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EXECUTIVE SUMMARY

This is a study of water intrusion problems at five subway systems in five

major cities: Atlanta, GA; Bostbn, MA~ B~ffalo, NY; N.w-York~ NY; and

Washington, DC. The objective of this effort is to assist the Urban Mass

Transportation Administration in developing a data base for waterproofing
- """,,

existing tunnels and establishing a recommended approach to tunnel waterproofing

by gathering and documenting case history-information on water intrusion- and

remedial techniques from several transit systems.

The study included: (1) a technology review of the state-of~the-art in

waterproofing techniques including current data from on-going_grout programs and

particular concentration on grouting methods and experience; (2) identification

and development of the different parameters causing and/or affecting water

leakage and analyzing their relationships; (3) development of a data collection

questionnaire and case study format based on the parameters; and (4) collection

and analysis of data from five transit systems in a case study format through

review of files, reports, interviews, history and on-site investigations.

The study has produced the following key material and results:

1. The definition of seven parameters for evaluating water intrusion in

transit tunnels as follows:

(a) Geological setting,

(b) Hydraulic conditions,

(c) Design,

(d) Underground structure,

(e) Construction methods,

(f) Post-construction experience,

(g) Conclusions. (See Tables 2.1 to 2.7 on pages 5 through 8.)

2. A state-of-the-art bibliography of grouting techniques and methods

(Appendix B).

3. The codifying of parameters into key words and sub-routines for a
,

computer-based literature search and reference for water intrusion in

transit tunnel research.
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4. Five case studies of water intrusion problems in transit tunnels

(Chapter 5 through Chapter 9).

5. An overview of water intrusion problems based on the correlation of

data and findings of the five case studies (Chapter 3) including a

summary chart of groundwater control methods and water intrusion

treatment during tunnel construction.

The overview correlation summarized the results of the study by four major

approaches:

o Paths of Water Infiltration into Tunnels

From the analysis of the five different subway systems it can be

concluded that the major paths of water infiltration into tunnels and

underground stations are: shrinkage cracks in concrete lining;

construction joint in concrete lining l (where waters tops did not work or

were not used); channels and ducts in concrete as the result of

concrete deterioration and structural failure; and other types of water

paths such as through ventilation shafts, pipe systems and concrete and

steel structural elements, though the latter represents minor

contributions to water inflow~

o Problems Caused by Water Intrusion in Tunnels and Stations

Information collected during construction site visits at five different

subway systems allows classification of the problems into the following

categories: (1) total failure of structures; (2) deterioration of

tunnel walls and ceilings due to calcification and precipitation (when

calcification infiltration occurs it causes fouled trackway drainage,

reduced drain pipe cross sections and greatly increased pump impellar

replacement requirements); (3) corrosion of steel structural elements

and concrete steel reinforcement; (4) deterioration of rail tracks,

trackbed and other track components, and (5) invert and architectural

finish deterioration.

o Remedial Measures to Control or to Stop Water Leakage

The various methods of water control being used in all five

investigated subway systems can be classified according to the

following categories: (1) grouting; (2) crackfilling with
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waterproofing materials; (3) channeling water through- trough and pipe

drainsj (4) pumping running or standing water from thetrackbed areaj

(5) complete reconstruction of tunnel invert and (6) installing

waterproofing panels.

o Costs

Study of the five transit systems produced very little cost information

which could be analyzed across all systems. Prospective and systemic

cost data specifically related to water intrusion require special cost

studies. One example of co~t data, developed by the MARTA. system

through contract, related costs per linear foot of leaking cracks. The

cost per linear foot included all overhead, labor, ~upervision, tools,

equipment and supplies. The cost range varied according to complexity

of application from $42.66 to $46.24 per linear foot of cracks.

Finally, structural leaks through concrete floors, walls, and ceilings have

been observed in almost all the subway tunnels and stations studied. The amount

of water inflow varied depending on age of tunnels, degree of invert

deterioration and the magnitude of underground water pressures.

However, since water intrusion has been observed even in new tunnels and

stations and the major factors which allow water inflow through a structure are

cracks in the concrete lining, it becomes apparent from these studies that the

principal approach to the solution of water intrusion problems may depend on

improving the quality of initial concrete construction.

The recommendations therefore would include research into all possible

measures of quality control to obtain an impervious tunnel lining during the

time of its constructionj and the study of special admixtures to reduce or

prevent concrete shrinkage. Decades of experience in subway constructions show

that it is more cost-effective to prevent water intrusion in the earliest phases

or tunnel construction than to treat the problems later.
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1. INTRODUCTION

1.1 OVERVIEW

Water intrusion affects all underground structures to varying degrees. In

most cases, the amount of leakage is controllable; existing drainage systems are

generally adequate to remove water from the structure. In the case of

transportation tunnels, water intrusion can be particularly troublesome to the

efficient operation of the rail system. The presence of water is the initial

cause of many structural and track related problems. Clogged drains,

calcification, corrosion, third rail arcing, track component deterioration,

stray currents and pump failures are directly related to water inflow.

Structural deterioration - such as spalling and cracking concrete; corrosion of

steel reinforcement, columns and beams; rusting bolts and invert deterioration 

would generally not occur in a dry environment.

If the intrusion of water into transit tunnels can be eliminated, or even

reduced, the severity of other tunnel and track-related problems would also be

lessened. This, in turn, would reduce the maintenance cost of operating the

transportation system.

1~2 PURPOSE

The Urban Mass Transportation Administration CUMTA), through the

Transportation Systems Center CTSC) , has initiated the research in the area of

transit underground structures, directed toward reducing the cost of tunnel

maintenance and rehabilitation. The primary effort consists of the

documentation of a series of case histories of transit properties' experiences

and attempted solutions to the problem of water intrusion.

The objective of this effort was to assist UMTA in developing -a data base

for waterproofing existing tunnels and to establish an UMTA/TSC recommended

approach to tunnel waterproofing by gathering and documenting case history

information on water intrusion and remedial techniques from several transit

systems. The data gathered are to serve as a basis for the collection and

dissemination of waterproofing technology and information about the industry's

products for waterproofing of tunnels.



1.3 SCOPE AND METHODOLOGY

The study proposes to evaluate the specifics of water leakage in a tunnel

by coming to an understanding of the different parameters causing and/or

affecting tunnel water leakage,- and the interrelationships among these

parameters. The methodology and approach to the study therefore consist of:

(1) a technology review in order to obtain thestate-of~the-art in waterproofing

techniques; (2) parameter identification to evaluate specific areas of data on

geologic, hydraulic, tunnel design, construction, and water leakage aspects for

analysis and (3) case studies of specific transit properties (in Buffalo,

Atlanta",- New York, Boston, and Washington,DC) for transit water intrusion and

waterproofing problems and solution experiences.

Each of the subway systems chosen for a case study has been selected to

provide a different example of the ongoing practice of water control, depending

on ground water conditions, construction experience and maintenance.

The Niagara Frontier Transportation Authority (NFTA) is in the process of

constructing a Light Rail Rapid Transit (LRRT) system in Buffalo, NY. As work

progresses, the extensive dewatering system that was in use during major

construction of the twin rock tunnels is being deactivated. As a result of tne

geologic and groundwater conditions, water inflow in excess of that allowed by

the design specifications is occurring in sections of the tunnels where the

dewatering system has been shut down. Remedial actions are being taken at this

time to control the inflow. This effort will prOVide a unique opportunity to

study a major ongoing program of corrective tunnel waterproofing.

The New York City Transit Authority (NYCTA) is experiencing invert

deterioration problems that are related to an unusual ~ise in the water table

applying additional water pressure on the inverts, which were not designed to

counteract loads of such extreme magnitudes. Invert reconstruction as well as

other waterproofing efforts were observed and documented.

The newly constructed Metropolitan Atlanta Rapid Transit Authority (MARTA)

tunnels are experiencing water leakage. An evaluation has been made of the

waterproofing measures required to bring the tunnels into compliance with the

specifica tions.

2



An ongoing UMTA grant to Washington Metropolitan Area Transit Authority

(WMATA) is funding a study of the effects of calcification and acid water

environment on WMATA structures. In addition, waterproofing procedures at WMATA

were investigated.

The Massachusetts Bay Transportation Authority (MBTA) Subway System in

Boston is the oldest in the United states, and its age predetermined many water

intrusion problems which are specific to its geological conditions, an urban

environment in close proximity to sea water. The new section of the MBTA

Subway, the Northeast Extension of the Red Line, can also contribute useful

information on the state-of-the-art in waterproofing technique.

All the data collected in the case studies have been analyzed and evaluated

with the aim of developing recommended practices of water control in future and

existing subway systems.
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2. TECHNOLOGY REVIEW AND LITERATURE ANALYSIS

i, .",

2.1 PURPOSE

The purpose or this chapter is to review and analyze the water' 'leakage

problems being 'experienced by transit' systems and the maintenance 'p'rac'tices

employed to control or alleviate water 'leakage.

2.2 PROCEDURE
-,

In order to evaluate the specifics of water leakage in a tunnel and to

understand the different paramet~rs causing and/~r affecUhg water' leaka:ge, all

available literature sources containing useful information about' waterint'rusiori .

problems and their treatment in tunnels and during tunnel 'c'onstruction were

reviewed. Different parameters causing and/or affecting water leakage were

considered, analyzed and constructed in the formats depicted in Tables 2.1

through 2.7. Through selected parameters, basic sets of conditions for water

intrusion were developed under the following headings: geological setting,

hydraulic conditions, design relating to water control, types of underground

structures, construction experience, post-construction ~xperience and

conclusions of water treatment difficulties and effectiveness. Appendix B

contains literature references in grouting technique.

2.3 COMPUTER-BASED LITERATURE FILE

A system of kew words was developed relating to the selected sets of

parameters. A computer-based file utilizing this system is proposed as a means

to perform a literature search for necessary information on water intrusion

problem~. The file, based on such key words as shown in Table 2.1, is

represented by a computer menu format developed for a master file reference of

article title, author, publisher, etc.

4



TABLE 2.1 WATER INTRUSION PARAMETERS - GEOLOGICAL SETTING

Set 1 Geological Setting Key Word: GEO

A. Subsoils GEO/A
1- Category GEO/A/1
2. Origin GEO/A/2
3. Characteristics GEO/A/3

a. grain size GEO/A/3/a
b. permeability GEO/A/3/b
c. stratification GEO/A/3/c

B. Bedrock GEO/B
1- Category GEO/B/1
2. Attitude GEO/B/2
3. Discontinuities GEO/B/3

C. Mix-faced condition GEO/C
D. Special problem materials GEO/D

TABLE 2.2 WATER INTRUSION PARAMETERS - HYDRAULIC CONDITIONS

Set 2 Hydraulic Conditions Key Word: HYDCON

A. Groundwater
1. Typical depth, artesian, perch levels
2. Recharge conditions
3. Control and limitations
4. Dissolved constituents
5. Physio-chemical properties
6. Corrosion and pollutants

B. Surface water
1. SUrface flooding
2. Seasonal fluctuations
3. Direct recharge of groundwater
4. Open water-affecting systems

C. Water carrying utilities
1. Leakage or drainage
2. Influence on construction activity

D. Additional costs for intensive investigations of
geological and hydraulic conditions (test borings,
borehole permeability tests, test shafts, pumping
tests, etc.)

5

HYDCON/A
HYDCON/A/1
HYDCON/A/2
HYDCON/A/3
HYDCON/A/4
HYDCON/A/5
HYDCON/A/6
HYDCON/B
HYDCON/B/1
HYDCON/B/2
HYDCON/B/3
HYDCON/B/4
HYDCON/C
HYDCON/C/1
HYDCON/C/2

HYDCON/D



-TABLE·2;3 WATER INTRUSION"PARAMETERS.;"DESIGN

Set 3 Design R~lating to Watet Control- .,' Key Word: DRWC

A. Hydrostatic pressure resistant
1. Liners: materials and thickness for various shapes
2. Concrete liners: precast versus cast-in-place

admixtures
3. Steel liners
4. ,Types 'of joints and details
5. Water collector systems, panning, drains, chases
6. Exterior and interior waterproof coating
7. Special measures - grouting, joint filling
8. Criteria for satisfactory watertightness
9. Assumption of exterior water pressure

B. Hydrostatic pressure relieved
1. Materials and thicknesses for various shapes"
2. Permanent drainage arrangements: pannings and

collectors
3. Types of joints and details
4. Expebted total flow and provisions for

disposition: sumps and pumps
5. Assumptions of exterior water pressure

C. Costs ofalig~ment of tunnels versus GWC syste~s

,provided

.' ~ ...

"- ,

6

DRWC/A, ~ ,; ,
, .DRWC/A/1

, , .DRWC/A/2
DRWC/A/3

, . DRWC/A/4
'DRWC/A/5
DRWC/A/6

',DRWC/AI7
DRWC/A/8
~DRWC/A/9 '

" DRWC/B _, 0'

"DRWC/B/l

DRWC/B/2
DRWC/B/3

DRWC/B/4
DRWC/B/5

..
DRWC/C
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TABLE 2.4 WATER INTRUSION PARAMETERS - TYPES OF UNDERGROUND STRUCTURES

Set 4 Types of Underground Structures - Key Word: TYPSTR

A. Running tunnels
1. Types in soils

a. materials
b. cross-section

2. Types in rock
a. materials

." b. . cross-section
3. Mix-faced conditions

a. materials
b. cross-section

4. Subaqueous
B. Underground chambers

1. Stations
a. cross-section
b. materials

2. Ancillary buildings
a. cross-section
b." materials

C. Structures open to surface
1. Shafts

a. materials
b. cross-section

2. Entrances
a. cross-section
b. materials

TYPSTR/A
TYPSTR/A/1 "
TYPSTR/A/1/a
TYPSTR/A/1/b
TYPSTR/A/2"
TYPSTR/A/2/a
TYPSTR/A/2/b
TYPSTR/A/3
TYPSTR/A/3/a
TYPSTR/A/3/b
TYPSTR/A/4
TYPSTR/B
TYPSTR/B/1
TYPSTR/B/1/a
TYPSTR/B/1-/b
TYPSTR/B/2
TYPSTR/B/2/a
TYPSTR/B/2/b
TYPSTR/C
TYPSTR/C/l
TYPSTR/C/1/a
TYPSTR/C/l/b
TYPSTR/C/2
TYPSTR/C/2/a
TYPSTR/C/2/b

TABLE 2.5 WATER INTRUSION PARAMETERS - CONSTRUCTION EXPERIENCE

SET 5 Construction Experience Key Word: CONEX

A. Methods of-excavation
1. Mining
2. Supported excavation
3. Open excavation (cut-and-cover)
4. Stabilization procedures

B. Problems of water control
1. Flow conditions during construction
2. Dewatering methods
3. Special measures: grouting, air pressure
4. Surface water control and flooding
5. Effects on property and people
6. Effects on the environment

