other coC".pounds on panels at 

co~pound was utilized in 

manufacturers' instructions and 

Rosslyn station. 

accordance with 

in most cases 

manufacturers' representatives were present at the time 

of application to provide guidance. 

2. Water pressure gauges adapted and supplied by Go1dberg

Zoino and Associates (GZA) were installed in weep holes 
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which had been previously drilled through the shotcrete 

lining at DuPont Circle and into the exterior rock 

(Reference 4-5). At Rosslyn station gauges were 

attached to the drainage 

above 

collector 

the rock 

lines 

arch 

which lead 

through the from the weep holes 

shotcrete lining and 

drain at the outs ide 

discharge water into 

of the architectural 

the floor 

concrete. 

The purpose was to measure the change of water pressure 

outside the shotcrete lining as the lining was sealed 

by application of the waterproofing compounds. 

3. MRCE field personnel made periodic visits to the test 

sections, photographing the results, observing the 

performance of the waterproofing, reading the water 

pressure and strain gauges and reporting general 

conditions in the test corridors. 

~ocat1on o! the test panels in the cross section of Dupont 

C:~c:e ~tation is illus~rated on Drawing No. 3-4 and the positior. 

H. plan with the detailed results at the waterproof panels are: 

shown in Drawing No. 4-). for Rosslyn Circle station a si~ilar 

cross section with the location of the work is shown on Drawing 

No. 4-l and the specific results are noted in longitudinal 

section on Drawing No. 4-2. Samples of the water leaking from a 

number of the stations in rock were obtained by Engineering 

Sciences, Inc. in September of 1983 and tested by them. Their 

test report is included in the appendix volume. Water samples of 
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the precipitate were obtain~d by Professor William White of 

Pennsylvania State University in 1984 working under contract to 

MRCE and the report of his test results also appears in the 

appendix. 

Assessment of the waterproofing tests is depicted on the 

longitudinal sections showing the face of the waterproofing 

panels in Drawings ~Jo. 4-2 and 4-3 and discussed in the following 

text sections. It should be noted that the conditions of testing 

these waterproofing compounds were far from ideal. In the 

corridor of Dupont Circle station there was a continual drip on 

the water-proofed panels from leaks above in the station arch 

wh1ch interfered w!th curing of certain compounds. Both test 

loca~ions contain shrinkage cracks of various widths and in 

::ll;por.:. Circle stat1on th~ !ace o! the panels was perforated at 

:=e~cen~ 1ntervals by weepholes. The performance of any of these 

c8~?0~~ds in this spec1al Sltuation does not necessar:ly reflect 

::-.e:.:- e!!ective:r.ess 1n better controlled interior waterproofing 

s~:..:a:~or.s. 

4.4.1 Duper.~ C1rc:~ S~at1on Test. Three waterproofing 

products were utlllZed 1n the inbound corridor outside the 

architectural lin1ng: flve-Star, IPA Drycon, and Hey-Di Rapid. 

The shotcrete to be waterproofed had been sprayed on a vertical 

rock excavation face 20 feet high, applied in three coats of two 

inches. It presented a relatively smooth, undulating surface 

lacklng the reflection cracks which accompanied the ribs in the 
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station· arch roof. The shotcrete varied from four to eight 

inches thick and wcrs generally hard and sound. Leaking water 

charged with precipitates dripped from above on the shotcrete 

surface. The shotcrete was punctured by two rows of weepholes at 

about 10 foot intervals vertically and horizontally. Each 

material was applied in panels about 65 feet long, extending from 

the invert to a height of 12 feet. Dripping from above 

complicated the determination of leaks that were occurring 

directly through the treated shotcrete surface. These three 

products were coatings which bonded to the surface without 

supposed crystallizing within pore spaces of the shotcrete. 

The shotcrete surface was cleaned with a water blaster using 

a pressure of 1,000 psi. After cleaning, all of the penetrating 

weepholes were plugged with •Thorite• sealer except for those 

holes which were to receive pressure gauges. The gauges 

cc~~isted of a porous probe, packer and Bourdon gauge attached. 

':'h:-ee gauges, PG-1, PG-2 and PG-3 were installed in the three 

:.es:. panels. Gauge PG-4 was placed on the inbound corridor 

oeyo~d the panels. PG-5 was installed in the outbound corridor 

or. ~he opposite side of the station arch as a control. 

On Panel WP-4 the Five-Star product was spread by hand using 

rubber gloves. Ten, 100 pound bags were spread over 700 square 

feet of the panel to make a single layer 1/8 inch thick: 25 

po~nds of the oaterial being mixed with two quarts of water. The 

results expressed in terms of the condition of the plugged 
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weepholes and the presence of continuing leaks through the panel 

are tabulated on Drawing No. 4-3 with a description of the 

pressure gauge fluctuation in the panel. 

On Panel WP-5 for the IPA Drycon, the cleaned shotcrete 

surface was sprayed with a bonding agent then the material was 

brushed on in three coats, except the end 15 feet of the panel 

which received two coats. 

with a coloring agent 

These successive coats 

of white and gray. In 

were applied 

the humid 

environment and in the presence of dripping moisture curing of a 

coat ~ook more than a day. The applic?tion was damaged by drips 

:ro~ above while still so!t. Eleven, 50 pound bags were used to 

cover 700 square feet of panel in the first coat. 

The Hey-Di Rapid was brushed onto the surface of the 

;::-e;Jarec Panel WP-6 ir. a single coat which required a bonding 

..:: .: e :-. : o n t h e prep a r e d s u = : ace . Be c a use of t he 1 a c k of s up p 1 y , 