C. Costs of dewatering systems
D. Costs of water protection measures
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CONEX/A
CONEX/A/l
CONEX/A/2
CONEX/A/3
CONEX/A/4
CONEX/B
CONEX/B/l
CONEX/B/2
CONEXlB/3
CONEX/B/4
CONEX/B/5
CONEX/B/6
CONEX/C
CONEX/D



TABLE 2.6 WATER INTRUSION PARAMETERS -. POST CONSTRUCTION EXPERIENCE,c,

Set 6 Post-Construction Experience Key Word: PCE

A. Water problems
J. Leaking in cracks and joints; nature of cracking;

quantity of flow
2. Character of seeping water

a.. precipitates,
b,' corrosive
~. fine particles in suspension

3. Change in exterior water pressure, loss of ground
4. Efficiency of drainage arrangements
5. Struc~ural effects

a.progressive damage or deterioration
b. effect on surrounding structures

,6. Effects on electrical systems and operations
7. Progressive changes with time

B. Remedial measures
1. Interior leak control: crack filling and sealing.
2.' Waterproofing treatment, brushed coating
3. Exterior leak control: grouting, excavation and

patching, drawdown of groundwater, utilities repair
4. Interior drainage provisions, cleaning or

supplementary drains
5. Altering electrical or interior utilities

PCE/A

PCE/A/l
PCE/A/2
PCE/A/2/a
PCE/A/2/b
P~E/A/2/c

-,PCE/A/3
.PCE/A/4
,P.CE/A/5
PCE/A/5/a, - . .
PCE/A/5/b
PCE/A(6
PC~/AI7

PCE/S
.PCE/S/l,
PCE/B/2

"

PCE/S.!3

PCE/B,I4
PCE/B/5

TABLE 2.7 WATER INTRUSION PARAMETERS - CONCLUSIONS ON WATER LEAKAGE PROBLEMS

,Set 7 Conclusions on Water Leakage Problems Key Word: WATDIF

A. Source of difficulties
1. Design'
2. 'Construction and workmanshIp
3. Ground Conditions

B. Effectiveness of remedial measures
1. Leak. control
2. Waterproofing
3. Drainage measures

C. Recommendations

8

,WATDIF/A
W~TDIF/A/l

.WATDIF:' IA/2
,WATDIF fA/3'
WATDIF/B
WATDIF (BIl
WATDIF/B/2

, WATDIF,IB/3
WATDIF/C



3. OVERVIEW OF WATER INTRUSION PROBLEMS

3.1 INTRODUCTION

The objective of this study is to assist UMTA in developing a data base and

a recommended approach for waterproofing of tunnels by gathering case history

information on water intrusion and remedial technique from the following five

transit systems:

o Buffalo Light Rail Rapid Transit System at NFTA (Buffalo, NY);

o Massachusetts Bay Transportation Authority (MBTA) , Boston, MA;

o New York City Transit System Authority (NYCTA), New York, NY;

o Metropolitan Atlanta Rapid Transit Authority (MARTA), Atlanta, GA;

o Washington Metropolitan Area Transit Authority (WMATA), Washington, DC.

A detailed' description of each case study is given in Chapters 5

through 9 of the report.

'A correlation summary and the data analysis are presented below, according

to the following aspects:

o Major paths of water intrusion in tunnels and stations;

o Problems caused by water in tunnels and stations;

o Remedial measures to control or to stop water leakag~.

3.2 MAJOR PATHS OF WATER INTRUSION IN TUNNELS AND STATIONS

After analysis of the five different subway systems it can be concluded

that the major paths of water infiltration into tunnels and underground stations

are: shrinkage cracks in concrete lining; construction joints in concrete

lining (where waters tops did not work); and channels and 'ducts in concrete as a

result of concrete deterioration and structural failure.

9



3.2.1 Shrinkage Cracks

Leakage through shrinkage cracks which occurred during the concrete

hardening process is one of the most common types of water intru~io~ in tupnels.

The PPA site visit team has observed numerous leaks of that type inal! subway

systems investigated. The photos taken by the PPA, team demonstra~e various

casei of wat~rinfiltrationthroughshrinkage cracks. Those photos ca~ b;-fo~n~,

in the chapters corresponding to the case studies.

o Figure 5.3 - water infiltration through the concrete walls.

o Figures 7.4, 7.7, 7.10, 7.14, 7.15 -large areas of calcification

around shrinkage cracks in concrete walls, large stalactites grown due

to water infiltration through the cracks (South Station; Red line,

Aquarium Station of Blue Line, Boylston-Arlington tunnel, of Green line

of the MBTA system).

o Figures 8.6, 8.7 - calcifications and precipitations caused by lea~ing
I

water and wet areas of walls with shrinkage cracks.

o Figures 9.7, 9.17 through 9.20 - water infiltratio~throughsh~~nkage

cracks and the deterioration effect of water leaks, i.e., calcification

and settlements around cracks.

3.2.2 Construction Joints in Concrete Lining

Construction joints in concrete lining are also good paths for water

intrusion. Such leaks were observed in large quantities in all five cases and

are shown in the photographs of the ,corresponding case studies:

o - Figure .6-. 5 (MARTA). -, water infiltration through the construction

joints in the station roof. , .

o Figure 7.6 (META) .;, deterioration of 'pa'int' on Aquarium Station 'walls

due to leakage through cons'trucfion joints ~

-
o Figures 8.3, 8.4,8.8 (WMATA) - leaks through precast and ClP concrete

walls in the area of structural joints.

o Figure 9.8 (NYCTA) - leaks through wall joints.

10



3.2.3 Concrete Deterioration and Structural Failure

Channels and ducts in tunnel concrete walls and floors caused by concrete

deterioration and structural fallure are the most dangerous and intensive paths

of water intrusion.· These types of leaks were observed in many old tunnels of

the New York City and Boston Subway Systems (Case Nos. 3 and 5). These systems

have been operating for many decades and their underground structures have been

subjected to ground water pressure and to the action of chemically aggressive

soil components, which cause severe deterioration and failure of concrete lining

and floors. Disintegrated blocks of concrete walls and floors allow the water

to infiltrate in large quantities. This type of water intrusion is shown on

Figure 9.10, Case No.5, NYCTA, where the water inflow between the blocks of

disintegrated tunnel floors washed out the trackbed ballast and resulted in

deterioration of railtracks and trackbed. Figures 7.11, 7.12 and 7.13, Case No.

3, MBTA, and Figures 9.4, 9.5 and 9.8, Case No.5, NYCTA, also show the water

infiltration through the disintegrated tunnel .walls and floors with the

deteriorative effect of water intrusion on rail and trackbed.

3.2.4 Other Types of Water Intrusion Paths

Water can infiltrate into the tunnels through ventilation shafts, pipe

systems and in the areas of contact between the concrete and steel structural

elements, such as beams, columns, arches, etc. These possible ways of water

leakage are minor contributions to the water inflow, as compared to those paths

mentioned in previous paragraphs. At the same time the leaks through pipes,

shafts, etc., can create some serious problems, as happened, along with

shrinkage cracks, in the large multi-leveied 63rd Street Station in ·the New York

City Subway System.

3.3 PROBLEMS CAUSED BY WATER INTRUSION IN TUNNELS AND STATIONS

Water intrusion into tunnels and stations creates many serious problems for

tunnel structural and operating conditions. The information collected during

construction site visits of five different subway systems allows us to classify

the problems into the following categories:
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o Total invert failure of structur.es -. :see F:ie;l:l!.~_9.1 0: or Case" No., 5.

o Deterioration of tunnel walls' and: ceiling,s, due to calcification~ and

pr.ecipitation ,- see, F,igure: 6.4" Case No.• 2j Figures. 7·.4, 7;.5,.,7.7-,._.

7' •.10, CaseNo. 3j Figures,'8.• 6,. 8-.7, 8.8, Case No., 4j and.Figures 9.ll,

·9.12, 9.16, 9.21, Case No.5.", "

'0 Deter'io'ration of rail, trackbed and other track as shown: on Figu're 6.11','

'Case No.2.
. , .

o Pump Deterioration.

3.4 REMEDIAL MEASURES TO CONTROL OR TO STOP WATER LEAKAGE

The, various methods of water control being used in all five ,investigated,

subway systems can be classified into the following categories,:

o Grouting. The objective of the grouting method is to pump, under high

pressure, cement or any other hardening solvent into empty spaces

behind the tunnel lining, combining, in this way, an invert structure

with the surrounding grounds. It is the oldest and the most developed

method of water control used in tunneling. Chapter ,l{ of the,.report is

,fully devoted to grouting. technique, . i ts appl-ic~tion, advantages and

limi ta tions for various ground water, geological and·. construction

conditions~, " ,",

o Crack Filling With Waterproofing Materials•. This' method is' 'also widely

used to seal cracks and spalI"ings in' a concrete lining. ,..
:; ,

o Channeling Water Through Pipe Drains. This procedure is used to

prevent water from intruding onto tracks and beds. Channel~ng

technique is shown in Figures 6.7, 7.5 and 9.12. It uses drain pipes

o Complete Reconstruction of Tunnel. Unavoidable,when f.loors. and walls

of tunnels have deteriorated severely as in some old tunnels of the New

York Subway System (see Figure 9.6).
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3.5 OVERVIEW OF CASE STUDIES

A tabularsurnmary of g"oundwater control methods and water intrusion

treatment during tunnel construction is shown for each case study site in Table
3.1.

A summary of groundwater control methods and water intrusion treatment in

completed tunnels is shown in Table 3.2.
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TABLE 3.1 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT DURING TUNNEL CONSTRUCTION

NIAGARA FRONTIER TRANSIT AUTHORITY (NFTA), BUFFALO, N.Y.

Tunnel Environment
and Method of

Excavat ion

Type of
Construction

Work
Type of Water

Problem
Method of Water

Control Comments

Soft face, cut-and
cover

So i I excavat ion

Placement of con
crete lining

No special problem \RegUlar waterproofing
--------------------- above groundwater
No special problem ~~~~L _

Waterstops in
construction Joints

Conventional tech
niques proved to be
sufficient

I-'
\~

Rock, TBM driven Tunnel boring and
muck excavation

1

_------------------
Placement of con-
crete lining

Previously estimated
amount of water
inflow

Unexpected locul ized
heavy ~ater inflow
in a 300-ft section
of tunnel

Heavy water inflow
(as a comb:ned effect
of decreased yield
of deep wells plus
heavy rains)

A dewatering system
of several deep wells

Two additional deep
wells and a treatment
plant for water
purification

The invert drainage
system (consisted of
deep sump 6x6 ft and
pump)

Our i ng the time of
operation, the'system
adequately controlled
the water

J

Effectively controlled
the ~ater during
concrete poyri~g

process

Upon completion of
concrete lining

Water leakage IChemical grouting
through the shrinkage
cracks in concrete
lini~g

Cement grouting

• • • I .--------- -- --- -.--- ---
Che~ical g~outing ~s
most-~ffectiv~: H6w
e~er~ it is~expensi-ve

-!

-- ----'--- --- -- --- - -----
" J" • ,

Cement grou~ing met
water tightness
speci ficat ions



TABLE 3.1 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUS ION
TREATMENT DURING TUNNEL CONSTRUCTION (CONT.)

METROPOLITAN ATLANTA RAPI D TRANS IT AUTHOIUTY (MARTA), ATLANTA, GA.

Tunnel Environment
and Method of

Excavation

Mix-faced tunnel ing,
shield driven tunnels;
Rock tunneling with
drill-and-blast
tunnels

Type of
Construction

Work

Bor i ng of sha Ilow
tunnel sand soi I
removal

Type of Water
Problems

Estimated amount of
groundwater inflow

Method of Water
Control

Well point dewatering

Conments

Adequately controlled
water inflow

I-'
U1

r--------------------
Placement of con~

crete lining

After installation
of concrete lining

Numerous leaks
through construction
joints and shrinkage
cracks

Leaks through the
lin ing

Envelope grouting with
chemical grouts
Drip pans

Were not sufficiently
waterproof

Was not sufficient

Labor intensive but
worthwh i Ie



TABLE 3.1 S~~RY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT DURING TUNNEL CONSTRUCTION (CONT.)

MASSACHUSETTS BAY TRANSPORTATION AUTHORITY (HBTA), BOSTON, MA.

i-'
0'\

Tunnel Environment
and Method of

Excavation

Cut-and-cover
tunne ling

Underground tunneling
(shield driven)

'.

Type of
Cons t ruc t ion

Work

Placement of con
crete lining

Type of Water
Problem

Water infiltration
through structural
joints and shrinkage
cracks

,~ ,

Method of Water
Control

"Injecto-Method" for
sealing construction
joints of concrete
lin ing

Comments

. New and, not widely
used in the U.S.A.

Round shield buckets
allow for better
excavation and for
b.ett,e r ins ide tunne I
surface, which in
turn allows for
better quality of
concrete lining



TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUS ION
TREATMENT IN COMPLETED TUNNELS

METROPOLITAN ATLANTA RAPID TRANSIT AUTHORITY (MARTA) ATLANTA, GA.

Type of Water Problem Method of Water Control Advantages Disadvantages Comments

Intensive water inflow
through tunnel walls and
ceiling due to cracks in
concrete lining

Galvanized steel plates for
intercepting and collecting
the water and channeling it
away to the pumps

Emergency meas
ure which pro
vides immediate
control of water
intrusion

Deteriorates
arch i tectura 1
appearance of
way stations

sub-

Reserved for
remedlal measures

-----------------------------.----------------~-------------------.-----------------

.....
-.....I

Regular grouting with chem
ical grouts:
-5600 (foam)

Good for cracks
fill i ng

Admixture needed to
cope with ground
water flows

Forms a flexible
'gasket or plug

-----------------------------~----------------
Grouting I Good for patch-

i ng and sea ling
in' concrete
structures

----------------------------------------------
Grout in9 I Stops water see-

page,seal tunnel
segment joints

----------------------------,-----------------
Envelope grouting

,Semi-flexible epoxy
gel

-------------------~---~-------------



TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT IN COMPLET~D TUNNELS (CONT.)

METROPOLITAN ATLANTA RAPID TRANSIT AUTHORITY (MARTA), ATLANTA, GA. (continued)

Type of Water Problem

Water leaks emerging
from the base of the
emergency catwalk

Method of Water Control

,
IIToe-bench cutting ll (cutting
a small trough running to the
drainage chase)

Advantages

Simplicity in
maintenance

Disadvantages.

labor intensive.
and requires tem
porary stops of
tunnel operation

Comments

......
00

Tunnel ceiling leaks Sealing leaks with a fast set~ffective if good
high strength hydraulic I'reliability with
cement and with a flexible the three year
epoxy gel appl ied over a warranty
cement surface combined with
grouting

Work done by the
contracted service

, ,



TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT IN COMPLETED TUNNELS (CONT.)

MASSACHUSETTS BAY TRANSPORTATION AUTHORITY (MBTA), BOSTON, MA.

2) Sealing cracks with water-ITemporary as well Lack of structural
proofing materials as permanent strength to resist

waterproof high water pressure

I-'
\0

Type of Water Problem

Water pouring intensively
through the tunnel walls
and ceilings due to:
I) cracks in construction
joints sealing
2) shrinkage cracks in
concrete lining
3) crack openings in con
crete caused by the ero
sion of con~rete

Method of Water Control

I) Intercepting and collect
ing the water by means of
steel pans or iron plates
and channeling it away to
the pumps

·Advantages

Effective remed
ial measures for
control of water
intruding in
large quantities
without stopping
an operation in
tunnel

Disadvantages

1) Concrete
deterioration

2) Pans can fall

Convnents

3) Chemical grouting ILeast expensive
with a large var
iety of materials
available

Some components may
be toxic

Water emerging from the
base of track bed;
Ballast washed away

IIToe-bench cutting" and
channel ing the water to the
pumps
Replacing the ballast

Protects ra i I
structure from
intensive corro
s ion

Labo~ intensiv~ andlEmergency remedial
requires stopping measures
of tunnel operation



TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT IN COMPLETED TUNNELS (CONT.)

MASSACHUSETTS BAY TRANSPORTATION AUTHORITY (MBTA) ,BOSTON, MA.(continued}

N
o

Type of Water Problem

Hidden leaks in concrete
lining behind the wall
finish which cause wetness
and dampness of walls and
toe-benches

A deterioration of wall
paint due t~ calcification
of. the surfaee of walls
and .c~i lings

Method of Water Control

I} Chemical grouting

2} Sealing the leaks with
waterproofing materials

Extensive repair work and
replacing the wall finish

Advantages

There Is no
practical alter~

native

Disadvantages

Lack of structur
. al strength to
resist high water
pressure

Comments

Conventional
proven method

"



TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT IN COMPLETED TUNNELS (CONT.)

WASHINGTON METROPOLITAN AREA TRANSIT AUTHORITY (WMATA), WASHINGTON, D.C.

Type of Water Problem Method of Water Control Advantages Disadvantages Conments

N
I-'

Intensive water leaks
through the shrinkage
cracks In concrete
lining

Large areas of calci
fication and precipi
tation around the leaks

Conventional grouting

Improving a quality of concrete Significantly re-
lining by partial invert duces the number
reconstruction of leaks _

Removing the wall finish and
placing the new one

Requires temporary
stopping of tunnel
operat ion

Better construc
tion technique,
inspection and
design resulted in
80% less leaks at
Bethesda Station

- I I I I
Leaks through the con- IConventional grouting
structlon joints in
concrete lining

Collecting the dripping water
into the drain and carrying it
away to the pump shafts, then
pumping it to the surface

Effective in combina
tion with the concrete



TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT IN COMPLETED TUNNEL (CONT.)

NEW YORK CITY TRANSIT AUTHORITY (NYCTA), NEW YORK, N.Y.

thelPl!mp i ng
to

N
N

Type of Water Problem

Water leaks through
concrete lining due
concrete shrinkage
cracks

Leaks through the con
crete lining~tructural

joints, not sealed
sufficiently

Leaks along ventilation
system and sewer lines

Substantial water de
posit caused by a con
densation from the
humid air

Sunken tubes of tunnels
under the Hudson River
(high water pressure)

Method of Water Control

. .------------------------------
Channeling by means of steel
pipes

Sealing grout

Grouting with TACSS

Prefabricated 6tructures done
under thorough control of
pouring and curing proces,~s.

and quality.of concrete

Advantages

Effective in a
case of high
water deposit

Inavoidable when
leaks occur from
the arches over
passenger side
walks and plat
forms

TACSS has a low
vi scosi ty wh ich
a I Iowsto lim i t
injection time.
TACSS can be ef
ficient for
stopping a water
seepage as we 11
as for ground
stabi fiz.3t ion

Have almost no
leaks

oi sadvan tages

Must be used con
stantly

Not always a good
measure in the
presence of 3rd
rai I

Not efficient in a
case of very inten
sive water inflow

Comments

These types of
water problems re
present 95% of all
leaks in the NYCTA
System; 75% of them,
described as minor .
or moderate; are be
ing controlled by
the NYCTA's divi~

sions; 20% of them
described as quite
intensive are treated
byo~tside contrac
tors

Location - an exten
s ion of the "East 63rd
Street'l Station



TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT IN COMPLETED TUNNELS (CONT;)

NEW YORK CITY TRANSIT AUTHORITY (NYCTA), NEW YORK, N.Y. (continued)

N
W

Type of Water Problem

Infiltration through
partially destroyed
tunnel concrete walls
and floors

Method of Water Control

Rehabilitation work such as
rebuilding of the invert and
repairing tunnel structures,
which consists of:
-removar-of architectural
cover of walls
-diverting of heavy inflow and
then sealing all points of
water entry
-patching all deteriorated or
spoiled concrete
-installation of waterproof
'Volklay Panels' on the inside
face of walls and on the top

'of a f)oor slab
-filli~g of ventilator bays
with concrete up to 6 feet
above the ground water table
-occasional drilling of holes
in walls to locate waterleaks
-constant pumping

Advantages

Only permanent
recons t ruc t ion
measures can
prevent a poss
ible structural
failure

Disadvantages

The rehabilitation
work requires the
subway line be
closed to passen
gers on nights and
weekends

Comments

An estimated cost
of the invert re
construction pro
jects is $25 mil lion.
The estimated time
required to complete
work:
-29 months



4. GROUTING FOR GROUND WATER CONTROL IN COMPLETED RAPID TRANSIT TUNNELS

4.1 INTRODUCTION

Final tunnel linings are constructed either of cast-in-place c'oncrete or

segmented structural elements made of steel, cast iron, or concrete. Nearly all

tunnel linings installed below groundwater levels leak to some extent through

cracks in the concrete or through joints between structural elements. Leakage

through linings constructed of structural elements frequently com be con:trolled,

by tightening connecting bolts and fasteners, or by caulking techni,ques~,

Grouting is sometimes used for control of leakage between:structural elements,

and it is 'the most commonly used method for control of leakag~ through cast-in

place linings.

For control of leakage through tunnel linings, grouting is, typically done

through the lining as opposed to injection through i3- bore,hole drilled from the

outside of the tunnel. Grout i~ introduced throughpre~installedports 'Dr pipes

through the lining or through drilled openings. The .discussion .of grouting, .

which follows assum~s grout injection from within the tunnel ,in most instances.

Grouting outside of the, tunnel or in advanc~ of tunneling is usually done as ail

aid to construction, that is, ground stabil,iza tion or reduction of construction

dewatering, rather than for control of leakage into the:completed tunnel.

Three other _possible methods for control of leakage through completed

tunnel linings include:-

1. Diversion of ~ater by drainage pans, pipes, and channel~;

2. Filling of,cracks with hydraulic fast-setting cement, epoxies, or

crystallization compound;

3. Surface treatment with many different possible materials,using trowel

or brush application.

Of the above three alternate methods, diversion is probably ~he .most positive if

it is architecturally acceptable. Crack and surface :treatments can be

effective, but it is difficult to achieve reliable water control by these

methods, especially if there is any significant wat~r head outside of the

lining.
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The grouts used are either cement-based or one of several available

chemical-materials. Selection of the most appropriate grouting material is a

function of ground coryditions,structure type, and cost considerations. Cement

based grouts are typically the least expensive, but they do have limitations

with regard, to their application,primarly due to restrictions,.on set time and

injectability. Chemical grouts, while more expensive) .can typically. be designed

for much faster setting times, and also can typically be injected into finer

soil for rock and concrete fissures. While there are many available chemical

grouts on .the market, the most co~monly.used types at this time for

transportation tunnels include silicates, acrylamides and water-reactive

polyurethanes. A more complete discussion of cement and chemical grouts

follows.

4.2 CEMENT-BASED GROUTS

Cement-based.groutshave been used for many years, and represent the oldest

known grouting material. Cement-based grouts, while simple in concept, require

much skill and meticulous attention to detail to be used successfully. Quoting

Adam Cle.ave Houlsby (1982), "Grouting, more than most engineering processes,

requires an intuitive perception of just what the liquid grout does as it flows

through the open joints and cracks hidden underground."

4.2.1Fill~rsand Admixtu~es

A typical grout mix consists of finely ground cement and water mixed in

varying proportions. However, these mixes are often modified by the

introduction of fillers and a variety of admixtures to affect the grout

properties. The main purpose of fillers is to reduce the cost of the grout

without greatly affecting its physical properties. Commonly used fillers

include clays such as sodium bentonite, montmorillonite, kaolinite, and illite.

The clays have acapacity'to absorb water and to form gel structures at low

concentratioris~ which stabilizes the cement and prevents bleeding. Pozzolans

will react with free lime cement in the presence of water to form a -cementitious

compound, but they are not themselves cementitious. Naturally occurring

pozzolans such as finely ground shale, pumicite and diatomite, as well as

artifical pozzolans such as fly ash and ground blast furnace slag, serve as
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cheap bulk fillers in low strength grouts used for filling relatively large

cavities. Fin~ sand can be added to' water cement grouts to create ~reater"

volume at relatively low cost. 'Admixtures can be added in small, quantities to '

affect grouts in many ways, such as acceleration or retarding of set ..

fluidifying the grout to improve'pumpability, expandingc-the grout to reduce

shrinkage and'prevent bleeding.

4.2.2 Design and Application Principles

Cement grouts should be designed to be sufficiently fluid to allow

efficient pumping and injection, and sufficiently stable to resist displacement

and erosion by moving water after injection. The design will also be influenced

by the size of fissures to be filled by the grout. The principle variable

affecting the properties of water cement grouts is the water-cement ratio.

Insufficient water will result in a nonpumpable grout, while excess water can

cause bleeding, low strength, increased shrinkage, a'nd' poordurabilt ty .. ' Water

cement ratios "by weight typically vary between 0.3 to 0.6.

Successful use of cement-based grouts requires careful attention to detail,

confirmation of final designs, constant field monitoring, and adaption of field

design as necessary. To obtain successful results requires:

1. Obtaining quality materials from reliable sources;

2. Storage of cementitious materials under dry, and constant conditions;

3. Accurate monitoring of moisture content of fillers;

4. Use of fresh cement;

5. Weight batching of materials;

6. Control of water cement ratios;

7. Control of mixing rate in time;

8. Rigid supervision of all operations by experien6ed staff.

The basic equipment used in a cement grouting operation includes. a mixer"
, ' ,

agitator, continuous ,speed pump, circulation line to all~w discharge o~unu~ed

grout back to the agitator" and, control fitti~s, such that vo~umes, and

pressures can bft regulated.



Cement grout is used on most tunnel projects, and is probably the

predominant grouting material used in the tunneling industry for control of

groundwater today. An excellent example of extensive cement grouting for

control of "leakage is described in the case history for the Buffalo, New York,

Subway System.

4.3 CHEMICAL GROUTS

There are a large number of chemical grouts available for use in today's

tunnel_industry. Chemical grouts were first introduced 30 to 40 years ago, and

over the last 10 years many new materials have been introduced. The first

chemical grouts introduced were the sodium silicate materials, which have been

used primarily for stabilization of granular soils. Other available grout types

include acrylamides, lignosulphonates, phenoplasts, aminoplasts, and typically

water-reactive variations of these generic types. As mentioned previously, the

most commonly used chemical grouts in transportation tunnels today are the

silicates, acrylamides, and water-reactive polyurethanes. Taken together, these

have accounted for more than 83 percent of the chemical grout materials sold

since 1970. The most commonly used grouts are the silicates, followed by

acrylamides and polyurethane.

4.3.1 Silicates

Silicate grouts, which are free of harmful organics, are nontoxic and

noncorrosive. Because of these and other characteristics, silicate-based grouts

satisfy many of the geotechnical, hydrological, and environnental requirements

of a project. They are, however, more commonly used during construction than

for control of leakage.

The Joosten process has been largely replaced by several different single

shot injection schemes that produce high-strength grouts. Organic compounds can

be used which react with a water-silicate mixture to form acids or acid salt.

Formaldehyde became another popular reactant, but environmental studies have

reported it to be a possible carcinogenj therefore its use has decreased.
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'"'"

Acrylamides
,- .

Next to silicate grouts, the most commonly used chemical grouts are

acrylamid~~, which were first introduced in 1953. Acrylamides come qloses~,.in

terms of performance, to meeting the specifications of an ideal grout •.The.
--;:'.'

silicate grouts have low viscosity in the ungelled state. Its gel time can be

controlled, and adequate strength can be provided for most applic13.tions.. These .'

grouts are more costly than silicates, and are neurotoxic.

From 1953 to 1978 acry~amides were available in the United States under th~c

designation AM-9. Due to the neuro~t~xicity of AM-9, its manufacture in this

country was~stopped in 1978. Very shortly after the discontinuance of

manufacture by the United States, Japanese and French manufacturers introd!lced

acrylamide-based products to the American market in 1979, and their use.

con tinues today.

Acrylamide-based grouts consist of a mixture of acrylamides, constitutin~

about 95 percent of the mixture, which polarize into long mOlecur'ar chains j and

5 percent of cross-linking agents which bind the acrylamide chains together.

The material which forms is a gel which can be varied from a sticky transparent

gel of low strength to a hard stiff opaque white gel. .Gel times can be varied

from nearly instantaneous to many hours. The gels formed are considered

permanent. There are examples of field applications which have been in place

for more .than 20 years without deterioration of strength. The gels will,

however, deteriorate mechanically when exposed to alternating, drying, and/or

freezing cycles.

Acrylamide in solution or powder form is toxicj- however, ·the gel is

nontoxic. Where acrylamidesare used, consistent and disciplined safety

procedures must be followed.

Acrylamides have been used in varying degrees 'on most major rapid transit

construction projects in recent years. Cases where their use ha& been

documented by this study include Boston, Buffalo,Washington, D.C., and Atlanta.
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4.3.3 Water Reactive Polyurethanes

Several naterials.are available which gel upon contact with water, and

provide obvious possibilities for use in sealing leakage in completed tunnel

linings. There are several possible materials which react with water; among

these, polyurethane has the best mechanical properties and the widest range of

conditions for gel formation. Polyurethane gels of relatively high viscosities

are not suited for treatment of fine-grained soils. Polyurethane has been

widely used for sealing of sewers, and is applied internally through a packer

from within the tunnel. It has been used extensively in Atlanta for sealing

shrinkage crack leaks. Its use has also been demonstrated in the New York City

Subway System as well.

The polyurethane grout in its unreacted form is a liquid having a viscosity

slightly heavier than water. When it mixes with water, a closed cell foam forms

which acts as a mechanical seal. Gel time can be varied from nearly

instantaneous to many hours.

A common method for sealing cracks in concrete is to drill small holes

(i.e., 1/2 inch diameter) at angles into the crack and then to pump grout into

the crack through a nipple packer. The process has the advantage that it can be

utilized using light, easily transportable hand drills and pumps.