·.:·~., Portland cemer.t ._.as added in completing the end of the 

~~~e:. The set-up tine was rap1d and the material easily applied 

=-Y or~shing. 

4.4.2 Rosslyn Stat1on Test. Three waterproofing panels were 

set up in the inbound corridor utilizing Vandex, Xypex and Hansit 

between station 140+50 to 142+50. The shotcrete here had been 

app:ied on steel ribs over wire mesh with a average total 

th1ckness between :our and six inches, but there were substantial 

area of broker. shotcrete and exposed rock. While there were few 
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interferences with the application, the surface of the shotcrete 

was much less regular and smooth and generally was more difficult 

for the application of waterproofing materials than in the Dupont 

Circle station corridor. 

The existing hydrostatic pressure relief system consisted of 

numerous weepholes across the station arch at the standard 

spacing, which were connected to small diameter plastic drainage 

collectors which followed a line down the arch and dripped onto 

the base of the corridor to flow into the collecting drains. The 

station cross section is shown on Drawing No. 4-1. 

7he pressure gauges were inserted in the discharge line of 

the hydras tat ic pressure re 1 i ef system and those 1 ine that did 

not receive pressure gauqes were plugged. The purpose was to 

Slr.lulate to the extent practical a sealing not only of the 

su~face of the shotcrete by also of the HPR system. 

Vande x was placed in Pane 1 WP-7 with two coats brushed on 

the shotcrete. This is a •crystallizing• compound which is mixed 

w1th water in a two to one proportion by volume. The second coat 

could be brushed on wahin 20 minutes after the first 

application. The contractor suggested that the consistency of 

the mixture would have readily permitted it to be sprayed on the 

surfaces. Gauge PG-5 was installed in an HPR pipe in this panel. 
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Xypex is a similar crystallizing compound mixed with three 

parts of the powder to one water, producing a thin paste-like 

consistency. After brushing on the first coat, a curing compound 

was sprayed over the SUFface and a second coat applied in Panel 

WP-8. Gauge PG-7 was placed in this location. 

Hansit was applied in two brushed coats to Panel WP-9 with a 

sealing agent spread on the final coat. The material was applied 

as a cement-water mix with each 55 pound bag blended with 1-3/4 

ga~lons of water to form a thick past consistency. Six bags were 

used for the complete first coat and two for the partial second 

wh1ch cor.stituted all the material available. Gauge PG-8 was 

installed at the H~nsit-treated section and PG-9 was placed on a 

H?R dlscha=ge at an untreated section adjacent on the south. 

~ .. - .. --
Observations of thE- results of these applications and the 

up the pressure 9auc:;es installed are noted on Drawing 

~.5 Conclus1ons en the ca:c:!1cation Problem. 

A review o! experienc~s !n other metasediments in Baltimore, 

Boston and New York 1nd1cated that the precipitation of calcium 

carbonate from inflowing groundwater is a common condition. The 

sed1mentary origin and the near approach of bedrock weathering to 

transit tunnels in these rocks offer ample calcite to saturate 

the groundwater converging on the -tunnels. Calcium carbonate 
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precipitates when carbon dioxide is released as confining fluid 

pressures are reduced to atmospheric. 

The supe~ficially simple control methods of hooding the 

drain outlet to maintain a back pressure or adding acid to the 

discharge are not considered practical solu.tions in the 

conventional drainage arrangement; but drain lines or weepholes 

should be kept submerged until the discharge reaches a point 

where the precipitate can be broken and r~moved. The drain line 

opening should be as large as practical. Inflowing water, if 

allowed to diffuse through a pervious granular underdrainage 

layer, can cause a progressive decrease in the ability of the 

layer to function. The NATH filter and waterproofing membrane 

appear to offer a n"ear-ideal solution to the problem. The 

cor.~plet.e confinement of the fleece may allow sufficient back 

;J:-essure of contained gas to build up to prevent precipitatior. 

•::h:n the fleece. 

Waterproofing compounds were tested in two rock stations in 

.s:: e!! ort to force a build up of exterior water pressures to 

s:r.~ulate the effect of drainAge throttled by precipitates. The 

r.~aximur.~ water pressures which could be build up over an interval 

of six months amounted to four to six feet of head behind panels 

which had used the thick brush-on membrane waterproof compounds. 

After several years these maximum pressures stabilized or 

s 1 i g h t l y decreased. 'I'h is experience is directly comparable to 

the observed performance at the MBTA Porter Square station where 
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plugging of small weepholes by calcite was offset by the 

continuing development of reflection cracks in shotcrete adhering 

to the heavy steel ribs. The strains indicated by the gauges 

placed on the shotcrete skin were so small as to be within the 

range of the instrument error. Considering the propensity for 

cracking of the 

station, there 

shotcrete to continue in these broad arch rock 

appea.rs to be no practical threat to the 

structural lining due to future increase in exterior water 

pressures. 

The secondary purpose of the test in the two rock stations 

~as to EValuate the e!!icacy of a group of six commercial 

~aterproofing compounds. Four of these were of the membrane 

type, the remaining two were •crystallizing capillary• materials. 

:he test condit~o~s were d:~~lcult, involving random uncontrolled 

~ea..;s ar.c active weepholes 1n shotcrete of varying thickness, 

c,:-:c, 1n some ca£es, co~tl~uing drip of leaking water on the 

:::-ea:ec sur:ace. Judc;1~g by the effectiveness of the seal ar.d 

:!".e :--~gnitude o! water pressure build up, two of the membrane 

r.ate.:-1als gave the most favorable results. A third could not 

r;.:-ope.:-:y set up 1n the h1.:~1d environment. The crystallizing 

compounds were th~ :east ~!!1cient. In their ordinary intendec 

use on formed co~crete s~=~aces their performance could be more 

effective. 

It was generally acknowledged by the manufacturers of these 

compounds that cracks w1der than about 0.02 to 0.03 inches cannot 
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be properly ~ealed by merely brushing the compound on tha 

negative side or interior surface. Transit tunnels with their 

seasonal temperature changes and repeated train vibrations 

present a distinctly unfavorable environment for the success of 

such applications. 
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TABLE NO. 3 , CHRONOLOGY OF WORK 
FOR FIELD TESTS IN DUPONT CIRCLE AND ROSSLYN STATIONS 

Date Event 

Sept. 30, 1983 Invitation to bid on waterproofing application 
sent to three specialist contractors. 

Oct. 21, 1983 Bids received: Low= $19,991., High = $32,536. 
Engineer's Estimate = $30,500. 

Oct. 28, 1983 Notice to proceed to low bidder, Technical 
Grouting Services, Inc. of Hyattsville, MD. 

Nov. 16, 1983 Work starts on waterproofing panels in west 
(inbound) corridor of DuPont Circle Station. 

Nov. 29, 1983 Completed panels at DuPont Circle Station. 

Nov. 30, 1983 Start on waterproofing panels in east (in-
bound) corridor of Rosslyn Station. 

Dec. 2 ' 1983 5 Water pressure piezometers with Bourden 
gauges and 2 strain gauges installed in 
DuPont Circle by Goldberg Zoino representa-
tive. 

Dec. 16, 1983 Completed panels at Rosslyn Station. ·· 

Dec. 21 , 1983 4 Water pressure piezometers with Bourden 
gauges and 2 strain gauges installed in 
Rosslyn Station by Goldberg Zoino represen-
tative. 

:>cc. 3 0, 1983 Readings on piezometers and strain gauges . ~ May 8 , 1984 at approximate 2 week intervals by MRCE ~ ~ 

staff. 

Ja::. 1 6 , 1984 Post-application report on waterproofing 
work submitted by Technical Grouting 
Services, Inc. 

Jan. 24, 1985 Inspectlon of waterproofing panels and reading 
of piezometers and strain gauges by MRCE 
enQineer. 

Jan. 2 , 1986 Inspection of waterproofing panels and reading 
of piezometers and strain gauges by MRCE 
engineer. 
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CHAPTER 5: ACID WATER INTRUSION, CAUSE AND EFFECT 

5.1 Background of the Problem 

Section G002 of Addison Route is located southwest of the 

RFall Line• and south of the Anacostia River, entirely within the 

Coastal Plain geologic province, between Stations 347+40 and 

474+15. The subway consists of two circular, cast-in-place 

concrete-lined, single-track tunnels. Construction commenced in 

December 1976 with basic structural work completed in June 1978. 

The shield-driven, soft-ground tunnels were positioned entirely 

in Cretuc~ous sediments of the Potomac group consisting of inter-

layered clay of S~ratum Pl and clayey or silty sands of Stratum 

P2 which contained scattered lenses and concentrations of 

ca:-bonized organic material in the form of lignite. Specifica-

:1o~s :-eq~ired extensive drawdown of piezo~etric levels for the 

~..::-.r.e~:ns. ~he contrac~or installed a number of deep wells which 

:owe:-ed piezometric levels to below the tunnel springline. Some 

o:.l".:c~ undrained sand zor.es where water was trapped above clay 

ler.ses caused local runs leading to loss of ground at the face. 

As a consequenc~ of these difficulties with face stability, a 

section of both tunnels roughly 600 feet long remained open for a 

relatively long period whlle injecting chemical grout in the 

surrounding soils between Stations 371 and 377. The construction 

h:story is described in Reference 5-l. 

During 1978 before final concreting of the tunnel lining, 

seepage flnwir.g through the rib and lagging initial supports 
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proved to be highly acidic with pH values as low as 1. 7 and a 

median pH of 2. 8 during that time. Intense corrosion of the 

steel sets of the temporary supports and of sheet metal forms for 

casting portions of the invert was experienced. Corrosive 

conditions were most active between Stations 371 and 384. 

After the permanent concrete lining was poured and contact 

grouting complete, the acid attack continued because of vigorous 

leaks through construction joints and shrinkage cracks in this 

sect ion. Inflowi:"lg seepage continued to be highly acidic and 

iron staining was intense near the leaks. Lowest pH values were 

found where groundwater was at the lowest level in the ground 

surrounding the t unne 1; presumably where inward directed 

gradients were a maximum. Extensive maintenance difficulties 

were foreseen and the possibility of a major long-term threat to 

the structural integrity of the concrete final liner was 

e:-:v!sloned. 

The location of Sect1on G002 in the overall central subway 

system is shown at the lower right in the plan of Drawing 

~o. 1-l. Basic 1nformation on the problem of acid intrusion is 

illustrated on the following drawings included in this chapter: 

No. 5-l, •Mechanics of Acid Production•; 

No. S-2, •cross Section at G002 Running Tunnels•; 

No. S-3, •Profile of Conditions, G002 Acidic Inflow•; 

No. S-4, •chronology of G002 Acidic Inflow•. 
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5.2 Chronology of Investigations 

Because of concern for possible damage from acid water 

attack on the cast-in-place co~crete lining, the invert and track 

supports, investigations were initiated by WMATA as construction 

was being completed in 1978. Studies· continued by a number of 

organizations from that date until completion of MRCE field 

studies in January 1986. A chronology of events in this period 

is presented in Table No. 4 following the text of this chapter. 

Investigations co~menced with sampling of leaking water and 

pH determinations by DCCo assisted by the General Construction 

Consultant, Bechtel Associates. WMATA retained the firm of 

Geraghty & Miller, Inc. in March 19~9 to investigate the acid 

ground~ater condition. At their direction, MRCE contracted for 

:our monitoring wells to be drilled in the vicinity of the acidic 

~~::ow ~o observe water levels and to collect groundwater quality 

d~:a. The position of one of these wells, GM-1, is shown a~ the 

:f':: o: the cross sect~on in Drawing No. 5-2 which depicts the 