In its unreacted form, the grout is toxic and care must be exercised for

protection of workmen. In its reacted foam state, the material is chemically

inert.

Lignosulphonates

Lignosulphonate grouts are produced as a waste liquor by-product of the

wood processing industry. These grouts are typically used for stabilization of

soils in that they have relatively high strengths when gelled. They are

relatively inexpensive but the catalyst used is highly toxic. There is also the

possibility that the gels will reach toxic materials in the surrounding

environment. In general, lignosulfate grouts have not been used on recent rapid

transit construction in the United States.
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4.3.5 Phenoplasts

Phenoplast grouts are polycondensates resulting from the reaction ·of phenol

and aldehyde. These grouts pr6vid~ high strength forst~bili~~iion·otsoils,

and are considered permanent materials. As with several~t the oth~r; chemi~al

grouts, however, there are health hazards ass6ciated with thei~use; ~nd:they

are alsb potential environmental pollutant~. They have no~ b~en widely used in

rapid transit tunnel construction.

4.3.6 Aminoplasts

Aminoplasts are grouts which consist of urea and formaldehyde, which form a

resin. Initially, these grouts were used in the oil industry. They generally

require an acid environment for reaction, as do the phehoplasts ~nd'the

aminoplasts. They are also caustic and present a health hazard. In ~~neral~

these grouts should be used only when the groundwater is kno'wn to be acid, such

as for. application in coal mine~. They have generally not been tised for rapid

transit tunnel construction.

4.3.7 New Products

Several new products have been recently introduced to th~ marke~, such as

an acrylate-based product, which is similar to acrylamide, but it is not. neuro

toxic, and the manufacturer claims its general level of toxicity is about

percent of that of the acrylamides. A second product was commercially

introduced in 1981 and is similar to the acrylamides, but has eliminated the

toxicity problem through increased viscosity and is, therefore r a somewhat less

generally suited grout.

4.4 CEMENT/CHEMICAL MIXTURES

Very finely ground cement, known by the. term "microfine cement"~ has .been

introduced to grouting technology as an alternative to the more toxic chemical

grouts. The product was developed in Japan and first used in the United States

on the Helms Pumped Storage Project near Fresno, California. Microfine cement

can be used to permeate soils down to fine sand.
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Set times for micro fine cement and water mixes are measured in hours, and

for many applications this is acceptable. For set times of 1 to 3 minutes a

mixture of microfine cement and sodium silicate is required. Faster set times

are necessary for underground water control. The cement and sodium silicate

components are introduced together at the point of injection.
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Case Study No.1:

Location:

Owner:

5.1 INTRODUCTION

CHAPTER 5.

Light Rail Rapid Transit System (LRRT)

Buffalo, NY

Niagara Frontier Transportation Authority (NFTA)

The LRRT system is being constructed by the Niagara Frontier Transportation

Authority (NFTA) under a Federal Grant by UMTA and sponsored by the State of New

York. As work progressed, the extensive dewatering system that had been in use

during most of the construction was deactivated. As a result of the geological
"-and groundwater conditions, water inflow in excess of that allowed by the design

specifications occurred in sections of the tunnels where the dewatering system

has been shut down. Remedial actions were taken at that time to control the

inflow. Those efforts are providing the unique opportunity to study a major

ongoing program of corrective tunnel waterproofing.

During the visit in Buffalo, the group had meetings at the NFTA office with

the Facility Director, and the Construction Manager for Hatch Associates

Consultants, Inc. (a designer of the LRRT system), and at Goldberg, Zoino and

Associates (GZA), Buffalo, NY, office with key persons in the grouting program

at LRRT, and with the Project Engineer and Vice President from Hatch. At these

meetings the various aspects of waterproofing measures at LRRT were discussed.

Site visits were conducted at Devalan Station and Humboldt Station and the

connecting tunnel between them. These stations are located in the rock section

of the LRRT system.

5.2 GEOLOGICAL AND GROUNDWATER CONDITIONS

The geological conditions of the construction were obtained through an

extensive site exploration and a regional literature search.
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According to the site exploration, general groupd conditions were indicated

as follows:

o· Mostly massive to thinly bedded dolostone and dolomitic limestone of

Bertie formation with small sections of Camillus Shale; nearly flat

lying;

o Extensive zones and pockets of severely weathered and solutioned rock

'within this formation that can yield large quantities of w~ter.

Because of very poor rock quality, the zone became known as the

"fractured rock zone."

The Bertie formation is generally relatively permeable with K:0.6 to 14

ft/day.Heavy flows·were expected from fractured zones near the base of the

formation (up to 800 ft/day). Later exploration work revealed also the presence

of an artesian aquifer approximately 20 ft. thick located immediately below the

invert of proposed rock tunnel over a distance of about 2 miles. The water

table was defined as 6 ft. below to 14 ft. above the crown. The large scale

p~mping tests resulted in discharge rate of up to 0.014 cu.m/sec (2700 gal/min).

5.3 IMPACT OF GROUNDWATER CONDITIONS ON DESIGN

The presence of the fractured rock zone under approximately two miles of

the proposed alignment resulted in a redesign at a higher elevation so that the

tunnel would clear the fractured rock zone. Amherst Station, which was

originally conceived as a tunnel opening, was redesigned as a cut-and-cover

station because of inadequate rock cover that resulted from the raised alignment

(the depth from the street surface to the top of fractured rock at Amherst

Station is approximately 40 ft.). The station was designed as high as possible,

the top of the structure corning within 5 ft. of the street surface. At this

elevation the slab invert minimally penetrates the fractured rock zone.

At several other locations the tunnel alignment was also forced very close

to the fractured rock because of thin rock cover. The distance from the tunnel

invert to the top of the fractured rock was designed to be about 5 ft., which

resulted in approximately 10 ft. between the tunnel crown and the underside of

the bridge abutments (at this location, the tunnels had to pass beneath a

railroad cut and the abutments to a roadway bridge over the railroad).
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To ensure aminimurn degre~ of adequate groundwater cohtrbl prior t6 tunhel

excavation, a deep well dewatering system was designed and made a part of the

tunnel. and sta t:ion contracts. This system was designed for. an; estima ted maximum

discharge from wells and .tunnel sumps of 10,000 gal/mi:n (0.84.m3Ise.c).

5.4 TUNNEL ENVIRONMENTAL AND STRUCTURAL DESCRIPTION

The current first phase of an expandable system or LRRT system ·consists of

3 parts:

1. A one mile (1.6 km) pedestrian mall on the surface through the 'downtown

qusiness district;

2. Concrete double-box tunnels with a single central :platform, constructed

by cut-and-cover methods for a length of 1. 7 mile (2 .74 km) at a depth

of 30-35 ft. (9.1 - 10.7 m) and subsequently drops into bedrOck at a

depth of 60 to 90·ft.;

3. A 3.5 mile (5.63 km) rock tunnel of 16 ft. nominal f1nishe'd diameter

(this part includes 5 stations). That was the TBM-driven line.

A cast-in-place concrete lining was used· for the rock tunnels. The.

thickness of the unreinforced concrete liner was a minimum of 12 in. (305 mm) to--insure a reasonable watertightness of the tunnels and to prOVide an adequate

cover of 6 in. over the steel ribs (where thpse ribs were used as a primary

support). The concrete for the lining was delivered to the site by concrete

trucks and was pumped through "slick" lines. The maximum length of pours was

set to be 150 ft. The temperature at the time of pouring was a tunnel average

temperature of 53 degrees F. The concrete workability was defined as with

slumps of 5 1/2i~. to 6 in., with a slump test taken fro~ ev~ry thi~d truck.

Steel forms were used for concrete liner placement. External and internal .

vibration was used for placing concrete. The pouring process was supervised by

the field engineer and by the constructor's superintendant. The time of~the

concrete setting was not less than 24 hours.
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5.5 WATER INTRUSION PROBLEMS - CONSTRUCTION DEWATERING

In cut~and-cover sections of the tunnels there were no special water

control measures except where waterstops were used for the tunnel roof, and

regular joint waterproofing. In the rock part of the tunneling, however,the

construction dewatering was done by the subcontractor, MoretrenchAmerican, Inc.

The dewatering system as constructed included five principal wells plus

five supplemental wells. The system adequately controlled groundwater, except

in one 300-ft. section where an unexpected aquifer was encountered that

necessitated the installation of two additional deep -wells.

The requirement for a treatment plant to eliminate hydrogen sulphide and to

increase dissolved oxygen levels prior to discharge into surface waters was an

additional innovative design feature of this project. The plant has operated

continuously, and all environmental requirements were met.

The installed dewatering system provided water discharge for five stations

of the ongoing project. However, two special water problems occurred during the

construction, which required additional water control measures. 1

A. Power failure

A major thunderstorm caused a city-wide electrical failure that resulted in

flooding of one of the tunnels, thus the standby electrical system could not be

started to maintain power to the pumps. The system was inoperative for about a

day and half, which resulted in more than a 20 ft. rise in water level, which

flooded the tunnels with 8 ft. of water. Two TBMs and a bucket conveyor muck

handling system were damaged. During this time, locally he~vy tunnel inflows

unrelated to the deep well failure further ccmplicated the problem. It took

approximately a week to dewater the tunnels after the deep well system had been

restarted (supplemented by high-capacity sump pumps).

'"Effect of Artesian Aquifer on Feasibility of Buffalo LRRT
Project" Guertin, Flanagan, pp. 124, 125.
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B. Localized heavy groundwater inflow

In early A,ugust 1980, a local heavy groundwat~rinflow was, en99untered in

the inbound tunnel ~t st~tion 219+00, (~). The .initJalrate of.f~ow was about

4.3.g<;l.l/sec fr.om,a,300.ft. section. of tunneL The flows:imp~ded.~unnel

excavation to, the ~xtent- that it took ~pproximately one mo~thto,drive the

tunnel throu~h this zone which was some three or four times longer than was

typical for this project. The outbound tunnel, located '60 ft:a~~y, which had

been excavated several months earlier, was dry. Several borings were drilled
-'. . " . - - .

and a previously undetected zone of f~actured rock immediately at and j~st below

the invert was identified.

Some fractured rock was found in the invert, but water was observed to be
, '~ .

flowing primarily through the vertical joints that intersected ,an open

horizontal seam. The quality of the intruding water was differ~nt from the

groundwater that was being pumped from the production wells. Specifically, no

hydrogen sulphide was observed, but an appreciable amount of dissolved oxygen

was detected that was similar to water after a purificationprocess~Further

studies strongly suggested that the inflow may have been caused by recharge'from

the nearby bedrock creek bed located approximately 200 m from the localized

heavy inflows; The dewatering system discharged flows into the creek.

Additional piezometers installed·in the vicinity,of the~e ~nflows,indica~~d

that the water levels were 0.3 - 1.0 ft. above the invert•.Seyeraloptions were

considered for control of the inflow prior to concrete·placement~including

exclusion by grouting and removal by the addition of pumpi~g capacity~, Gr9uting

was judged to be a very uncertain solution because of the unknown exte~t of the

fractured rock zonet and a decision Was therefore made to install. one addition~l

deep well., A specific capacity of about 4.3 gal/SeC was used, but after several

months of pumping, the well (DW,:,,7) still failed to controL all qf the inflow.,

Therefore, a second additional well (DW-8) was drilled and pump-tested

prior to final installation. The specific capacity and transmissibility of this

new well was about the same as for DW-7. The addition of well DW-8 resulted in

control of the major inflow. During the removal of approximately 1.5 ft. of

muck from the invert additional inflows were observed that would have interfered

with the placement of concrete for the,final lining. :Dur~ng this,Period the,

capacity of DW-8 decreased and could not be restored, and it was also observed

36



that water levels fluctuated by about 3 ft. with rainfall. The combined effect

of decreased yield of DW-8 and heavy rains resulted in continuously troublesome

water inflows. As the concreting operations approached the·inflow area, a drain

(some 2.5 ft. wide and deep and 300 ft. long) was oonstructed in the invert to

remedy the problem quickly. The drain consisted of a stone-filled trench

covered with a plastic membrane. A 6.0 ft. square by 6 ft. deep sump was

excavated at one end of the drain, and a pump was installed and covered with

stone and a ste.el plate. Ti1e entire invert drainage system was then protected

by a lean concrete mud mat. The drain and sump pit effectively controlled the

water, and the monolithically poured liner was placed successfully and without

difficulty. After completion of the lining"the drain and sump were later

backfilled with a cement grout pumped under low pressure.

The following sequence of events at LRRT can be mentioned:

1. Tunnels were lined with concrete.

2. Pumps were turned off.

3. Water table rose.

4. Tunnel leaked beyond specifications.
(

5. Some wells were turned back on.

To reduce or eliminate the leakage, NFTA started a large grouting program.

The following sections describe the grouting material and techniques employed.

5.6 GROUTING FOR WATER CONTROL

The grouting consisted of drilling a hole 1-7/8 in. in diameter through the

concrete liner and subsequently injecting either a water-cement mixture or a

chemical, acrylic polymer compound which on set up seals off inflows through

cracks •

. The grouting operations began in December 1982. Grouting records were made

for every grout hole and include:

1. Volume of grout,

2. Grout type,

3. Location of hole,
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4. Grout pumping rate and pressure,

5. General comments such as water inflow before and after gro~ting,

. downtime, mapping of leaking cracks, observations by the drillers w,ith.,

respect to drilling resistance, etc.

5.7 CHEMICAL GROUTING

Technical Grouting Services (TGS) of Hyattsville, MD, w·ith support crews··~

supplied by Stimm-Fitzpa trick Constructors of Buffalo, NY, was re·tained by NFTA··'

to do remedial chemical grouting for water tightness in the lC0011 Section of' .

the rock tunnels. At the time of grouting, the concrete tunnel l{ner was 1n

place and water inflows apprOXimately 2 to 3 orders of magnitude over

specifications were experienced. It was decided by NFTA t~ pr0geed ini~ially

with chemical grouting because of the urgent need to complete this first section

of the tunnel in order to permit the track-laying crew to hav~ access.

5.8 GROUT TYPE

The only crack areas in the tunnel liner that showed any leakage have been

grouted. An acrylamide chemical grout was used to control the water inflows

through the shrinkage cracks in the concrete tunnel liner because it easily

penetrated the shrinkage crack (having a viscosity essentially. the same as

water), maintained a constant viscosity during injection until immediately

before setting up and had good gel time control. Once in place, the gelled

grout was also considered permanent as long as the grout remained da~~ o~ in a·

humid environment.

This grout consists of a specialized system of two catalysts and .wate~.'