:~r.nels within the Cretaceous strata. These wells were used as a 

~ea::s of sampllr.g in add1t1or. to samples taken from existing 

observation wells of the design exploration program. Periodic 

rounds of water samples were taken from all the wells and from 

seeps through the tunnel liner during this sampling period. 

In that study, the pH of seeps in the tunnels and of the 

well water between Stations 369 and 392 ranged from 1.7 to 6.5. 

su::ate concentrations 1n sampled water in the tunnels anc from 
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the wells ranged from several hundred to as high as 13,000 parts 

per million. No significant changes in water quality were noted 

during the 6-month period of the Geraghty and Miller 

investigation from March to September 1979. 

Six, 3 • diameter concrete cores were recovered by .. Bechtel 

Associates field forces drilling through the permanent concrete 

tunnel lining in 1979. Tests performed by Erlin, Hime Associates 

included microscopic examination of the concrete cores and 

chemica 1 tests of the constituent materials. The cause of the 

acid production in Section G002 was first suggested by 

eng1neering geologists for Bechtel Associates and the General 

Engineering Consultant, Messrs, C.G. Bock and C.W. Daugherty, 

respectively. Specialists at the University of Maryland and at 

the University of South Carolina identified the specific 

~echanism of acid production. Chemical reactions are summarized 

::: Draw1ng No. 5-l. Both groups were retained by WMATA to test 

so:: samples !rom bor1ngs then being made in design 

1nvest~gations of new tunnel sections. The General Engineering 

Consultant mon1tored flow fro~ leaks in the G002 liner and 

sar.~pled leakage frorn other sections of the system. Their work 

continued from S~pt~rnber 1979 to March 1982. The conclusions by 

these investigators are summarized in Section 5.3. 

Because of the extens1ve maintenance problems which the acid 

inflow could cause to trackage, utilities and lining, the acid 

water intrusion became a principal topic of the UMTA-sponsored 
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investigation. In January 1983, the MRCE study commenced by 

sampling the monitoring wells previously installed. This was 

followed by a second round of coring of the liner in six 

locations in June 1983. Water sampling continued periodically to 

January 1986. Using observations of construction conditions by 

Bechtel Associates, sampling by DCCo and MRCE, MRCE studied 

factors contributing to the -acidic 

Section 5.4. The generally accepted 

inflow, as 

conclusion 

reported 

was that 

in 

the 

Cretaceous sediments containing lignite and sulfur in the form of 

pyrite and marcasite produced sulphuric acid in the groundwater 

when exposed to oxygen. 

seepage toward the 

production. 

The process was reinforced by continuing 

leaking tunnel which maintained acid 

S.J Mechanism o~ Acid1c ~a~er Production 

S. J .l Acid Mine Waste: S1milar problems on a larger scale 

are er.countered with m1ne drainage water flowing throu9h coal 

~eas~res or sulfur-charged mine debris (Reference 5-~). 

Ox:dation of sul!ur-r1ch minerals produces ferrous iron and 

sul~ur1c acid in the d1scharge water. Bacteria act as a catalyst 

in the oxidation process. The result is elevated levels of iron, 

sulfate and a lowered pH 1n the discharge. Most stream pollution 

comes from abandoned mines rather than modern active coal mines, 

l':'lan y of 'tlh i c h have ac 1 d abatement procedures. For abandoned 

workings, the cor.dltion can be moderated by mine sealing 

techniques; but these often are only marginally successful unless 
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the passage of air through the old workings is retarded. Other 

methods include controlled roof collapse, water diversion, 

bacteria inhibition and improved drainage. Lime neutralization 

with aeration is a standard method of treating draining water. 

5.3.2 Carrucio-Geidel Studies Their work was initiated by 

occo as subcontractors- to MRCE in 1979 and was summarized in two 

reports, on October 6, 1979 and on April 30, 1980 (References 5-3 

and 5-4). In their view, acid content of-leachate in sulfur-rich 

ground depends on: relative weight of contained sulfur, type of 

pyrite crystal form, overall acidity or alkalinity and background 

factors such as the presence of iron-producing bacteria and 

access to oxygen. Their first WMATA studies comprised tests of 

soi 1 samples from Sect ion G002 borings. These exhibited 

relatively low total sulfur content but included fine grained 

pyr1:e crystals in all samples at the location of acidic seepage. 

:-r.ey co nc 1 uded that acid-producing sulfides were common1 y 

cor.:ained in clay and clay-like constituents. The acid problem 

was most acute in horizons where a clay-sand interface exists, in 

particular where a water-bearing sand layer is juxtaposed witt an 

acid-producing clay. They note that USGS publications emphasize 

the presence of lignitized wood in the upper Potomac Patapsco 

formation compared to the lower Potomac Patuxent group. Section 

G002 is in upper Potomac strata with bedrock at Elev. -900, the 

top of Cretaceous at about Elev. +150 and the tunnels at 

Elev. +40. 
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The April 1980 report summarized tests on 20 samples from 

Sections F003 and F004 of Branch Route which were then being 

explored for final design. Carrucio-Geidel determined total 

weight of sulfur, the crystalline character of the pyrites and 

tested to leach soluble constituents. Samples included recent 

alluvium, Pleistocene terrace soils and Cretaceous materia~s. 

They concluded that the darker the color of the soil, the greater 

its organic content and the higher percentage of included 

pyrites. The coarser grained samples exhibited lower sulfur 

content than the fine grained Cretaceous samples. Recent river 

or9anic silt clearly exhibited the greatest acid-producing 

potential of the samples. 

5.3.3 Foss-Wacner Studies Foss-Wagner studied the 

occ~rrence of acid soils 1n the Maryland Coastal Plain (Reference 

5-5 l at the University of Maryland. In November 1 9 8 0 , they met 

~::r ~~~:~ and MRCE represe~tat1ves to commence testing for acid 

;~oc~c1ng soils within the subway system. Samples were provided 

:o :!"ler.l from bor1ngs in Section F003. Tests of these samples 

•ere reported in March 1962. Sulfides, notably pyrites, are 

~blSUltous in sed1~ents formed :n brackish or shallow tidal water 

.... t::.ch includes rr.any phases of the Coastal Plain series, both 

Cretaceous and Tertiary. Weathering of sulfides to form acidic 

sulfate soils called •cat clays• is a probler.1 throughout the 

Maryland Coastal Plain. Their experience has been that strata 

which are dominated by clay-sized minerals can be reactive, while 

coarser grained strata dor.~inated by quartz are relatively 

lnactive. The presence of pyrites is indicated by organic frag-
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ments, either fresh or materials carbonized to lignites. Their 

dark colors result from the presence of organic compounds 

associated with reduced sulfidic strata as well as the darkness 

of metallic sulfides themselves. 

In many instaflces, sulfide-bearing strata may ~be thin and 

laterally discontinuous, particularly in the Potomac series. 

Lower Cretaceous typically contain large pyrite crystals that are 

discernable to the eye and are associated-with lignite fragments. 

In younger deposits pyrite crystals were not discernable without 

magnification. Microscopic clusters, known as •framboids,• 

because of their smaller size and proportionally greater surface 

area are more reactive than the large pyrites. In their tests on 

Sect 1on FOOJ samples, the lower Pleistocene terrace materials 

conta1n1ng unoxidized !resh organic materials, designated in the 

c!ass::ication system as St:-atum TO, showed a moderate-

~c~e~:!al for acid production. The companion sandier lower 

:~~~ace Stratum 74 showed slight potential. 

~.4 ~RCE Studies of Aci~ Intrusion 

There were four pr1nc1pal purposes in the on-going studies 

undertaken by MP.CE for the WMATA investigation in January 1983: 

1. Determine the hazard posed by acidic groundwater to the 

exterior of the cast-in-place concrete lining; 

2. Determine the changes with time in the acidity of the 

surrounding groundwater and the inflowing seepage:. 
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3 • Determine the background factors affecting acid 

production; 

4. Evaluate measures to moderate or eliminate the acid 

water intrusion. 

A number of inspections of G002 conditions were carried out 

through 1983 by MRCE engineers K. Westermann and J. Vigilanti. A 

::.rst step in the MRCE field program was to purge the four 

monitoring wells installed in 1979 to sample the contained 

g~oundwater. This work was carried out by the construction 

dewate~ing 

Sampling 

and groundwater 

information obtained 

development 

by DCCo 

firm, 

was 

Division 2. 

complied and 

consolidated. A second 

lining was carried out 

d:rection in June 1983. 

round of coring of the concrete tunnel 

by WMATA maintenance forces under MRCE 

!he liner cores were examined by Erlin, 

:-:::-:-e Associates, who reported on November 3, 1983 to MRCE. The 

~r:;:-e= panel of Drawing No. 5-6 illustrates a scheme proposed by 

JCCo !or maintaining a cor.crete test core in contact with the 

ex:er:or grour.dwater, al!ow1ng periodic removal for examination 

ar.d test. 

A packer devised by f. Gregory of Warren George, Inc., which 

was controlled by a valve and allowed sampling of the groundwater 

at the core hole locations, was installed in each of the six 

cored holes. A detai! o: that packer is shown in the lower panel 

of Drawing No. 5-6. Periodic sampling of leakage continued 

through January 1986. 
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A synoptic view of the G002 tunnels in profile, the lowest 

measured pH values, speed of tunneling, and location of grouting 

is shown on Drawing No. S-3. Drawing No. S-4 shows the progres

sion of change of pH values and groundwater levels with time. On 

Drawing No. 5-S are plotted more details of the subsoil profile 

from the MRCE pre-construction exploration, contours of pH values 

at the end of active tunneling in 1978, the location of core 

holes and information on rate of tunnel advance. 

5. 4.1 Experience in Mining Section G002 The following 

1nformation is obtained chiefly from a detailed report by Bechtel 

Associates, dated October 1979, •As Built Geological Report on 

Tunneling Conditions, Addison Route, Contracts Gl-G2-G3• 

(Ref e renee 5-l) . Sect ion GO 0 2 was longer and encountered more 

C1ff1cult mining than either GOOl or G003. Mining the two, 6550 

foot long, tunnels took more than 20 months, with the two @ined 

s:~ultaneously each with its own crew. The outbound tunnel lost 

rcr-e than 14 weeks due to maJor repairs when the hood of its 

sh~~ld buckled. Inbound tunnel mining was halted almost three 

~e~~s when flooded because of a power failure. All other 

Sl~nificant slow1ng of progress was related to excavation 

d1!!iculty. 

Records show that 45\ of the outbound and 50% inbound shifts 

actually made tunnel1ng advance. Average advance for the 

outbound was only 73\ as fast as for the inbound. Differences in 

design of the outbound Memco shield and the inbound Zokor shield 
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accounted for a portion of that difference. The Memco shield had 

been used for more previous projects than any other in Addison 

Route and had been substantially modified. Its breasting 

capability and excavator rip-out force was less than that of the 

Zokor and the Memco encountered more difficulty excavating hard 

soils and cemented sands~ones. In both tunnels the work started 

at the juncture with Capital Heights Station near Station 416 and 

proceeded northwest, down-stat ion and downslope, to Stat ion 3 4 7 

where tunneling was completed in June 1978 on the outbound and in 

February 1978 in the inbound. 

The Cretaceous strata encountered ranged from nearly massive 

hard clay greater than 20 ft. thick, to int.erlensed sands ar.d 

clays several inches to several feet thick and to sand beds 

s~eater than 20 feet thick. Sandstone, a few inches to four feet 

~hlck was encountered intermitter.tly during the last 1000 feet of 

c~:Vl~g, StatlOn 357 to 347. The tunnel crown ranged between 15 

Jr.d 40 f:. below the orig1nal water table. Some thick saturated 

san~ beds were encounterea and sand and water flows up to 50 GPM 

occurred. Grout 1ng was ·performed both as a contract requirement 

to protect an exist1r.g culvert at Station 415 and at the 

contractor's opt1on to stabilize the tunnel heading and running 

ground. Progress slowed significantly to an average of 30 feet 

per week between Stat ions 380 and 368 because of wet running 

sands. 

5 . 4 . 2 . Causes of Acid Water Intrusion. Measurement of pH 

values of the 1nflowing water in Section G002 usually has been 
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made with a portable, electrical metering device. The individual 

pH determinations on a specific sample appear to be reproducible 

to about ±0.5. However, there is a wide variation in the results 

from different seeps, depending on the chance conditions of 

oxidation, recharge and the stage of acid production in the soil. 

To assess the factors producing low pH values, a simple 

statistical study was made of values measured in the period of 

particularly low pH through the end of 1978. It is this array of 

low values which has been contoured by pH number on the strip map 

in Drawing No. 5-S. 

Through the period of this investigation the pH measurements 

have not all been made at consistent locations nor by a single 

observer and there are many erratic values which tend to disturb 

trends. Using Judgment to ~li~inate the most erratic pH values, 

~ecia~s were computed fro~ the preconstruction boring program of 

:97~ to the final reading of January 1986, which are plotted on a 

t:.ne scale in Drawing No. S-4. These were divided into two 

ge:;c:-al bands, beo:ween Stations 375 to 389 in sandy soils, and 

between Stations 367 to 375, where sand overlies clay in the 

lower half of th~ tunnels. The latter section shows the lower pH 

values, between 4 and S in both soil and water samples taken 

be!ore construction, which have only gradually returned to their 

original range by 1986. Ground water in the sandy soils was 

initially at a neutral pH, dropped to low values at the end of 

tunneling and by 1986 have returned to their original neutral 

condition. It appears that without oxygen, an equilibrium is 
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reached where abnormally low pH values are gradually removed by 

the flushing of ground water flow. 

To assess the importance of contributing influences, a 

series of eight computer plots were made which related pH value 

to various factors, which are summarized on attached drawings, 

designated as follows. 

1. pH values plotted versus tunnel stationing and the 

following factors: 

a . Inbound distinguished from outbound tunnel, 

Drawing No. 5-7; 

b. Versus soil type, Drawing No. 5-8: 

c. Versus voids and seeps, Drawing No. 5-9; 

c. Versus grout types Drawing No. 5-10. 

i pH values versus speed and the following factors; .... 

a . Inbound d1stinguished from outbound tunnels, 

Drawing No. 5-11; 

b. Versus SOll types, Drawing No. 5-12: 

c. Versus voids and seeps, Drawing No. 5-13; 

d . Versus grout type, Drawing No. 5-14. 

The correlation of factors can be summarized in the sequence 

of the drawings, as follows; 
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la. No strong distinction can be made between inbound and 

outbound tunnels. The outbound tunnel, which is the slower of 

the two, shows lower median values between Stations 370 and 384, 

but the inbound tunnel exhibits certain lowest individual values. 

lb. There is a marked difference in the character of the 

ground near Station 380. Down-station from this the soils 

combine sand and clay, whereas up-station is in sandy soil. It 

appears that layered mixed soils are more susceptible to acid 

production. 

lc. The condition of seeps and voids are examined on 

Drawing No. 5-9 w~ich shows a similar distinction between uniform 

sandy soil south of Station 380 and the lenticular sand and clay 

1n whlch voids can be mar~ easily maintained. 

:d. It was suspected that oxidizing agents used in the 

c;.::-ot..:~1ng might have increased the intensity of acid formation. 

J::-olw~:-:9 No. 5-10 indicates that grouting affects are secondary, 

~r.c simply reflect the problems encountered with seeps and 

~lowing materials in th~ l~nticular soils north of Station 377. 

2a. In Drawing No. 5-11, the tunneling speed, expressed as 

feet per day, is plotted vs. the individual pH values and the 

mean value of pH grouped in successive bands of tunneling speed. 

While there is a wide scatter, because of the variability of the 

pH of individual seeps, there is a trend from a pH of 3 for 
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tunneling speeds where progress is stalled to high value of 5 to 

Sl.s where tunneling speeds reach 50 to 60 feet per day. Speed 

influences both the ease of access to oxygen and the opportunity 

for sustained flow in and around the tunnel heading. 

2b. Basic soil types are plotted with tunneling speed to 

normalize the values in Drawing No. 5-12. The category •sand and 

Clay• is associated with a band of low pH values at lower than 

average tunneling speed. This reflects a particularly 

unfavorable condition where clays containing sulfides are layerec 

w:th water bearing sand layers. 

2c. In Drawing No. 5-13 the condition of •voids at Crown• 

appears to offer a distinctively low pH values at less than 

c:verage tunneling speecL Th1s is simply a reflection of the 

:ac~o~s noted in 2b of lenticular strata where clays with 

co~es:ve s~rength bridge over voids caused by the caving of the 

wa:er oearing sand lenses. 

2d. In Drawing No. 5-14 various grouts are normalized with 

tu;.neling speed. It is d1!!1cult to conclude that the oxidizing 

ager.ts utilized in the grout1ng have had a significant effect in 

increasing acid produc~ion. 

To summarize, the w1de variation in pH values from seep to 

seep tends to mask generalizations as to cause and effect. Speed 

of tunneling, reflecting access to oxygen, has a definite 
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influence. Fine grained pyrite appears to be scattered 

throughout the soils, both clays and sands, within this section 

and it is not clear that a specific soil type is more 

influential. Lenticular strata of sand and clay appear more 

associated with acid production, presumably because this is an 

arrangement whereby trickling flow is directed inward to the 

tunnel, rather than being permitted to flow downward. Combining 

an interruption in the tunneling progress with fine grained 

pyrites and infiltration directed into the tunnel, created 

conditions for acid production which have not yet been duplicated 

in another WMATA tunnel section. 

5 . 4 . 3 . Structural Effects. The first study by Erlin, 

H!mes Associates (Reference 5-6) was concerned with concrete 

lir.er cores taken in 1979, five transmitted in May and four in 

A~gust. Small samples of these core were pulverized and analyzed 

:o= pH and content of sulfates. Thin section petrographic 

ana!yses were performed on specimens taken across the outer 

ex~osed surface ot the concrete. Conclusions regarding acid 

a~tack on the concrete were reported as follows; 

·oeterioration of the concrete portions in contact with 
groundwater was evident in each core. The deterioration, as 
measured fror.t existing surfaces, was to maximum depths of 
1/8 inch, and manifested as softening of the paste and 
reactions of the paste with ferrugenous components of the 
groundwater. In the softened paste areas on the core end 
surfaces, line had been leached, leaving behind silica gel. 
-- The contact distance between the softened paste and firm, 
original paste was very abrupt; hence, there was essentially 
no transition zone. The chemical analyses revealed the 
outer one-half inch of the concrete had been affected by 
contact with the acid water in two ways: (1} •slight• 
neutralization of the alkaline cement paste; and (2) uptake 
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of sulfate. --- However, little or no alteration of concrete 
deeper than ~ inch has occurred, except possibly alor.g 
fracture surfaces. The literature and our experience 
indicates that sulfate attack on concrete is minimized in 
strong sulfuric acid solutions due to the formation of a 
protective gypsum layer that is relatively insoluble in 
strong acid. Likewise, acid attack is minimized by the 
presence of iron salts due to formation of nearly 
water-impermeable gelatinous iron hydroxide by reaction with 
the alkaline cement paste. ---- Thus, although the water in 
contact with the concrete is ostensibly very harmful to 
concrete due to the presence of two extremely aggressive 
agents - acid and sulfate, the presence of the ferrous salt 
mitigates both affects and the acid 1 essens this sulfate 
attack.• 

The progressive change in groundwater acid conditions with 

t::.r.~e after completion of construction late in 1978 is shown on 

D::-a..,ing No. 5-4. As the groundwater gradually rises towards its 

o::-1ginal elevation, a flushing of the low p~ values in the ground 

surrounding the tunnel appears to occur. Actually the affected 

-::.::~nels are posltloned beneath a groundwater high with fairly 

ac~:ve down..,ard migration cf infiltrating surface water. It is 

~=o~a~ly inevitable tha: the ..,ate::- movement has gradually raised 

:r.e ~o.., pH value so that ln the 10 years since construction, the 

el-l appear to be return1ng to..,ard its original values. In the 

c!ayey soils, thls nor~al is between 4 and 5. In the sandy 

~a:er1als with hlgher per~eabillty and more active ground water 

~ovement, the pH 1s near r.eutral 

However, there have been some s igni f ican t lasting effects 

:rom the acid water lntrusion. The area between Station 284 

and 266 has exhibited significant leaks in both tunnels on the 

safety-walk side, which adJoins the centrally placed vent shaft. 

In the final MRCE lnspection of 1986, holes through the tunnel 
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walls were leaking small amounts of sand at some locations. On 

April 22, 1983 a substantial blow-in of sand occurred at the 

upper quadrant of the outbound tunnel at Station 382. The 

leakage condition has been aggravated by the etching or softening 

of surfaces on construction joints where a protective gypsum 

coating could be removed by continual seeps. The flowing sand 

condition doubtless was also associated with the presence of 

single size; clean SP sands in the Cretaceous surrounding the 

tunnels. 

As a follow up to initial liner coring, a group of six cores 

were taken in April 1983 at locations plotted on Drawing No. 5-5. 

These were also transmitted to Erlin, Himes Associates for their 

petrographic evaluation. Petrographic studies were carried out 

on specimens taken frorn the ends of each of the six cores to 

assess the progress of acid attack and to compare conditions with 

:~e cores taken four years earlier. Their conclusions were 

s~~~ar:zed as follows, Reference 5-7: 

•w1th the exception of Cores C-1, C-3 and C-6, the outside 
surfaces of the specimen evinced little evidence of 
deterioration either !ron acid or sulfate attack. In Core 
C-1, the paste had been weakened up to a depth of~ inch; 
chemical testlng does not reveal any evidence of sulfate 
uptake. In Core C- 3 and c- 6 there was alteration of the 
paste at the surface end and chemical studies revealed a 
significant uptake of sulfate in the near-surface regions -
Sulfate attack may be associated with organic acids from 
decaying wood and appears not to have become more severe 
than it was in the initial study•. 

It is interesting to note that each one of the cores had 

been in direct contact with wood lagging on its exterior surface 
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and, as pointed out in the petrographic analysis, this may have 

had more influence on the surface alteration than the quality of 

the exterior groundwater. 

Probably the most important remedial measure was the repair 

and sealing of leaks so as to reduce groundwater gradients and 

reduce active flow toward the tunnel. Where leaks remained 

problems continued of weakening of the surface of cracks or 

:;oints. This emphasizes again the importance of minimizing 

shrinkage cracks in the cast concrete lining. 

5.5 Conclusions on Acid Water Intrusion. 