The grout is a powder mixture of two organic monomers consisting of 95 percent .•

acrylamide which will polymerize into long molecular chains, and 5 percent oLa

cross-linking agent which binds the acrylamide chains together. The specialized

system of catalysts is used to form the gel from the monomer solution. This

system consisted of triethanolamine (T) called the activator and ammonium

persulfate (AP) called the initiator, which triggers the reaction. The gel time

is dependent on the concentrations of AP and T used in the mixture. Varying
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these concentrations, gel times ranging from approximately 10 seconds to 2

minutes were used.
. . ~,-'

5.9 CHEMicA~ GROUTING TECHNIQUES
, . ~. '

Chemical grouting of the cracks was done from behind the concrete tunnel
,

liner. Holes were drille? through the liner across and/or adjacent to the
- ,. -<. . ..: ' • ~ ,

cracks depending on the amount of water flowing from the cracks. The number of
.. -

holes drilled along a crack and the amount of grout pumped into each hole varied

dependirigupon- whether the leakage from the crack was stopped. Each crack was

grouted ~ta~ting at th~ highest posi~ion of that crack in the tunnel ~rid working

down. Grouting'at an -individual crack was stopped when there was no longer any

visable leakage emanating from th~ crack. A red dye was mixed into the grout,

prior to pumping ~9 that its travel, could be traced.

·The ~rout 'hole§were drilled using 1-7/8 in. diameter drill st~el using

per'cussiondril1s~. "The' length of the grout holes was a few inches greater than

th.; thickness 6t'the concrete liner. Mechanical packers·were inserted into each

hole for the purpose of injecting the grout behind the liner. The mechan-ical

packer provided a positive leakproof joint between the grout hoses and the grout

hole. By rotating the .handle on the mechanical. packer, the flexible, rubber

sleeve in thepac~er was expanded to form a seal against the,wall of ~he grout

hole, allowing the grout to be injected.

An equal volume grout pump system was used to inject the grout into the

grout hole. The equal volume system consisted of two 15 gallon tanks and two

pneumatically driven pumps exactly alike and operated by a common drive.

Twenty~five-P9un9s of the monomer powder grout were dissolv~d in 15 gallons of

water in one tank., The activator and initiator were mixed at varying.

proportions' with 15 gallons of water in the second tank·•. Equal. volumes were

pump.e_d from' both t,anks,. into a sE:lparate discharge hose tq the mechanical packer

where mixing of the grout components took place., These hoses were attache~ to

the pack.er using a llyn connection. An equal volume system was used because it

eliminated the problems associated with passing cat~lyzed grout- through the

pumps and discharge hoses, thus permitting the use of' very sh.irt gel times and

pumping for periods which greatly exceed the gel time.
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5.10 CEMENT GROUTING

Cement grouting crews supplied by Stimm-FitzpatrickConstructors of

Buffalo, NY, with the support of GZA, were retained ,by the NFT~t~ do. the

remedial cementitious grouting for water tightness in the remaining portions of

the leOO 11 section of the rock tunnels. it was decided by NFTA to see'ff the

leaks in the tunnel liner could be stopped by the ~u~h less eipensiv~ method of
" ~ ,

cementitious grouting developed by NFTA's grouting consultant.

Cement grouting was ini tiated. in the outbound tunnel at. St~_•.. 2.189+00,

during which time the chemical grouting had. been. proceeding in~h~ in99und

tunnel. At the time of cement grouting in the outbound tunnel"water inflows

approximately 2 to 3 times over specification wer~ exper~enced. ,

A test section of 31 leaking cracks- between Sta • 2189+00 and Sta.: 2208+00

of the outbound tunnel was chosen to determine the effec~iv,eness of the cement

grouting ~ Flow measurements were made before and after cement grouting of. ,these

cracks. Eighty-four percent of the cracks were rendered- completely dry,. and, the

remaining 16 percent showed reductions in inflows of 60 to 7~ percent. after.

grouting.

It was decided to continue with the cement grouting:intheO.B. ttinriel

approxiinatelyto Sta.2216+00, with a reduced follow up grouting effort using

chemical grout within this area.

5. 11 CEMENT GROUTING .TECHNIQUES
';..'

Cement grouting of the cracks is done from behind the concrete tunnel

liner.· Grout holes are drilled using 1-7/8 in. diameter ,drill using percussion

drills and are within approximately 6 in. of a crack. Thelength·of the grout

holes is' approximately' 1 or 2 ft. into rock, dependihg on the thickness or: the

concrete. tunnel liner. Mechanical packers -are inserted into·each hole- for the

purp~seof injecting· the cement grout behind the' liner.

Prior to grouting , ~ll holes are: given a quick hydraulic pressure test to'

determine which holes 'will take' grout. '. This is ac·compl-ishe'd by injecting water

through the packer for approximately 3 minutes and monitoring the amount of

water and the pressure at which it is being injected-.
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Cement grouting is accomplished using a pneumatically driven grout plant

consisting of two 70 gallon mixing tanks. A return line and a pressure gage are

monitored to the packer. Grout pressures are monitored-using the criteria of 1

pound per square inch (psi), per foot of cover over the tunnel.- -_The return line

is used to keep _the grout from setnng up in the lines, _as well as to help

control the grouting pr.essure.

The grouting of each hole is begun with a relatively thin mix, 6 parts

water to 1 part cement"~by v,olume, but thickened to as much as 1.5 to 1 if the

rate of grout injectidn is great. Type II portland cement is used because of

the presence of sulfates in the ground water.

The number of holes drilled along a crack depends on whether leakage from

the crack was stopped~fter grouting. If the cement grout is injected at a

rapid rate into the grout-hole, the grouting pressure is reduced and the grout

mix thickened. The amount of grout pumped into each grout hole is arbitrarily

limited to 50 bags in an effort to minimize costs. Once the gr9ut is allowed to

set up in these holes, grouting is resumed and the holes are usually brought to

refusal.

Grouting operations ~ave begun on tunnel Contract IC0031. However, this

tunnel contract presently~does not have inflows because of the lowered water

table at the LaSalle-Station construction. Nevertheless, grouting of the cracks

is being done using the procedures and experience gained by grouting in contract
'c

IC0011. Cracks are grouted where they show staining (from previous inflows) and

where drill holes took-appreciable quantities of water whenpr'essure tested.

5.12 GROUTING RESULTS'

Inflow measurements were done at given locations by using a weir and

calibrated bucket. th~ m~as~rements were, repeat~d until successive trials, at

the same location, indicated nearly identical ,flows.

Table 5.1 presents, for Contract ICOO 11 ,measured inflows before and after

grouting. Inflows on the'northern portion,of the contract have not been
~ ~ , .

measui'ed after grouting due t.o the :temporarily lowered water table for the

construction of the LaSalle Stat.ion, therefore making any measurements taken

prior to recovery of water table elevation unrepresentative of-the ultimate
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TABLE 5.1 TUNNEL INFLOW MEASUREMENT S AT LRRT SYSTEM CON STRUCT ION

STATICN SEaICN UNGl'H INFUHS . INFIDm AUaW![E INFIai ,~ MEErS
(Fr) (GlU.u:NS/MIN) (GlU.u:NS/MIN) (G!U.ti:N;/MIN) CF W1ITER. WATER TIGflNESS

BEroRE G(()Ul'IN:; AFrER GRX1l'IMi ~OOE SPECll'lCM'ICN
'IO~

, U\pri1 1984)

219S + 23 to ..
2216 + 6S
Inbound.

,
2142 129.0 0.268 0.37 99.8 YES .

2221 + SO to
2235 .. 00 ,
Inbound 1343 48.6 0.09 0.23 99.8 YES

2195· + 23 to
2216 + 6S
0Iltb0und 2142 77.7 0.24 0.37 .' 99.7 YES

,

*2221 + 60: to "

2234 + 00
>'

"

OUtbomd 1240 11.3 0.684 0.22 93.9 til

*1nflow over spec. is tlx>ught to be due' to the flew of~ Water exm:i.n9 nan the mrth.
. ~- : ' ,

" ." c.' ". 2
Note: .. hallowabl.e infloW as stated 111 section 03300,'PaI:~Lcqh 3.12 Water tightness is O~OOS·gal1.alS/day/ft

'of t~ l.iJWs"over a 3000 ft. l.enqth of t1Wlel. '.



inflow conditions. When the LaSalle Station construction deep well system is

deactivated,' GZA will complete the inflow measurements in this area.

Table 5.1 geheraily indicates that in Contract lCOOll grouting has reduced

seepag~ flows by ~or~ than 99 percent, and inflow specifications have been

achieved •. One section remains slightly over the allowable limit; i.e., less

than 0~5 gallons per minute over a 1200 ft. section of tunnel. However, an

important and possibly major contributor to this inflow, roughly equivalent to a

flow of only· 2 quarts over a quarter of a mile, is the invert flushing

associated with the current construction of the adjacent station. On completion

of the flushing discharge, now easily accomodated by the permanent sumps,

inflows will be remeasured for conformance to specifications.
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FIGURE 5.1 LRRT LINE PROFILE

FIGURE 5.2 PORTAL OF LRRT LINE
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FIGURE 5.3 LEAKS ONTO TRACKBED

FIGURE 5.4 CONSTRUCTION VIEW IN HUMBOLT STATION
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FIGURE 5.5 WATER PUMPING IN THE TUNNEL OF HUMBOLT STATION

; ~.

"':", ,-
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CHAPTER 6.

. ,~ .

Case Study No.2: Metropolitan Atlanta Rapid Transit: Authority '(MARTA) .

Location : Atlanta , GA

Owner:

6. 1 INTRODlJCTI ON

MARTA

Case StudyNo~2 investigated water intrusion problems in the Rapid Transit '

SUbway System in Atlanta, GA, which is owned and operated by the Metropolitan

Atlanta Rapid Transit Authority (MARTA).

A site-visit team collected information that was obtained through meetings

with the system's representatives and through technical visits to tunnel

construction sites and operating subway stations.

Information collected related to:

1. Basic design for groundwater control;

2. Construction dewatering (grouting, pumping);

3. Construction ,waterproofing (joint sealing);

4. ,~he ,concrete pOllring and curing processes;

5. Major leaks and remedial measures applied.

A tour on the MARTA Subway System, including the construction site of the

North Line extension, showed the basic remedial measures applied for stopping

water inflow. Tunnel,~ining construction, joint sealing, as well as concrete

pouring and curing processes were of particular interest. It is believed that

these processes contributed tremendously to the structural quality observed in

the tunnels.
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6.2 GENERAL INFORMATION

The MARTA Subway System consists of two major lines, the South-North Line

and the West-East Line (see Figure.6.1).

The first stations were opened in 1979, and almost immediately the subway

system began having water leaks. Although most tunnels operate· with limited ,

quantities of water inflow, there is a system for collecting and removing the

intruding water. In spite of the system, the amount of water intrusion on the

MARTA Subway System exceeds the allowable level. To correct the situation,

MARTA has a contract for repairing approximately 3000 ft. of leaks in various

existing tunnels and stations.

6.3 TUNNEL ENVIRONMENTAL AND STRUCTURAL DESCRIPTION

6.3.1 Geological and Groundwater Conditions

General geological conditions are characterized by fill and residual soils

to about a 60-foot depth underlaid by excellent quality gneissic rocks. Tunnel

types include soft ground, mixed-face and rock.

Ground water was expected along soil-rock transition,. and well-point

dewatering was recommended for shallow tunnel sections. Tunnel sections over 20

ft. below rock surface were expected to experience minimal amounts of water

intrusion.

6.3.2 Structural Description

A. Types of underground structures and methods of excavation

MARTA has used circular, box and horseshoe shapes in tunnel design. The

most recent design utilized a horseshoe shape in areas wher~tunnel.ing was done",

and a box shape where cut-and-cover construction methods were used.

Tables 6.1 and 6.2 contain a description of tunnel and station structures.

The cut-and-cover sections of tunnels as well as vents, shafts and entrance ways

were excluded.

48



*Altematlve Alignments and/or Station locations under ltudy.

~
1J1. ....__......n 111.._ From Fl•• Pain..; 1 1 i
~ -~-o lIue_lIetw..n S..IIon. February 1983

Ea.t - We.t Open

North· South Open

Under Con.tructlon

De.llln In Prollre••

Leno•• Doraville
Lakewood· Airport

North Avenue· Leno.
Garne" - Lakewood

Phase C

marta&. , .
RAPID TRANSIT SYSTEM
Phase A Avondale· Hlllhtowar

North Avenue. Garnett

Phase B

\
\

'.

'>'" II.!,I'" .:. '"
I I \) l I l\., ' ~ I I,'

.,:

1

.£.:.:
,:1

7lakewood '.
,,,~U.~T""".'.

\-

)/
11-

'.,.
/

.'

------ , ...

~?~~~J~~'
~5,

'"

FIGURE 6.1 MARTA RAPID TRANSIT SYSTEM
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TABLE 6.1 , TUNNEL· .PROFILES

. '
- ·_e· ,.

PHYSICAL:;~~nZE

.' . " "'

,-
" " . '

,

Type of Method I'r Face 'Size
of shape

"
...

," ',-

Ground Exca- Area - . ," ;'_:;'.1::_:,:.0"::- , -.' --,-. "vation Sq.Ft.
,."Heightlength - Width

''-..,:' .
' .. ..

.-
"'

'IYP7 .,Type Type 'I'yP,e
A B A -. , B

',"

2Q'0"
.,

Drill Circular 314 2490' - 20' q" 20'0" 20',6"
Rock and !horseshoe 356 17 ' 3" 18(9" "17.3" 18 i 9"

Blast station 2450 770' 42' 0" 43 ' 6" 60'0" 61'6"

Soft & 91ield Cir:-cular 626
mixed driven hor:::ieshoe 1291
face station.

·0.__ -

TABLE 6.2 TUNNEL PROFILES - TYPE S OF -FINAL SUPPORT

,.

Types Met.hcds of Excavation
Types of Final SupfOrt

A, C B, D

,',
.!_, ,

.;

A, C Both tubes excavated as PCIP Concrete Rock b:Jlts
one double arch cha:rnber and sh::>tcrete
with R:IP concrete ,.

pillar ' '

..
,

B,· C Excavated as twin tubes
.. '
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B. Lining Structures

The MARTA subway structures (tunnels·. and stations) were built in

rock, soft soils and mixed-face grounds. No uniform lining design method has

been universally accepted because of variable tunnel sizes and ground

conditions. Lining thickness has also varied with 'construction technique.

Recent t,unnels which have cast-in-place (CIP) concrete lining generally have a

one-foot thick wall and ceiling section; while shotcrete-lined tunnels have a

minimum lining thickness of four inches. Cut-and-cover structure wall thickness

varied from 2ft. 0 in. to 3 ft. 6 in., whiieceiling thickness varied from 3

ft. 0 in. to 5 ft •. 0 in. The distance from top of rail~o botto~ of underlying

slab varied from.4 ft. 5 in. to 5 ft. 2 in. Thickness of cut-and cover sections

varies with depth of cover.

Table 6.3 represents all types of primary support and final lining in rock,

soft and mixed-face tunnels and station covers at MARTA Subway System.

In the latest tunnel contract, the MARTA used cast-in-place and shotcrete

as tunnel liner materials, although steel has been used in the past.

C. Concrete Properties

Cast-in-place concrete lining placed against rock surfaces in mined

excavation and cut-and-cover construction concrete were both Class 4000 psi

portland cement concrete with 1-1/2 in. maximum size aggregate. Slump of

concrete was 5 in. and was tested in accordance with American Society for

Testing Materials (ASTM) C143. Air entraining agents as specified in ASTM C260

and accelerators specified in ASTM C4g4 were allowed. Admixtures containing

chloride were prohibited. Coarse aggregate was granite having a specific

gravity of not less than 2.7 and conforming to Georgia Department of

Transportation (GA DOT) Section 800, Group I Class A. Fine_ag~regate was natural

sand conforming to GA DOT article 801.02.

Shotcrete used to line tunnel walls was a portland cement concrete,

containing aggregate up to one inch in size, with an approved accelerator, if

required, applied from a spray nozzle by means of compressed air. The maximum

accelerator allowed was 2 percent by weight of cement. The shotcrete mix was

designed to develop minimum compressive strength progressively as follows:
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TABLE 6.3 TUNNEL PROFILES - TYPES OF LINING STRUCTURES "

Type of Ground , Type of SupfDrt Types of Lining Stnlctures
, .'

VI
N

Ibck '

Soft and'
mixed-faqe

Prinary

! Final

Primary

Final

r
!
I

.,

Turmels

Rx:k bolts 10' to. 20' long
at 5' x'5' pattern (rrost
ccmron) or as required

4" of shortcrete in
majority or rock tunnels
or 12" RCIP concrete

No primary support
other than shield

Liner plates installed
with shield advance - for
tumiels with' circular
shaPeS

Station caVerTIs;

,Rock bolts 10 'to20 '
long at 5' x 5' pattern
(rrost cx:mron) or' as '
required, '

4" of shotcrete in
fDrtion of station walls,
or 2 '11" to 3'6" OCIP. !
concrete in arch walls
with exp:>sed rock; 4"
shotcrete or 9" RC:I P
concrete

OClP concrete

.RCIP concrete



1. In 8 hours - 800 psi;

2. In 72 hou~s - 2000 psi;

3. In 28 days - 4000 psi.

Aggregates and accelerating admixtures were the same as defined for cast~

in-place concrete. Actual mix design was developed by the contractor and

approved by the engineer. This design was adjusted as field conditions

re~u~red•

Concrete was pumped through slick tubes directly from the concrete truck

mixers that arrived at the site in 15 minute intervals. It was pumped

continuously, in level layers of a thickness that could be properly consolidated.

The length of pour of cast-in-place sectio~s varied with an average of 50 ft.

The temperature at the time of pouring ranged from 40 degrees F. to 85 degrees

F. The pouring process was supervised by MARTA general engineering consultants

- Parsons, Brinckerhoff, Quade and Douglas, Inc., and Tudor Engineering Company.

During curing, concrete was covered with a double thickness burlap sheet, laid

directly on the concrete and kept wet at all times. Temperature and moisture

were controlled for not less than seven days. Forms for cast-in-place tunnel

were removed when concrete reached 25 percent of the indicated 28 day

compressive· strength, but not sooner than 24 hours after placement.

To insure quality control, the concrete plant was approved by MARTA. The

concrete supervisor must have a minimum of five years experience in placing,

consolidating and curing portland cement concrete in structur~s similar to those

under construction, with two years in responsible charge of such work. The

.concrete pumping plant conformed to the recommendations of the American Concrete

Institute (ACI). Before cast-in-place concrete was placed, all surfaces were

prepared for concrete, and framework and reinforcement were inspected. During

the concrete pour,samples of ingredients and mixed concrete. were taken and

tested. Mixed concrete was tested for air content, slump and compression.

For each 150 cubic yards the contractor furnished three molds conforming 'to

ASTM C470,for casting test specimens in accordance with ASTM C39 and ASTM C94,

Section 16.
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6.4 TUNNEL CONSTRUCTION METHODS RELATED TO WATER CONTROL

No unusual steps were taken during construction to prevent filturewater

problems. The usual inspections of waterproofing techniqu~s wer~_ done. A

hydrostatic pressure relief system consisting of wall drains and weep holes in

specified patte:rns was iristalled inthe'tunnels. Ne"ve'~theiess,'du~i'~g;- dl~'

construction of- tUh'nels'and stations ~'rld lat'er; dUdhg their oper~t'ion;nu~~r~us

water leaks' were' d'iscovered:~The new stations began having 'strLictural"leaks
. -

through concrete floors, walls and ceilings almost from the day they were opened

in 1979. . ,:

,":
, .' ..

6.5 MAJOR LEAK LOCATIONS AND THEIR DETRIMENTAL EFFECTS IN TUNNELS AND: STATIONS·

The site visit team explored the tunnel leak~locatioris during the time of
its visit- in May 1984.

It was stated.. that the leakage paths occurred in radial dir~9tions only.

There were no longitudinal leaks. The majority of leaks. have 1;.ak.en place.,
. .2\ ' .

through concrete lining and not through the construction joints,., This ,WOUld , '.,
• , • .' • 1_ • " :,.~,'

indicate that the longitudinal shrinkage of concrete is a ~~jor fact~fc wh~c~ "

contributed to the appearance of numerous radial cracks in tunnel ,lining. _
'" I" _' •• ", ',' <

Figures 6.2 and 6.3 show the. number of 'leak locations. .As: can -be "seen ~"the '

frequency of leaks at some tunnel segments reaches a magnitude,of.15-20 leaks
~ ., , ,:' '. , .

per 100 ft .

. Figure 6.4 shows typical water leaks.' The leakage. problems exist for both

shotcrete andCIP concrete walls.

Figure 6.5 demonstrates typical leaks through the station roof~" This" type

of leakage results in significant deterioration of both structural and

archi tecturaleleinents of the stations. Itals~ has a: detei'i~~a't·.:i ve effect on

functional c'omponents of a-subway system. For -exalilple, . the'st'ray "curr-e:rit'~;seeK

the path 'of water or da'mpness, thereby concentr~ting ele-ctr6ch~'~icalattacks'-ort
rails~ which results in severe corrosion of rail ,structures~

The steel- i-nserts which are embedded in theconcretesecbnd 'pour: arid which"

hold the direct fixation fasteners (DFF) in place, were rusting badly. These'

inserts would be almost impossible to replace.
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The fasteners themselves were also rusting badly along with their bolts and

rail clips. The rails were rusting prematurely. At some locations, the

intruded water had a high sulphate content (determined in a subsequent water

analysis of tha~ location) which caused the deterioration of the concrete.

Another problem associated with leakage is the unsafe condition of

pedestrian· walkways •. ~

In some J:ocations water was dripping through the station roof, and

temporary emerg~ncY,measures had to be taken to alleviate the problem (Figure

6.6) •

Figures 6.1 and 6.8 demonstrate various types of leaks and their locations

in the MARTA Subway· System. Figure 6.1 shows numerous leaks through the..

concrete ceiling of "Five Point" Station. Figure 6.8 shows numerous leaks in

West Line. tunne~s where locations of leaks were mainly through the concrete

walls arid ceilings·in different cross-sections of tunnels.

6.6 REMEDIAL MEASURES FOR WATER CONTROL

. 6.6.1In~House Remedial Measures

The major in-house remedial measures for water control and waterproofing at

the MARTA :Subway System depended on locations of leaks and their intensity, or

the amount of water intrusion.

The following measures were applied:

o Intercepting and collecting the water flow and channeling it to the

pumps by means of galvanized steel plates installed directly against

water leaks, thereby diverting wall and ceiling water leaks from rail

structures;

o Installation of steel lining consisting of concrete arches with steel

pans, for diverttng the water (this measure was taken at construction

time as well as during post-construction maintenance);"

o For many leaks that were emerging from the base of the emergency cat

walk, "toe bench cutting" was used. This procedure entails cutting a

small trough adjacent to all second pours that were lower than the
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FIGURE 6.6 SAFETY HAZARD DUE TO WATER INTRUSION THROUGH· STATION." CEILTNG .
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FIGURE 6.7 LEAKS AT FIVE POINT STATION
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adjacent "toe benches". The trough was cut about 2 in. wide and 1-1/2

in. deep and run to the nearest drainage chase between second pours.

The leaking water would then go into an undertrack drain.

6.6.2 Tunnel Ceiling Leak Repairs by Contracted Service

All of the in-house remedial measures were'not sufficient to control the

water inflow. In some cases the water intrusion exceeded 600 gallons of water

per day. To correct 'the situation a contract was executed to seal leaks in

three stations and in 2,733 ft. of tunnel.

Under the contract, the major leak locations were traced and registered for

future treatment first. The results were then represented in a set of drawings,

"Major Leakage Locations on MARTA Subway Lines and Their Repair," with a

corresponding manual (see Figure 6.9). The manual and the drawings were used as

a basic guideline for water intrusion treatment at MARTA subway lines~ The

contractor 'was required to make therecomInendations for the products and methods
"

to be used, subject to MARTA's approval and with the warranty for three years of

work performed.

The contractor started repair work on the tunnel ceiling leak in 1982. It

was decided· not to seal the entire crack length across the ceilings and walls

but ratner·to,seaLonly·a 10 ft. width of' crack over the track. The area over

the catwalk and the third rail cover board was to be protected, but the

containment (rather than diversion) of the water caused leaks to occur ata

heretofore nonleaking crack. At the same time, the containment cost would be

reduced~ The price for similar sealing in stations was approximately $30.00 per

foot. A summary of contractualc9nsiderations is as follows:

A. Quantities and Costs

l- East Line - 1,582' at $43.66/LF = $69,070.12

2. West Line - 436' at $46.2/LF = $20,160.64

3. South Line/Connector -

715' at $42.66/LF = $30,501.90

$119,732.66

65



6

, I' II
__ L..._ -l L---li

-- r-' II
I II . I__ L_-l ~!!WI

-- r-l r-ll
I. I I II==. ~:-l_'=--=dJ

I.

r

,a:,. I·"

~~ ~:_:';i·;.L:
.:.;, :I
p,;:.1I:oo

~i i
p...~ ~

~
~:.
~ .
."',..

PLAN

ALABAMA STREET

9 10 II

FIGURE 6.9 INTERCEPTING OF LEAKAGE (REMEDIAL MEASURES)

66



The disparities are due to the following:

1. The East Line had a more tightly bunched set of cracks, as well as a

higher total quantity; therefore, set up and travel time was reduced.

2. The Interline Connector was not used 9uring the day, therefore overtime

. rates were not applicabl~.

3. The West Line cracks were farther apart and the quantity was smaller.

It is interesting to note that the time of year of the surveys impacted the

number of leaking cracks. The initial survey was done in February 1982, and

another was done the following summer. Cracks in the East Line tunnel were

significantly fewer. during the summer.

The costs per linear foot included overhead, labor, supervision, tools,

equipment, and supplies furnished by the contractor. The price per foot also

included all subsequent warranty repairs as well as "before and after"

photographs of each crack;

The ·cost,did not include the labor costs of the management staff of MARTA,

or the flagman who was provided for each day's work. Nor did it include any

cost of inconvenience to the track gang since their work was subordinated to

that of the contractor.

B. Track. Time

The contractor was allowed under his contract to enter the East, West, and

South Lines four out of seven consecutive days between 11:20 P.M. and ~:40 A.M.

He was also contractually allowed to work in the Interline Connector from 10:00

A.M. to 3:00 P.M. any day of the week, although he had to be prepared to clear

the area if Central Control needed to move trains betw~en lines. In addition,

he was occassionally allowed to work some 12-hour shifts during the day on

Sundays.

C. Sealing Procedure

The contractor.'s sequence of operations was as follows:

1. Cracks or joints to be repaired were identified and marked by a MARTA

representative prior to any contractor activity.
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2. 5/8 in. diameter portholes were drilled adjacent to and along the plane

of the crack or joint at 45 degree angles to approximately 1/2 the

thickness of the structure.

3. Drilling debris was washed from the portholes.

4. Mechanical ,injectors with. a ball check devi.ce were th.en i.nserted and

secured.

5. Cracks were then flushed with clean water. The purpose of this

procedure was to:

a. Clean dust a~d debris from the crack systemj

b. Flood the system with water for the grouting compound to react with

(if water-activated grout is used);

c. Allow the injection technician to observe how each crack wa's likely

to behave during the injection procedure and determine if. a surface

sealer was required to contain the grouting compound.•

6. Surface seal was applied. Seal was a fast set, high strength hydraulic

cement (used occasionally for wide cracks).
,

7.· Once preparation was completed, the technician started pumping at low

pressure, and increased pressure until flow of material was achieved.

Injection continued until crack or joint was filled and. water flow

stopped. Full penetration was determined by resin "bleeding" through
., • ~-> - • -

adjacent injectors or at points along surface of. structure. Gr~ut~ng.

compound quantities were recorded for future reference.•

8. Resin was allowed to cure.

9. I~jectors were removed and holes filled with a high-~tre~gth hydrauli6

grout.

10. Surface of cracks or joints were then ground, and all debris was

removed, leaving a sound, clean surface.

11. A flexible epoxy gel (paste) was applied over a surface approximately 2

ft. wide. This insured total sealing~
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12. All trash and debris were removed from tunnel and disposed of.

D. Products

Believing that the tunnels are "capable of extreme movement and leakage

due to thermal expansion and contraction," the contractors recommended using:

1. A flexible, water activated grouting compound for the injection

material. Note that this material has a 700-800 percent elongation

when the ratio of water to grout is 1:1.' Originally, this material was

developed for joint sealing sanitary and storm· sewers •.

2. A semi-flexible epoxy gel used asa surface sealer. The flexible grout

injection method differs from the epoxy injection method because the

grout has no structural value.

E. Contractor Personnel

The contractor provided one superintendent who was required to have a

minimum of five years experience in this method of sealing leaks. The

contractor also provided two technicians and one laborer.

F. Production Rates

The contractor estimates that he was able to complete about 30 ft. per

night, including all the steps of the procedure.

G. Warranty

The contractor had to warranty that "the sealed joints and cracks will be

absolutely watertight from date of project acceptance until three years after

the date of acceptance."
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H. WorK Accomplished

'." -
On May 8, 1983, the contractor requested that the tunnel work -be

discontinued since he-felt, that he could nb longer warrant the" work~' ,At that

time he: had completed over half the East, Line section.' His; r:oequest was granted

and he was,given~a time:extension.

,On December 1, 1983i he resumed, work -in-,the Interline Connector~ ,""He has

completed that work and ,the East Line.

6.7 CONCLUSIONS

The major factors which contribute to water intrusion 'at-the MARTA Subway

System are cracks in concrete lining structures caused by concrete shrinkage.

All the cracks occurred in a radial direction, due to a 19P9itudinal shrinkage

of concrete. There were no longitudinal cracks.
''','

The wa ter leaks have taken place through such cracks in tunne 1 wal_Is,
. .' - . - , ~

floors and ceilings.

joints.

There are also a few water leaks through construction
, ". ". ' - .~ ,- -.- ..