Important experience was gained with acid water conditions 

:~ Section G002. The pr1nc:pal lesson is that under unfavorable 

c::-ct,;nstances ac1d water 1nflow can develop when tunneling in 

Coas:a: Plain sedliilents Wlth anr.oying and costly consequences 

c:.;:-::-.g construc-:1on and serious maintenance problems in subway 

cr:;f'.':-a::ons. Conclusions on the cause and effect of acic 

p:-cc~.;c:ion are: 

1. A cast-in-place tunnel concrete lining is vulnerable to 

acid water because of l':S potential for shrinkage cracking. 

Damage to the exterior surface of the tunnel liner appears to be 

one of the lesser problems because a protective coating of gypsum 

compounds develops when inflow to the tunnel is throttled and 

cor.tact with oxygen lS interrupted. A greater threat is 
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concentrated seepage at joints and cracks that continues acid 

attack on the crack surfaces and within the tunnel. It may be 

that the weakening effect of acidic seepage on joints and cracks 

in Section G002 contributed to the 1983 blow-in of running sand -- -·----- ----. ··-- -- - .... - ··-- -------.._ 

into the tunnel. This experience emphasizes again the value of a 

tunnel lining which strictly limits cracking. 

2. Use of the NATM scheme where tunnel sides are quickly 

covered or of a precast concrete lining erected .immediately 

following shield advance, will inhibit both the oxygen supply and 

inflow of groundwater. Nevertheless, there remains the threat of 

a~gravated leakage around shafts which can direct seepage from 

the overburden to the running tunnels. Shaft locations are often 

a source of seepage and should receive i~~~ial treatment, such as 

careful waterproofing details, waters tops at structure 

ccr.r.ections, rapid closure of the shaft excavated face against 

ox:·gen and a pe~i~eter cutoff around the shaft to inhibit 

cow~ward seepage. 

3. A special comb1nat1on of conditions is responsible for 

the 1ntense acid water lntrusion at Section G002. These 

conditions include a delay in tunneling which exposed the 

surrounding ground to vigorous air exchange, the presence of 

su 1 fur in fine grained pyrite, and an inter£ ace between water-

bearing sand above and impervious clay within the tunnel opening. 

No other sect ion of subway in soft ground has yet experienced 

this special corr.bination. There is a potential for acid 
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production in 

Sections EOOS 

lignite-rich 

and E006 of 

sand of the lower 

Greenbelt Route. 

Cretaceous in 

Some Tertiary 

formations which will be tunnelled on Branch Route could also be 

sources of acidic groundwater. 

4. For the WMATA system and also for other underground 

construction in sediments which contain organic remnants, basic 

chemical testing should be undertaken during boring exploration 

to assess the potential for acid production. In the test 

borings, soil sampling should be concentrated in the vertical 

i. n t e rv a 1 directly adjacent to the planned underground opening. 

Fer example, in the WMATA borings, continuous soil samples are 

no..,. obtained throughout the interval which will be occupied by 

the tunnel cross sect ion. Dark colored soils and those with 

orqanic material should be qiven attention in testing for acid 

~cte~tial. In addition tc pH, total sulfur content as a percent 

c: c:-y weight should be deterr.tined. A total sulfur content 

<:rea:.e: than 0.1\ by d!"i' weight of total sample suggests a 

~o:.e~t1al for ac1d produc~1on in inflowing groundwater. 
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Date 

Dec. 1976 

June 1978 

During 1978 

April 1979 

March to 
August 1979 

August 1979 

Sept. 1979 

No\·. 1979 

Nov. 1980 

1981-1982 

~an. :983 

:·: d :-:: :-. :983 

. --. :983 "r·--

_;t;!":C 1983 

June t:) Dec. 
1983 

Nov. 1983 

1984-1986 

Jan. 1986 

TABLE NO. 4 , CHRONOLOGY RELATING TO 
SECTION G002 ACID WATER PROBLEM 

Event 

Construction starts in G002. 

Tunneling essentially complete in G002. 

Inflowing seepage appeared highly acidic. 

DCCO undertook tests of inflowing seepage in G and K 
Routes. 

Geraghty & Miller, Inc. studied acidic inflow in G002 
and corrective measures, report in September 21, 1979. 

Erlin, Hime Assoc. report of August to GM on tests of 
liner cores taken by Bechtel. 

Drs. Caruccio & Geidel confer with WMATA and MRCE on 
acid production, report in October 6, 1979. 

Caruccio & Geidel investigate acid-producing potential 
in F003-F004, report in April 30, 1980. 

WMATA and MRCE meet with Drs. Foss and Wagner on con-
tinuing testing for acid producing soils in system. 
Report of March 24, 1982 on tests on samples from 
F003. 

Periodic measurements of pH values in leakage in G002 
tunnels by DCCO. 

MRCE study of water intrusion commences. 

DlVlSlon T'w'o purges existing wells in G002 and MRCE 
samples gr;:,undwater. 

Sudden sand inflow at Station 382 of G002, MRCE inspec-
tion on Apr1l 22. 

Cored l1ner at six locations by WMATA Maintenance forces 
under MRCE dlrection. 

Periodlc sampling from wells and packed core holes in 
G002 by MRCE for pH testing. 

Er1in, Hime Assoc. report Nov. 3 to MRCE on petro-
graphic tes~s on concrete from 6 core holes in liner. 

Periodic water sampling and testing by MRCE in G002. 

Final MRCE 1:1spec-;:ion and sampling in G002, noting leak-
age a-;: Sta.s. 384+95, 385+50 (IB); 375 to 377 and 384 
to 386+50 (QB). 
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CHAPTER 6: CONTACTS WITH OTHER RAPID TRANSIT SYSTEMS 

6.1 Purpose and Background 

One portion of the project scope covered u • site Visits to 

transit systems and other areas where underground construction 

has had to deal with and solve the problem of water intrusion.• 

Contacts were made with several other systems, including those of 

Atlanta, Baltimore, Boston, and Buffalo without carrying cut 

interviews or on-site inspections. Information obtained has been 

used to supplement the data and analyses in the preceding 

chapters. Additional details on experiences of these sys terns 

w1th infiltration problems are given in Reference 2-3. 

Somewhat more deta~!~d ~xchanges were carried out with New 

Yo~k C1ty Transit Authority (NYCTA) and London Transport, 

:r.volving office visits 

pe=lod of several yea=~· 

syste::-:!: with und~rground 

chc.pte=. 

ar.d f 1eld inspections extending over a 

The pertinent experience of these two 

water problems is summarized in this 

6.2 New York C1ty Transit Authority 

6.2.1 Investigation~. The initial meeting with NYC Transit 

A"uthori ty staff to arrange for exchange of information was on 

January 24, 1983, followed by field inspections of January 25 by 

L.H. Heflin and \-:.H. Anderson and of January 26 by L.H. Heflin 
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and K.S. Westermann. Field inspections included t~e following 

stations: Roosevelt Island, Bergen Street, Essex Street, DeKalb 

Avenue, and the Lenox Avenue 1 ine from ll6th to 125th Streets. 

Observations are recorded in MRCE office memorandums of January 

24 and 27 and February 15, 1983. 

6.2.2 General Conditions. Leakage has been aggravated by 

rising groundwater level in certain areas of deep sandy soils, 

particularly downtown Brooklyn and the upper east side of 

Manhattan between llOth and 130th Streets. Most of the over

burden soils in New York City are of glacial origin,· chiefly 

water-sorted outwash. The single-sized gradation of the outwash 

materials, including delta sands and the typical New York RBull's 

~iver•, accentuate leakage problems because of the Rrunny• nature 

o: these so i 1 s. Water problems of the New York subways are 

classlc eY.amples of an older system constructed at shallow depths 

:.:-. sL:bsoils that are dif!icult to drain and in which there is 

a~p:e recharge due to leaking utilities plus shallow and risir.g 

sroundwater levels. Remedial measures include the range of 

~radltional treatments including, channeling of leakage to drop 

pans; treatment to exclude water by various forms of grouting, 

brush-on compounds, joint sealers; and finally, in drastic cases, 

reconstruction of the subway invert and underdrainage system. 

6. 2. 3 Lenox Avenue Subway Reconstruction. The most 

troublesome recent problem on an operating line probably is 

represented by the Lenox Avenue line (Reference 6-2). The 
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two-track subway lies beneath the southbound lanes of Lenox 

Avenue from llOth to 138th Street in Manhattan. Lenox Avenue is 

150 feet wide between building lines with a mall separating the 

two 37 foot wide roadways. Neighboring buildings are typically 

five story residential structures. The ground surface rises from 

approximately Elev. +20 at llSth Street to Elev. +28 at 125th 

Street. Two sewers, each about four feet in diameter parallel 

wall. The subway was the subway at about mid-height of its 

opened to service in 1906. It is a two-track concrete box 

nominally 19 feet high by 31 feet wide constructed by 

cut -and-cover methods and supported in glacial sand and s i 1 t. 

The roof of the box is only three to four feet beneath the 

surface. The subway box was originally waterproofed with 

alternating layers of brick and mastic beneath an unreinforced 

concrete invert slab. 

7hc seneralized geolog1c section, Drawing No. 6-l, shows the 

~~per 10 feet of soil lS ;ranular fill. Elev. +10 to -10 is an 

c~:~ash deposit of compact coarse to fine sand. From Elev. -10 

:c -40 is a stratum of cor.:pact reddish brown Sllty fine sand 

cverlying compact varvE:d sllt. 

co~prise the latter two s~rata. 

Glacial Lake Flushing deposits 

Bedrock is the Manhattan schist 

which lies at Elev. -40 at the south end of the section, rises to 

Elev. -8 at 117th Street and drops to Elev. -120 at 125th Street. 

Groundwater was typically at Elev. +11.5 when the subway was con-

structed and has risen to about Elev. +14. 5. Historical maps 
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indicate that an old stream crossed Lenox Avenue between 118th 

and 119th Streets. 

The original concrete invert slab contained no reinforcing 

or structural steel. NYCTA has concluded that over a period of 

years the impact of train travel caused cracking in both the slab 

and waterproofing. Since the slab was unreinforced, the cracks 

were not restrained from movement. As openings enlarged, fine 

sand and silt particles were carried into the invert by seepage, 

causing loss of subgrade support and, consequently, settlement of 

the subway and progressive increase in the rate of water and soil 

1nflow. 

The quantity of groundwater pumped from sumps at ll6th 

So::.:-eet increased from 20 gpm in 1910 to more than 100 gpm in 

:968, to about 125 gpm 1n 1970 and was as high as 450 gpm in 

l977. :'his amounted to a peak inflow of about 13 gpm per 100 

:-ouo::.e feet. NYCTA estimated that 60 cubic feet of soil was 

ca:-r1ed in with the water in 1975, increasing to about 300 cubic 

!eet 1n 1977. In 1977, two sumps were installed in the 

sou:hbound trackway at 117th Street and 123rd Street which 

reduced inflow to the 1!6th Street sump to 50 gpm. However, 

undermining of the invert and the consequent settlement problems 

continued. Invert concrete settled as much as six inches, 

increasing slab cracking and separation of some of the columns 

fro~ the slab at the base of the side wall. As a result of the 
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invert deterioration, it was necessary to drastically reduce 

operating train speeds. 

Rehabilitation 

installation of a 

subway to depress 

invert. Dewatering 

of this segment began in 1980 with 

single line of wellpoints paralleling the 

the groundwater table to three feet below 

was more difficult at the south near the 

buried stream channel. At the ground surface, trenches were 

excavated to permit access to the subway roof. Holes were cut 

through the roof to obtain access to the columns. The columns 

were then held at the ground surface and the invert slab was 

rel.loved in five foot segments across the full subway width and 

c..! own to subgrade. The replacement invert included successive 

layers of brick and mastic base for waterproofing. A new 

::;::-L:ctural slab was insta:led over the waterproofed base and 

~nc!uded direct rai! f1xat1on. All work was performed on nights 

a~c weekends to ~lnimize traff1c disruption. 

6.2.4 Conclusions or. NYCTA Problems. The considerable age 

o: :he SL:bway sections 1n soil, the City's geologic setting with 

::s cominant g:ac1al outwash soils, the rising water table anc 

a:7:ple recharge cor.~bine to create frequent shallow leaks in the 

subway structures. The p1p1ng of soil with leakage is aggravated 

by the single-size and largely cohesionless nature of the glacial 

outwash and varved glac1al lake soils of New York City. These 

particular difficulties do not include the unusual elements of 

the WMATA problems. Recently, public notice was taken of the 
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leakage problem in the subaqueous crossing of the East River and 

beneath Roosevelt Is land Reference 6 .1. This leakage condition 

was caused by the proximity of river recharge, the temporary 

absence of pumping in the lower tubes of the subway following 

construction and the delay of efforts to eliminate leakage 

seeping through shrinkage cracks in the concrete walls of the 

subway. These problems are not comparable to the difficulties 

characteristic of the WMATA system. 

6.3 London Transport Subway System 

6.3.1 Investigations. As part of the requirement for 

ir.vestigating leakage problems and treatment in other rapid 

transit properties, WMATA authorized a limited contact with 

~ondon Transport Interna:ional to learn from the staff of London 

:rans~or~ of their experiences with underground portions of their 

:ys:e~. A preliminary discussion was held on May 9, 1983 and was 

!o:lowed by later meetings on September 12, 13, 14, and 21, 1983. 

7~e ~eetings of September included a night inspection of several 

ur.derground sections to view typical conditions in-situ. 

Me~crandums summArizing these meetings were submitted to WMATA on 

the date of May 12 and Se~te~ber 26, 1983. 

6. 3. 2 General Features of the London Subway. Lone on 

Underground is the oldest and probably the most extensive system 

in the world. Earliest sections for rapid transit were built in 

the 1860s and consisted of shallow, double-track, cut-and-cover, 
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brick-lined boxes. Of their underground trackage, approximately 

25% is in cut-and-cover and 75% in single-track circular tube 

made by tunneling methods. These tubes are generally within 

London Clay which provides highly favorable mining conditions and 

low impermeability. The overlying coarse stream terrace deposit, 

the •Thames Gravel, • is avoided by mined tunnels to the extent 

practical. The Thames Gravel is similar in age origin and grain

size characteristics to the coarser grained Pleistocene terrace 

deposits of the Washington .Metro system. The London clay is 

roughly comparable to the Cretaceous clays of Washington. 

The older cut-and-cover boxes ordinarily are at the 

shallowest practical depth with groundwater relatively low on the 

wall, influenced by drawdown caused by the presence of the 

SL:b.,.ay. In older construction, a brick invert contains a center 

collect~ ng drain be tween the two tracks, discharging to pump 

:;:.;:-:-:ps at intermediate locations, generally within the stations. 

7hese 1nvert drains in :orne instances are in cor.tact with 

ex:.c:-lor grour.dwater and carry groundwater infiltration to tr:.e 

su:nps. Some of the older track sections are placed on ballast 

d1str1buted over the natural gravel subgrade without a brick 

invert. In the cut -and -cover sect ions track is generally on 

ballast; whereas in mined tunnel sections track is fixed to 

wooden ties on the concrete invert. 

6. 3. 3 

aspects of 

Modern Cut-and-Cover Construction. 

interest in London's modern 
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construction. One is the frequent need to reroof the old ·brick 

box sections because of changing surface or street conditions. A 

procedure has been devised to reroof by an arrangement of precast 

concrete T-beams inverted with their flat bases abutting to serve 

as forms for poured in-fill concrete. These replace the •jack 

arches• which consisted chiefly of the familiar short brick 

arches with axes perpendicular to the side wall, supported on 

steel T-beams with wide flange on the bottom serving as the arch 

support. The reroofing process and repair of the waterproofing 

of the old brick boxes has utilized rather elaborate multi-layer 

membrane waterproofing which includes an asphaltic tack coat 

followed by a layer of flat tile, covered by a two inch concrete 
,. 

sc.:-eed layer. This membrane was reported in 1983 to costa;: 12 per 

square meter, roughly Sl.SO per square foot. This durable and 

st~=-dy coating is expected to accommodate all wear and tear from 

s~~ee~ use directly above. Replacement utility construction is 

ca!'"e!ully coordinated to avoid breaking the waterproofing 

~e~bra~e surface. 

6.3.4 Subway Extension to Heathrow. A recently constructed 

fac1lity is the cut-and-cover extension to Heathrow Airport built 

between 1975 and 1977. This utilized secant piles for vertical 

walls which serve both as a cofferdam and as the permanent subway 

walls. The secant piles were installed in a •aenoto-style• 

procedure which provided a uniform caisson of high quality. The 

Benoto rig advances a casing with cutting teeth on the bottom by 

c.n oscillating torque which works· its way downward in compact 
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ground. 

caisson 

motion. 

on seats 

proofing 

The casing is cleaned, concrete poured to form the 

while the casing is withdrawn by the same oscillating 

The roof was then constructed by placing precast T-beams 

in the pile wall with the standard membrane water

on the structural roof. It is noteworthy that no 

particular effort was made to provide significant moment transfer 

at the wall-roof contact. No center wall was provided on this or 

other cut-and-cover box running tunnels. No unbalanced 

horizontal force or sidesway condition is taken into account in 

the design and no exterior waterproofing was utilized on the

secant wall. In fact, the wall intersected the contact between 

Thames gravels and weathered London clay and leakage through 

JOints in the secant wall was handled by grouting after 

construction plus later remedial grouting as leaks manifested. 

~~ was recently reported that a significant leak developed in the 

secant wall where channel gravels indented the top of the Lor.don 

c:ay. Leakage and track drainage is simply accommodated by a 

ce~~ral invert crain carried to pumping sumps at intervals. 

6 . 3 . 5 

cons~ructed 

terminals, 

clay but 

Heathrow Airport Loop Track. A single track loop ~as 

(1983-1986) to extend the subway to all Heathrow 

principally by tunnel boring machine mining in Londo~ 

with a short sha 11 ow sect ion of cut-and-cover 

construction. London Transport supplied the contractor with cast 

iron tunnel segments at a favorable price of ~50 per metric ton. 

In the shallow cut-and-cover section, the contractor chose to use 

the cast iron l1ner in a circular cross section in lieu of the 
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original design of slurry walls and precast roof. The 

contractor's scheme, which was accepted for a £250,000 saving, 

consisted of making a sloped open cut, using wellpoints in the 

overlying Thames gravel with steep sides in the London clay, 

placing a concrete cradle for the cast iron liner, erecting the 

liner with six or seven rings in a day. Liner joints were sealed 

with an exterior joint sealing tape and sealant. The upper 

surface of the liuer was covered by a shotcrete layer for 

protection. Backfill around the tunnel and for a distance above 

the crown consisted of ex cava ted London clay. Above this was 

placed the sand and gravel saved from the excavation to permit 

groundwater movement over the tunnel without forming an 

underground darn. P-:~llowi ng completion of the back f i 11 many of 

the liner rings which had been surrounded by clay backfill 

sett:ed, some as much as 2&,• in the 12-foot diameter. The 

cisto~tion was arrested and in part reversed by grouting from the 

s~~~ace within the clay backfill (Reference 6-3). 

6 . ) . 6 ~~!n~>d Tube Sec~ions. These constitute by far the 

g:-eate:- proport1on of London running tunnels. They are 

relatively srnall-s1zed, typ1cally 14 to 16 feet inside diameter, 

and consequently distinctly econo~ical. They contain no safety 

walk and are designed to accommodate the smaller London Transport 

cars. The mined circular sections first used bolted cast iron 

lining for running tunnels in about 1870. The earliest use of 

segmented precast concrete 1 iner was in 1968 on the Victoria 

Line. Leak age in the tube sect ions seems to be a fu net ion of 
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chance occurrence, such as holes drilled for support of hanging 

utili ties or incidental appurtenants inside the tunnel, or the 

change of tunnel cross sections from large to small across a head 

wall which serves as a groundwater barrier. Leakage is monitored 

as a routine matter and treated as an ordinary maintenance 

activity. One typical source of leaks is where direct 

infiltration from retained cut sections is allowed to flow 

through a cut-and-cover portal into a mined tunnel. 

Over a 11 average leakage typically appears to be 0. OS to 1 

spm per 1000 tunnel feP.t; that is, values at worst slightly 

greater than WMATA allowable. Expectably, the least seepage 

appears to be in tunnels surrounded by London clay. If leakage 

~easurements were confined to the worst 100 to 200 feet of 

tt.:nnel, the local rate of leakage might be three to five times 

the average. 

6. 3. 7 Conclusions or. London Transport Experience. London 

r~s an old transit systen Wlth a number of shallow cut-and-cover 

sect1ons in brick walls Wlth ballasted invert. Groundwater 1s 

r1sing in Central London as in New York City because of cessation 

of deep well pumping for industrial uses. This increases 

infiltration at the 1nvert of shallow cut-and-cover tunnels. 

However, the great age and the long-continued additions to the 

ballast tend to choke off piping of subgrade soils, as compared 

to the New York Lenox Avenue case. 
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London's geological setting is favorable to highly 

favorable. Mined tunnels lie chi~fly within the London clay 

which is equivalent in age, strength and quality to the hard 

Cretaceous clays in Washington, D.C., except that the London clay 

is fractured and fissured compared to the extensively 

slickensided Cretaceous clay. The shallow cut-and-cover 

construction is in the Thames terrace gravels which are much more 

stable than the late glacial deposits of New York City and are 

comparable in quality to the coarse grained Pleistocene terrace 

soils in Washington, D.C. 

Conclusions from the brief contact with London Transport are 

as follows: 

1. In the shallow cut-and-cover sections, minor leakage 

~~oblems ere constantly encountered and create maintenance 

c~::lcul~ies which are handled routinely and which lack the 

:...r.:..:sual aspects of leakage in Washington Metro. l1uch of the 

.!:~.allow cut-and-cover tunnel is brick lined with no center wall, 

ar.d in many locations, rehabitated roof structures include heavy 

membrane waterproofing described in Section 6.3.3. Seepcge 

responds to water table fluctuations, rainfall, utility leaks, 

and the like. An instructive aspect of their maintenance 

procedures is the effic1ent liaison maintained by London Trans

port with the Thames Wcter Authority. When leaks are encountered 

of more than ordinary significance, the inflowing water is 

sampled and if it appears to be of potable quality, the Water 
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Authority is notified. They typically respond with an effort to 

find and eliminate the source. 

2. The current rise of groundwater in Central London as a 

result of shutdown of well pumping is significant. This has 

increased infiltration to invert drains in shallow cut-and-cover 

sections and has intruded deep basements. On-going studies are 

being undertaken but probably there is no lesson to be learned 

here applicable to WMATA. 

3. Water intrusion in mined tunnel sections is not 

especially troublesome, despite the fact that the system include 

a numbe::- of subaqueous tubes beneath the Thames. Leakage to 

mined sections is concentrated at head walls, where there is a 

change in section from :arqer to smaller diameter near stations, 