. .:

For water problems that already existed, the following

proved to be satisfactory:

remedial measures
, -" ~-

o The galvanized steel plates were used to intercept and collect the

waterflow and channel it away from electrical installat:i6n's;pedestrian

walkways, cables, etc. Steel lining consisting of concrete arches, with

steel pans for dripping off the water were installed d_ur-ing-the

construction period and later.

o At some locations a regular grouting technique was used. Although

grouting is labor intensive, it has been confirmed to be efficient. An

envelope grouting can be used after installation of lining, but only

after appearance of signs indicating that the lining has started to

leak (see Chapter 4).
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Water intrusion can also be controlled or significantly reduced by some

preventive measures, such as improving the quality of concrete lining structures

and reducing the shrinking of concrete. For that purpose, an improved pouring

and curing process may help. The number of radial cracks can be diminished by

reducing the length of concr~te pours (the average length of pours during the

construction of some tunnels in the MARTA Subway System was about 50 ft.). 'The

concrete cracks can also be reduced if various special admixtures in concrete

preparation are used. It is believed that a higher quality of concrete is the

best way to make a tunnel sufficiently watertight.
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CHAPTER 7.

'. ,~

Case Study No.3:

Loca ti.on:

Owner:

7.1 INTRODUCTION

Massachusetts Bay Transportation Authority

Boston,MA

META

Case Study No.3 is the study of water intrusion problems in the Boston

Subway System, owned and operated by the Massachusetts Bay Transportation

Authority (META). The study includes:

1. Meetings with the system representatives, during whi.ch various aspects

of water intrusion problems experienced by the META Subway System were

discussed.

2. Site visits to system tunnels and stations severely affected by water

intrusion.

3. Data collection concerning water leak locations; an intensive study of

water leakage and its detrimental effects on system structures,

maintenance and operation; and of remedial and preventive measures of

water control used at the META Subway System.

4. Analysis of collected data, evaluation of the effectiveness of water

control measures used to prevent, control or correct water intrusion

problems, and development of possible recommendations.

The site-visit team has visited the META Subway System twice. The first visit

took place on June 4, 1984, and the second on September 13, 1984.

During the second visit, the team visited various tunnels and stations of

the operating lines. Another meeting also took place with system

representatives.

The following subjects were closely scrutinized during the visits to the

META Subway System:

1. Various tunnel environments and types of tunnel structures.

2. Geological and groundwater conditions along each subway line.
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3. Water infiltration during the time of construction in relation to the

methods of excavation (cut-and-cover and underground excavations);

4. Various methods of preventing water intrusion (grouting technique,

quality of concrete, etc.);

5. Remedial measures to control or to, stop the water intrusion (water

collectiop, pumping or grouting"etc.)i
'TO .>

6. Stability of the building foundations and city sewer system along the

construction of new tunnels;

7. Effectiveness of e~cavation machinery and technologYi

8. Quality control of materials and structures.

7.2 GENERAL INFQRMATION AND HISTORY OF THE PROBLEMS

The nation's. first underwater mass transit tunnel, the East Boston tunnel

under Boston Harbor, was opened in December 1904. Other major subway tunnels in

downtown Boston were also'~onstructed mainly in the first two decades of this

century.

The existing subway ,'system, as shown in Figure 7.1, .consists of four lines

which are officially designated and distinguished in all plans and documentation

by their differerit colors: Green, Orang~, Red and Blue.

The ag~ of most of Boston's underground subway structures predetermined

many water intrus.ion problems which are inherent to· the MBTA tunnels. The

following sections describe the various types of leaks experienced by MBTA

tunnels and the remedial measures used for ground water control. The four

different lines are considered separately.

7.3 MAJOR LEAK LOCATIONS AND THEIR DETRIMENTAL EFFECT IN TUNNELS AND STATIONS

7.3.1 Red Line (North Extension)

A. General Information and Structural Description

The new extension of the MBTA Red Line has now been completed. The

project, designed by Bechtel Engineering Corporation, consists of 3.2 miles of
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tunnels and stations. from Harvard Square to Somerville. Tunnels are mostly

double tube or circular in shape. The tubes are approximately 18 ft. in

diameter. and are spaced by about 40 ft. The average depth of tunnel is

approximately 40 ft. to 60 ft. under the surface. There was also a cut-and

cover section of tunnel construction.

B. Geological Conditions

Geologicaf donditions range from rock to soft s6il and mixed face. with

quite a significant amount of ground water.

The tunnel shield was used for excavation in the soft and mixed face

ground. There were two types of shields being used: round buckets and square

buckets.

C. Ground Water Problems

Water infiltration was observed in both cut-and-cover and underground

excavation sections. There were two major categories of water leaks: those

through the structural joints, and those through the numerous cracks in the

tunnel walls. caused by the shrinkage of concrete.

7.3.2 Red Line (South Extension)

The Red Line Sout~ Extension. an old part of the subway system. has been

experiencing,various ~ater intrusion problems. The site-visit team observed

extensive leaks •. such as:

l.'Water pouring "extensively through the tunnel walls and ceilings j

2. Pools of water standing in track bed area;

3. Numerous small streams of water emerging from the base of the track

bed;

4• Large wet" are.as on the walls and toe benches.

Leakage such as water streams emerging from the base of the track bed

creates a specific problem by washing ballast away. as can be noted in Figures

7.2 and .7.3.· where large segments of the washed-out ballast are shown.



FIGURE 7.2 BALLAST WASHED OUT BY STREAMS OF RUNNING WATER
(RED LINE, SOUTH STATION)

FIGURE 7.3 STANDING WATER IN THE TRACKBED (RED LINE, SOUTH STATION)
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Figure 1.4 shows a wide area of calcification around shrinkage cracks in

concrete. The calcification was caused by water leaks which also resulted in

standing pools of water in the track area.

Figure 1.5 shows a channeling of water which runs through the tunnel

ceiling~ Th~ water leaks also created large zones of calcification around

shrinkage cracks in the ceiling.

1.3.3 Blue Line - Aquarium Station

Aquarium Station (formerly Atlantic Station) of the Blue Line was visited

by the site-visit team on September 13, 1984. Although this station was

completely mOdernized1n 1968, it is still experiencing various water intrusion

problems. These range from water leaks across the entire tunnel lining to

numerous wet spots on the toe bench. There are also some pools of standing

water in an area under the third rail and in a track bed. Water leaking through

tunnel wall,s and ceilings .has deteriorated the architectural finish of the

Aquarium Station (Figure 7.6). Figure 7.1 shows stalactites growing on tunnel

ceilings as a result of water leakage through the shrinkage cracks in the tunnel

concrete lining.

The surface of some structural concrete elements such as ceiling beams

remains permanently wet due to hidden water leaks behind the finish of walls and

ceilings, as shown in Figure 7.8.

Figure 1.9 depicts a ceiling finish section removed to allow access to the

concrete roof structure behind the finish for an investigation of a cluster of

leaks.

Figure 1.10 shows a large area of calcification on the wall finish caused

by the water infiltrating through the walls and ceiling of the concrete lining.

Such structural and architectural deterioration requires extensive repair work.

It should be pointed out that the Aquari~m Station is located approximately

60 ft. below sea level and is positioned very close to the Boston Harbor floor.

Such a location creates a very inteQsive ground water pressure acting upon

station underground structures.
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FIGURE 7.4 CALCIFICATION AROUND A SHRINKAGE CRACK (RED LI~E, SOUTH STATION)

FIGURE 7.5 CHANNELING OF THE WATER (RED LINE, SOUTH STATION)
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FIGURE 7.6 DETERIORATION OF PAINT (BLUE LINE, AQUARIUM STATION)

FIGURE 7.7 STALACTITES GROW (BLUE LINE, AQUARIUM STATION)
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FIGURE 7.8 WET CEILING BEAMS (BLUE LINE, AQUARIUM STATION)

FIGURE 7.9 CEILING SECTION REMOVED FOR INVESTIGATION OF MAIN ROOF LEAKS
(BLUE LINE, AQUARIUM STATION)
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FIGURE 7.10 CALCIFICATION OF THE WALL FINISH (BLUE LINE, AQUARIUM STATION)

FIGURE 7.11 STANDING POOL OF WATER WITH FLOATING DEBRIS IN TRACKBED AREA
(BLUE LINE, AQUARIUM STATION)
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Figures 7~11, 7.12, and 7.13 also depict the deteriorative effect of water

on the trackbed. There are some zones where ballast has been completely washed

out.

7.3.4 Green Line - Tunnel Between Boylston and Arlington Stations

The Green Line is the oldest line in the Boston Subway·System. The

concrete lining of the tunnel suffers from many different types of,cracks

(shrinkage cracks, constr~ction joint ~racks, etc.) both large and smal~. Those

cracks allow ground water to infiltrate in large quantities. Having persisted

over a long period of time, the water intrusion resulted in the formation of

heavy precipitation structures which sometimes cover the tunnel concret~lining

almost completely.

Figures 7.14 and 7•. 15 depict such zones of extensive calcification on the

walls of .therunning tunnel between Boylston and Arlington Street Stations~ The

cross-section. of the tunnel is shown in Figure 7.16.' The tunnel has the .. ' ~
- ,.' :"

following types of water problems:

1. Leakage through tunnel walls onto the toe bench of the roadbedj

2. Pools.of standing water in the trackbed area up to the topar the~tiesj
. . ~:.'. --: ~ .....

3. . Wet toe benches ~

7.3.5 Orange Line - Essex Station

The Essex Station of the Orange Line was visited by the PPA site-visit team

on September 13,· 1984~ During the visit the team investigated the underground

structures of· tunnels and the station and discovered that typical water

intrusion.pcoblems exist as for most Boston subway lines. These included leaks

throught.he. shrinkage cracks in the tunnel concrete lining and water accumulated

in thetra9kbedarea. The Essex Station can be characterized as having the
-.', .

worst tra~k bed conditions. The inr'iltrated water forms running streams which

are seriousiy aff~.cting the rail tracks.

Figures 7. 17 and 7. 18 demonstrate the conditions of the s ta tion tracks.: In

Figure 7.17 one can see a h~avy precipitation in the area of the third rail.

Figure 7.18 shows part of the track bed where the ballast was wa·shed· out almost
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FIGURE 7~12 WATER STREAM IN TRACKBED (BLUE LINE, AQUARIUM STATION)

FIGURE 7.13 BALLAST WASHED OUT (BLUE LINE, AQUARIUM STATION)
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FIGURE 7.14 ZONE OF CALCIFICATION AND STALACTITES AROUND A CRACK
(GREEN LINE, BOYLSTON~ARLINGTON TUNNEL)

FIGURE 7.15 AREA OF MASSIVE CALCIFICATION' (GREEN LINE,'B6YLSTON
ARLINGTON TUNNEL)
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FIGURE 7.17 CALCIFICATION IN AREA OF THIRD RAIL (ORANl;E LINE; ESSEXSTATION)',

.-".'

:.,.'

. ~ -

FIGURE 7.18 ". AREA.WHEREBALLAST' IS WASHED OUT'GOMPLETELY ,(ORANGE LINE,
-ESSIDCSTATIOr-{). ~ '",
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entirely. To prevent disintegration or the rail track due to the absence of

ballast, .poth rails were bolted together with the transverse beam (see Figure

1. 18). "

1.3.6 Summary of· Water Leaks and Their Intensity

The water leaks in the Boston Subway lines can be classified as follows,

according to type, location, and· intensity.

A. Major Paths of Water Leakage.

1. Through the construction joints of the tunnel ooncrete lining;

2. Through the numerous cracks in the concrete lining caused by the

shrinkage of concrete;

3. Through the numerous crack openings caused by the" erosion of

concrete.

B. Intensity of Water Inflow and Its Consequences

1. An intensive infiltration of water which results in substantial

~treams of water in the track bed area;

2~ Relatively moderate infiltration of water which causes s~all

streams "of water on tunnel floor;

3. Water dripping from tunnel ceilings onto station sidewalks;

4. Hidden leaks in a concrete lining behind the wall finish, which

causes wetness and dampness of walls and toe benches.

1.4 REMEDIAL MEASURES FOR WATER CONTROL

1.4.1 Water Control in Tunneling

In 'the· new' North Extension of the Red Line,· the types of leaks discovered

required serious treatment during the time of construction. Among the various

methods ..ofwater treatment, a novel approach was used for sealing lining

construction joints. This method was first invented and tested by ~he Dutch

"De-Neef" Company. In this method, a reinforced rubber tube is placed
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between the foundation footing and the wall above. ,After the conc~ete wall- is ~

built, "the tube ,.left inside the wall is injected under high' 'pressure with a,·

chemical filling (Acrylamide or some other chemical). As a result, the filled

tube works as an impervious gasket sealing construction joints. Although

evaluated as "a good idea", it has not :be~nintr'oduc~d tnto' practic.e"in ',~he

United States.

Another water treatment that proved reliable was chemical grouting, "which: "

is considered to be the cheapest and the most effective method to pr~vent water

infiltration through the cracks in the concrete lining. The average price is

$5.50 per gallon of grout, while other grouts cost about $55 per gallon.

Cement grouting was not used in Red Line tunnel construction.

For the first time in tunnel practice, serious consideration was given to

the shield buckets configuration as they affect water leakage. During the

construction, it was noticed that the round shield buckets allow 'for better

excavation and result in better inside tunnel surfaces , which, in tur,n,,~ allows

for better quality of concrete lining.
,;

A good quality of concrete lining substantially reduces the leaking

problems. At the same time it has to be noticed that_rounp; buckets, are, more

expensive (more than a $2,000 difference in price when compared,with square

buckets) •

7.4.2' Water Control in Tunnel Maintenance

Depending on the, intensity of water inflow in running, tunnels, and the

geological environment of tunnels in different subway lines, the META uses the

following remedial measures to control or prevent water intrusion:

1. Chemical grouting;
; ,

".,',-, .'

2. Sealing of cracks and leaking construction,Joints by waterproofing

ma.triais; " ',"

3. Intercepting and' collecting the: water from ceilings' and walls and-

ch'imneling it· to pumps. " ".
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CHAPTER 8.

Case Study No.4: Washington Metropolitan Area Transit Authority (WMATA)

Location: Washington,DC

Owner: WMATA

8.1 INTRODUCTION

Case Study No. 4 is an investigation of various aspects of water

infiltration in the Washington, DC, Subway System tunnels. The system is owned

and operated by the Washington Metropolitan Area Transit Authority (WMATA).

- The study contains a detailed description an~ an analysis of various water

leakage problems experienced throughout the WMATA Subway System's tunnels and

stations. Th~ information was collected while visiting the WMATA Subway System

during June 27-29, 1984, and can be divided into the following categories:

1•- Types of leaks;

2 .-Deterioration effects of water intrusion j

3. Remedial measures and other methods of water control.

The following subjects were discussed during the meeting:

1. Structural and geological characteristics of theWMATA Subway System;

2. Major water

.being_ used;

3~ New Austrian

problems experienced by the system and remedial measures

tunneling method for a recently de~igned tunnelse6tion.