~he::-e utility cor.duits or entranceways penetrate from the surface 

::-::c thE tunr.el and ger.eral!y ir. tunnel sections beneath the 

:-:ve:-. Cast iron segmented liner is considered more watertight 

:r.a:-. precast cor.crete ar:d therefore has been used in tunnels 

~e~eath the river 1n modern work. 

4. London Trans1t operates with two electrified rails 

1nsulated from ground. Thus the stray current corrosion problem 

is minimal. Groundwater generally appears to have a pH value 

near neutral and consequently corrosion and attack on concrete is 

not si9nificant. 
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5. The London system is a more economical construct ion 

which pays less attention than does WMATA to conservative 

structural criteria and modern amenities. Deeper sect ions and 

stations are generally in London clay and do not have significant 

leakage. Where leakage occurs in new and unexpected 

circumstances, diligent efforts are made to determine the source 

and to eliminate it and this involves a long standing cooperation 

with other public agencies of greater London. 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

7.1 Introduction 

More than half of WMATA's eventual 103 mile system will be 

underground. About one-thi~d of these tunnels lie within 

crystalline rock of the Piedmont, the other two-thirds within the 

flat-lying sediments of the Coastal Plain. In addition to the 

usual problems of water intrusion and hydrostatic pressures 

impacting underground structures, the geological variety has 

produced special difficulties with calcification in rock stations 

and acid inflow in Cretaceous sediments. This investigation 

concerned four particular subjects affecting structures in the 

system. Each of these is discussed separately in this chapter 

~.;:;cer its own While most of the problems are 

Slte-specific, some portions uf the study have wider implications 

:c transit str~.,;ctures 1n general. The fifth section of this 

chapter deals wi:h contacts made with other transit agencies ar.d 

:he:~ experiences with leakage control. 

- "" , . ..:. Water Int~us1on Preve:1tion 

Leaks in underground transit structures are chiefly the 

result of cracking of c~st-in-place concrete and the ready path 

for water intrusion created by shafts penetrating from the 

surface. Either condit1on is aggravated by the presence of 

permeable ground surrounding the tunnels and ample recharge from 
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groundwater or leaking utilities. 

study are as follows: 

The conclusions from this 

1. The feature of overwhelming importance to tunnel leak-

age is the quality of poured concrete final liner. Those factors 

that make concreting difficult long pumping lengths, 

constricted forms, temperature build up in confined spaces and 

emphasis on speed of concreting-combine to make tunnel 1 inear 

concrete particularly subject to cracking, They can be offset to 

some extent by the use of super-plasticizers, pozzuolanic 

admixtures and measures to reduce heat of hydration. 

2. Records of leakage were evaluated from transit tunnel 

histories. Analyzing cracks in the concrete, a theoretical 

pe~~eability of cracked concrete was calculated in this study and 

co~pa~ed with the equivalent permeability derived from measured 

:~r:r:el leakage. Maximum inflow observed from cast-in-place 

::~:r:g lS of the order 100 to 300 gallon~ a minute per 1000 foot 

single t ur.r.e 1. This corresponds to a maximum 

eou1va:ent per~eability of cracked concrete liner in the range of 

-3 -4 :x:o to lxlO feet per m1nute. 

3. Studies of older WMATA stations in rock emphasize that 

the path of leakage is frequently concentrated at the 

intersect ion of penetrating shafts and escalatorways with the 

main station structure. Excavation for the escalatorway loosens 

the rock roof and facilitates flow of groundwater from heavily 
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jointed shallow rock down the top and sides of th~ penetrating 

structure to the station. A similar difficulty occurs in a deep 

tunnel in overburden soil where the penetrating structure allows 

access for shallow infiltrating water. Consideration should be 

given to cutting off the penetrating seepage by grouting or by a 

collar intercepting the direct path of downward seepage. 

4. The first line of defense against infiltration is to 

identify and control the leaks from nearby utility lines at 

shallow depths. There is some indication that combined sanitary 

and storm drains which produce a dilute carbonic acid may be a 

speclal source of difficulty. Efforts should be made to ensure 

that the most troublesome leaks from storm drains are sealed and 

so prevented from aggravating tunnel leakage. 

7.3 Hvdrostatic Pressures and Pressure Relief 

Concern for the ef feet of calcification 

hyd:ostatic relief systems of rock tunnels 

o~!ice studies of the ef~ect of build up of 

in clogging the 

led to field and 

water pressure on 

tur.r.el linings, leading to thP following conclusions: 

1. Tunnels serve to a greater or lesser extent as a large 

size drain of groundwater. Division of the total hydrostatic 

head between that lost in impelling flow to the tunnel, and that 

head which continues to act upon the tunnel liner depends chiefly 

on the ratio of permeability of surrounding rock to permeability 
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of the tunnel liner. In some Metro rock tunnels the permeability 

of surrounding sound rock is low and that of a moderately to 

badly cracked cast-in-place liner is high and therefore the head 

acting on the liner is small. A study of leakage through cast-

in-place and shotcrete final lining indicates that the equivalent 

permeability of concrete liner can be as high as lxl0- 3 to lxlo- 4 

feet per minute. Permeability 

unweathered and relatively sound 

of the surrounding rock 

can be lxlO-S to lxlo- 6 

roughly 1/10 to 1/100 of that of cracked concrete. 

where 

fpm, 

Water 

pressure on the concrete lining would then be no more than about 

10 percent of the original head of the surrounding water table. 

2. Attention was focused on two of the older stations mined 

in rock, DuPont Circle and Rosslyn, where it was feared that 

ca:c1fication would eventually plug drains and build up excessive 

... .-a:er pressures on the shotcrete liner between the steel ribs. 

:~e:c :ests were carried out in these two stations to measure the 

ex:er1or water pressures that develop as the shotcrete face was 

sed:cd Wlth a test series of brush-on waterproofing compounds. 

7he shotcrete exhibited re!lection cracks at the two edges of the 

o~ts:anding flange of the massive steel ribs in the station arch. 

Measurements showed that 1t was not possible to create a 

pressure-tight seal of the shotcrete by surface plugging of the 

numerous cracks. Pressure increase measured in this test on the 

exterior surface of the shotcrete was no more than a few feet of 

head. 
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3. Strain gauge measurements wer~ made by the University of 

Illinois as part of the basic instrumentation on the steel ribs 

of these rock station permanent linings. Those observations have 

been translated to thrust and moment and compared to the failure 

combinations of thrust and moment values for the final 1 ining 

consisting of shotcrete over heavy steel ribs. The analyses 

indicate that the stress level only rarely reaches as much as 25 

or 30 percent of the yield combinations of thrust and moment. An 

analysis in this study of the effect of build up of water 

pressure outside the lining of a rock station indicated that 

large but uniform pressures would not raise stresses to a 

dangerous level even under the most conservative assumptions of 

support conditions. 

4 . The •New Austr1an Tunneling Method• (NATM) scheme 

appears to offer an answer where hydrostatic pressure relief is 

:-:ecessary. For design o! a non-circular section it appears that 

a SlSnl:~cant reduction o: total pressure can be assumed because 

o! ~he relief of water pressures provided by the drainage fabric. 

Plezoreters installed through the NATM lining into the rock of 

Sect:on BOlO tunnel demons~rated that only 2 or 3 psi of water 

pressure has been bu1lt ~p in several years after completion of 

tte lining. A particularly useful feature of that scheme is the 

fact that the filter fabric and waterproof membrane are carried 

continuously from tunnel or station up the shafts and 

escalatorways so that the intersection of the penetrating 

structure with the underground tunnel is entirely shielded from 
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infiltration. It is at the intersection of these structures that 

the most troublesome leakage traditionally occurs. 

7.4 Calcification Cause and Effect 

Calcium carbonate precipitate at the point of water 

intrusion and in drainage systems has been a maintenance problem 

in WMATA rock tunnels and stations. Concern arose that the 

clogging of drains could lead to a rise of surrounding 

groundwater pressures. The problem was studied by MRCE with 

extensive inspections of precipitation, sampling and testing of 

1nflowing seepage. Use of specialized consultants was 

s~pplemented by field tests of waterproofing compounds in two of 

the older rock stations to determine the build up of water 

~=essures as leaks were se~l~d. Conclusions are as follows: 

J. • Calc1!ication is the product of the supersaturation of 

=te :n:lowing g=oundwate~ by calcium carbonate derived from 

sc!~:1on of calcite JOint !il~ing in the bedrock and enhanced by 

F=cductlon of calcium ca~bonate during rock weathering. Ground-

wate~ moving unde= pressure towa=d the transit structure deposits 

carbonates when carbon d1ox1de is released at atmospheric pres-

sures in the drain or on the inside face of the wall of the 

.structure. The intensity o! the precipitate is related to 

leakage fron combined storm and sanitary drains containing dilute 

carbonic acid and to the degree of weathering and jointing in the 
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surrounding rock which influence the availability of calcium 

carbonate. 

2. Traditionally, calcification is minimized by confining 

the inflow under back pressure and avoiding a free surface with 

the atmosphere until a position is reached where precipitates can 

be purged. Use of small diameter drain lines of fragile 

materials is unsatisfactory. Drainage must be arranged to 

facilitate maintenance and so that drain lines can be penetrated 

by reaming tools. 

3. In the older rock stations structural support consists 

of heavy steel ribs covered and lagged by shotcrete. The field 

test of crystallizing penetrating waterproofing products 

indica ted that sealing of the surf ace by these compounds cou 1 d 

not prevent leakage continuing where cracks in the shotcrete 

~xceeded a width of about 0.02 or 0.03 inches. 

4. The NATM 

wa~erproofing membrane 

f 1nal concrete llning 

1~hibit calcification. 

which installs permeable fabric 

between the initial shotcrete and 

with 

the 

eliminates leakage and also appears to 

Carbon dioxide released from solution 

would be trapped in the wrap-around fleece and its build up could 

provide a concentration of gas which inhibits further release 

within the fleece. Percipitates will then concentrate in the 

longitudinal collector drains which are arranged to facilitate 

maintenance. 
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7.5 Acid Water Inflow 

Acid water intrusion occurred during tunneling in 1977 to 

1979 in Section G002 of Addison Route, south of the Anacostia 

River. The tunnels were mined in Cretaceous sand and clay strata 

dipping gently southeast. Seepage into partially completed 

tunnels exhibited pH values as low as 1.5 to 2, corroding steel 

of the initial lining and attacking permanent concrete in the 

invert and walls. The concrete lining w~s cored in 1979 and a 

study was undertaken of the causes of the acid water intrusion 

and possible long term effects on the lining. Specialists at the 

University of Maryland and at University of South Carolina 

ider.tified the mechanism of acid production. The process is 

analogous to the production of acidic coal mine leachate which 

cccurs on a much larger scale and which can cause severe 

env:=onmental damage. In 1983, MRCE sampled groundwater in wells 

~~~ch had been installed in the earlier studies. This was 

:o: !owed by a second round of coring of the concrete tunnel 

:1~1ng and tests and analysis. MRCE performed a computer-based 

study of the factors contributing to acid production. 

Cor.clusions from this study are as follows: 

1. The interaction of groundwater inflow with oxygen 

circulated by the tunnel ventilation system and iron sulfide in 

the Cretaceous strata produced sulfuric acid and an iron oxide 

precipitate. Sulfide in its most soluble state in the ground 

occurs as finely crystalline pyrite, such as marcasite. 
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2. Section G002 appeared to combine a number of 

specifically unfavorable circumstances which led to this acid 

production. These included the presence of a marked interface 

between sands above and clay below within the tunnel opening upon 

which seepage concentrated. Also contributing were a delay in 

tunnel advance, leaving the face and sides of the tunnel exposed 

to air exchange for a long period, enhancing the oxidation 

process. Where tunnel advance was the slowest, average rates of 

two or three feet per day, the lowest pH values were recorded in 

samples of the seepage. 

3. Effective sealing off of leakage by the permanent 

tunnel lining and the natural processes of groundwater dilution 

has gradually increased the pH values so that relatively neutral 

grcundwater environment lS developing with pH approaching the 

or1ginal pre-const=uction values. 

4. The exterior surface of the cast-in-place lining was 

a~~acked superficially by the acid, forming a protective coating 

o! gypsum compounds. This coating appears to be stable over the 

span of 4 years between two sets of coring of the liner. When 

1 eak age continues by act i. ve flow through joints in the 1 i ning 

corrosion can continue locally, emphasizing again the importance 

of control of lining shrinkage and cracking. 

5. At present there appears to be no better pre-indicator 

of potential difficulties than the total sulphur content of soil 
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samples. Where this exceeds 0.1\ by dry weight and the Creta-

ceous soils are distinctly gray in color and contain finely 

divided lignite particles, a potential for acid inflow is 

indicated. Section G002 presented a special combination of 

unfavorable circumstances which created an exaggerated effect on 

the tunnel leakage, not as yet duplicated at other locations in 

the complet~d Metro system. 

7.6 Experience of Other Systems 

One portion of this study included contacts with ·selected 

transit authorities to determine their experience with water 

intrusion problems. The principal effort was focused on New York 

City and London. Lessons learned from these contacts are summar-

ized as follows: 

Grouting for seallng of leaks after construction has 

teen necessary and utilized in the newer systems, WMATA, Atlanta, 

Baltlr.~ore, Boston, and B~!falo. Use of the recently developed 

water- reactive polyurethane grout offers a promising procedure 

fer d1rect crack sealing. A recent ( 1986-1987) sealing program 

for old subway sections of Massachusetts Bay Transit Authority 

has demonstrated the effectiveness of this material. 

2. Development 1n the United States in the last decade of 

precast concrete segmental 1 iner provides an economical 1 ining 

which can limit seepage to ordinarily tolerable rates. 
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Conventional metal 1 iners are considered to be the 1 iRing that 

can be the most nearly watertight of the segmented types. 

However, metal liners are no longer competitive in price with 

precast concrete and generally are reserved for the most 

difficult water-bearing ground or for subaqeous tunnels. 

3. Seepage problems have been created in older systems, 

such as New York and London, by rising groundwater due to 

termination of industrial well pumping. Water levels rise 

against box sections which were not designed to be watertight or 

hydrostatic pressure-resistant. In New York City this problem 

has been aggravated by the presence of subgrade soils consisting 

of non- plastic silt and fine sand from glacial outwash deposits 

which are susceptible to piping into drains and through cracked 

1nvert concrete. London Transport may face a similar condition 

1n the future with the rise of groundwater in the Thames valley. 

~cwever, the terrace gravels on which many of their box section 

are founded are not susceptible to the piping of fines into 

ur.cerdrains. 

4. An extreme example of seepage aggravated by highly 

pervious water-bearing sed1mentary rocks combined with leaky 

cast-in-place l1ner was evident in a section of the Buffalo Light 

Rail Transit System where inflow was as great locally as 1 gpm 

per running foot of single tunnel. Despite the high volumes of 

inflow, this problem was finally controlled by a comprehensive 

grouting program using a variety of grouts. 
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