A meeting was held at the Tracks and Structures Maintenance Center of WMATA

(6211 Biair Road, N.W.) with Timothy Reed,Maintenance Director. Mr. Reed

briefly outlined the major water problems in operating tunnels, then -accompanied

the group on a technical tour of the subway system.

The amount of water inflow into the tunnels is acceptable and is kept under

control by collecting it into the drains and carrying it away to the pump shaft,

where it is pumped to the surface.
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The investigating team held a meeting in New York at the office of Mueser

Rutledge-Johnston-Desimone, designers of the WMATA Subway System. The major

areas of discussion at this meeting were quality of concrete, shrinkage cracks

and various types of liner s tructilres •.

Information was obtained on a European (Austrian)proce~ure in lining

design and construction, in which multilayered linings consisting of concrete

and plastic film were placed between a layer of shotcrete and the concrete

lining.

8.2 GENERAL INFORMATION

The Washington, DC, Subway system is one of the largest in North America~

It will be about 100 miles long when completed and· contains about 60 miles of

running tunnels~

Figure 8.1 is a general scheme of the WMATA Subway sYstem. A)-most'every·'·

tunnel in the system is currently expe~iencing some t~~m ;f wate~ i~a~a~e.

Water leaks cause various problems in the system, such as deterioration of i

structures and track elements, and damage to power equipment. like the,third. ~', . , ,

rail. Associated with these problems are safety hazards, a~chitectural damage,

pumping costs, and others.

8.3 GROUND WATER INTRUSION (HISTORY AND CONDITIONS)

As previously mentioned, there are some leaks in almost all WMATA'tunnels.

Some of them are quite intensive and have caused damage. Discussions with WMATA

representatives and previous reports reveal differing opinions on the cause of

water leakage.

Alqng with the direct water effect on structure and func~iopal elemerts,.c

there are problems associated with calcification, hydrostatic pressure, relief. . '. , :""'.- " .. ", "

system and acid waters. Continuous leakage has caused che~ical,re~c~ion~_,

resulting in a precipitation of materials, which severely reduces or totally
. . .

prohibits the groundwater from flowing freely and causes pressure on the

structure.
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This study is primarily concerned with the investigation of water leakage

and waterproofing and therefore consists of an analysis of the cause of water

leaks and waterproofing methods used. For this reason, the described site

visits to the WMATA transit system were devoted mainly to the collection of

factual data on leaks through joints, cracks, and natural fissures.

8.4 MAJOR LEAKAGE TYPES AND LOCATIONS

Figures 8.2 to 8L8 demonstrate various aspects of water intrusion problems

in the WMATA Subway System. These photographs were taken by the site visit team

during its visit to WMATA on June 21 and 28, 1984.

Figure 8.2 shows quite intensive water leaks and their collection at the

superstructure" of running tunnels. The direct effect of the water on the rail

system can be seen.

Figure"8.3 reflects architectural damage of the station wall caused by

infiltratedwater~ Some water spots on the walls can be seen in Figure 8.4.

Figure 8.5 reflects an effect of calcification and precipitation caused by

leaks. The upper photo of Figure 8.5 shows stalactites caused by this process.

Photographs of Figures 8.6 and 8.7 show some typical leaks through the

shrinking cracks in the walls of the running tunnel.

The final photographs in Figure 8.8 show leiks through the joints and

concrete lining. It was pointed out during meetings with. WMATA representatives

that leakage through joints represents the most consistent cases.

8.5 REMEDIAL MEASURES FOR WATER CONTROL

In-depth discussions of various approaches to the problems of water

infiltration and control were held on June 29, 1984, "at .the me~ting with

representatives from Mueser-Rutledge-Johnston-Desimone, Inc. (designers of the

WMATA Subway System). The method most commonly used in the WMATA tunnels is

conventional grouting to reduce water intrusion (see Chapter 4). During the

meeting, some other innovative methods of water control were discussed,

including techniques such as membrane and porous lining systems for seepage

control, which were recently developed in Austria.
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FIGURE 8.2 WATER LEAKS ON RAIL SUPERSTRUCTURE
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FIGURE 8.4 LEAKS THROUGH PRECAST AND CAST-IN-PLACE CONCRETE WALLS
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FIGURE 8.5 CALCIFICATION AND PRECIPITATIONS CAUSED BY LEAKING WATER
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FIGURE 8.7 LEAKS THROUGH THE SHRINKAGE CRACKS IN CONCRETE LINING

','



\0
\0

~ FIGURE 8.8 LEAKS THROUGH THE STRUCTURAL JOINTS IN CONCRETE LINING. .



Many portions of Austrian 'and German Federal Railway are located in

volcanic rock where almost all tunnel~ are subject to water leakage. Running
,

water in the tunnels leads to substantial destruction of the railway

superstructure, that is, steel, concrete and power equipment.

As an alt~rnative to the traditional water-impervious inner concrete

(bituminous waterproofing), a new method was developed and used in Austria and

Switzerland in t~e early 1970s. This method is based on the incorporation of a

polymer plasti~ material kno~n as the HP sealing strip. The strip is applied

between the outer shbtcrete shelf and inner concrete lining •. This .method

creates a tunnel. lining that is practically .impervious and, consequently, has

been successfully adapted fo~ subway and railway tunnels. All ~articipants at

the meeting expressed interest in the Austrian method and agreed. tha,t/ it

deserved further study •.'

Also mentioned was the possibility of -utilizing plates welded to:.anchors on

the inner surface of the tunnelli~ing. Such a system-; 'being welded'along the

plates' joints, would also be impervious.

At the end of the New York meeting, the common desire was expressed to

proceed with a search for the most effective and economical scheme to remedy

water leakage problems in WMATA subway tunnels.

': "

8.6 CONCLUSION

As previously mentioned, the major tunnel leaks at WMATA occur through

lining joints and sh~inkage cracks in concrete. A simil~r situation was

observed in ,Buffalo, Atlanta and Boston subway tunnels (see Case Studies No.1,

2, and 3).

Improving the quality of concrete structures along with using the proper

grouting will substantially reduce water intrusion, although it still will not

make tunnels impervious.
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As an alternative, a more in-depth study of the Austrian polymer lining

scheme is recommended, keeping in mind the possible application of this method

in the United States.
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CHAPTER9~'

..' " ..
""';. '.l 0(.. ~.' _ '~' .' _ ., ~.,

Case Study No.5

Location:

Owner:

9.1 INTRODUCTION

New York City Transit System

New York, NY

New York City Transportation Authority (NYCTA)

Case Study No.5 was the study of the New York City Transit Subway System,

owned and operated by the New York City Transportation Authority (NYCTA).

The study contains a detailed description and analysis of various water

leakage problems experienced throughout the New York City Subway tunnels and

stations. The information collected during the time of the visit can be divided

into the followlng categories:

1. Types of leaks;

2. Deterioration effects of water intrusion;

3. Remedial measures and other methods of treatment used.

A meeting was held with the NYCTA representatives from the Engineering and

Construction Department and from the Department of Maintenance of Way. The main

host of the meeting was John Ferrelli, P.E., from the Department of Maintenance

of Way. The PPA working group discussed various aspects of existing problems

caused by water intrusion, and their detrimental effects on structures of the

subway system.

On August 8, 1984, a visit was made to the Bergen Street Station (Prospect

Park-Coney Island Line), which is one of the sites most affected by the water

intrusion.

August 9, 1984, another meeting was held with NYCTA representatives at the

Brooklyn Headquarters, including representatives from the Engineering and

Construction Department. The main topic of discussion was the tremendous water

leakage in the Lenox Line tunnels and the problems caused by the rising water

table.
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On August 9, 1984, a site visit was made to the new intersection station

"East 63rd Street", where various leakage problems exist.

The photographs Figures 9.1 and 9.2 were taken during the site visits at

Bergen Street Station and East 63rd Street Station.

9.2 GENERAL INFORMATION

The New York City.Subway System is one of the oldest in the United States.

It is also the'most overloaded in the country~ The following tables prOVide

general information on system characteristics.

TABLE 9.·1 TOTAL TRACK MILEAGE- OF RAPID TRANSIT LINES

Construe.tion Manhattan Bronx Brooklyn Queens' Total

Underground 206.55 30.47 134.88 59.05 430.95

Open, not on structure 8.76 51.53 19.61 79.90

On elevated structures 9.74 58.99 67.46 52.67 _188.86

Total '0 216.29 98.22 . 253.87 1.31.33 699.71

TABLE 9.2 TOTAL ROUTE MILEAGE

~ - ,

Construction Manhattan Bronx Brooklyn Queens Total

Undergro~d 65.22 10.96 40 •. 10 16.73 133.01

Open, not on structure 3.3.8 14.03 6.95 24.36

On elevated structures .4.25 18.60 28.90 21. 34 73.09

Total 69.47 32.94 83.03 45.02 230.46
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FIGURE 9.1 THE PPA SITE-VISIT TEAM AT THE 63RD STREET STATION

FIGURE 9.2 THE PPA SITE-VISIT TEAM AT THE 63RD STREET STATION
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The general scheme of the NYCTA Subway System is shown in Figure 9.3.

Figure 9.3 also shows the sites of the most intensive water leaks. Arrows 1, 2,

and 3 point to the underground subway site locations that were visited by the

site-visit team. Those sites are the most affected and are undermined by the

infiltration of ground water.

It should be pointed out that even the oldest tunnels (e.g., Lenox) were

not waterproofed when constructed. Ground water levels were below the concrete

structures. Over the years the tunnel structure has been deteriorating, and the

water table has risen; Now, water carrying soil and oil enters the tunnel at

numerous points.

There is one factor which, along with other natural factors, has

contributed to the substantial increase of underground water pressure. When New

York City almost entirely stopped consuming the underground water from artesian

wells for its population needs (this occurred during the 1940s), it resulted in

the rise of the underground water table which consequently caused upward

pressure on the tunnel structures.

9.3 HISTORY OF WATER INTRUSION PROBLEMS

The water table in New York City has risen as much as 10 ft. over the last

30 years, eroding some subway tunnels so badly that the inverts need to be

entirely reconstructed. The Transit Authority is now pumping more than 13

million gallons of water a day, but parts of the roadbed are nevertheless

soaking in water.

In the last ten years, the Authority has spent about 50 million dollars

strengthening.sijbway floors, installing pumps and building sewer lines to steer

water away fromthe'tracks~ But when a pump is inoperable, water reaches the

third rail and power must be shut off.

Due to extensive water ·control measures, water has not risen significantly

in the last 1~yeats, but its presence over the years 6auses difficult problems.

For example, stretches of tracks have been weakened, so about 3 percent of

NYCTA's underground route miles (7 miles of track) are being carefully monitored

and inspected.
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Other problems relate to the tunnel invert. In most of the subway tunnels,
., , ., "

some of them built more than 70 years ago, there is a concrete: floor.. that forms

a seal with the sides of the tunnel, creating, "in effect, a box..Idealiy,· the

box rests on dirt. But in certain areas where the water nas ris~n,' the dirt

base has been eroded, and the box is now resting on water •. 'When the trafns
. "

pass, they put pressure on the floor, but wIthout the s6lid :dirt base th'e"

concrete box is no longer properly supported and. has. a'. tendency to' crack.' When

the concrete box cracks, water can then get onto the tracks.' This leads to the

eroding of the ballast which supports the rail t~es. Other problems which occur

are rotting of the ties, corroding rails and shorting out signal systems •.

Figures 9.4 and 9.5 show a tremendou,s water inflow through the tunnel walls

and floor at the Bergen Street Station. The lower level. of that station has

been closed since 1964.

What follows is the overall review of the water problems in the New York

City Subway System as they were described by the NYCTA' representatives.

About 5 percent of all leaks look like small rivers. They cannot be

stopped without full reconstruction of the main structures, which. in turn,

requires an end to tunnel and station operation. Such a situation exists, for

examPI~;':arBe;g-~riStreet.Station. About 20 percent of leaks can be described

as qUnel~~ens~'{e~nd'are treated by outside contractors.

Sev·enty.,.five p·ercentof the leaks, described
"., ..' '.. .

, ", '':' ' ~ " . I ' ',,'

controlle~ bytheTransi~'Authority's divisions.

as minor to moderate are being

the tunnel concrete

not sealed

'~y~tems ·(NFTA, MARTA, MBTA, and WMATA) preViously
> '. '.

underground" structures (tunnels and stations) of the

In :addit'i'ori·tO:water intrusion there is infiltratIon of oil' and steam from

ground ':tra.~sPol't and' working equipment, which complicates overall the problem •
. ,

. -, .. ",

A~in:theother subway

studied;i~\thi~ report, ,"the
"',; ,'. .' '.

NYCTA Sub:waY:Sys·te; have numerous leaks which occur through

walls due'to' c~n~rete shrinkage cracks "and structural joints

completely •.
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FIGURE 9.4 WATER INFILTRATION (BERGEN STREET STATION)_

FIGURE 9.5 WATER INFILTRATION (BERGEN STREET STATION)

108

~.- ..:', '



There are also a number of leaks along the ventilation system and sewer

lines. However, the most extensive and dangerous type of leakage in tunnels

occurs when the water can infiltrate through. partially destr'oyed tunnel concrete

walls and floors, as previously described. Figure 9.6 shows an example of such

deteriorated structures.

As ca~, be ..ob~~r~ed, the central column no longer' ser'ves as a structural

support, but instea~.~s suspended fr'om the tunnel c~iling. There is a l~rge gap

between column pedest:at: arid concrete floor. The concrete .floor doeS no't rest on,
the ground because the ground dirt, ·has been eroded by water.' Instead of having

a solid base, t~ef.1oor:,·is supported at several points. Under' per'manent dynamic

loads of trains theboncrete floor cracked and split into separate blocks. That

created many paths (or water to penetrate easily into the tunnel with such

intensi'ty, ihat .only constant pumping can control the water inflow.. ., . ,- ,

Thi-following is a more detailed description of three subway sites. These

sites are shownin'F1gure 9.3.

9.4.1 Bergen Street Station (No.' 1 in Figure 9.3)

The Bergen St.r.e4!!t'Sta,tion is locat.ed on the Prospect Park - Coney Island

Line (Brooklyn Bor6ughL'· Thl!~t~tion has two levels. The lower level has been

closed due to intensive ground water inflow which caused a deterioration of

structlires~d'opt!~atiOnsystems.
" ~ . ,.' . ~ '.

The main water inflow paths are through shrinkage cracks and structural

joints and through a ventilation system. The water infiltrates into the station

at a very high rate and it has stopped normal operations at the station lower

level (see Figures 9.4 and 9.5).

F~gu~~s: ~. 7 ,and 9.8 depict' typical leaks through shrinkage cracks and

structur'al joints on the walls of Bergen Street Station.

A bross section of the station is shown in Figure 9.9. The ground water

table 1s even above the rail base at the top level station. This creates quite

a high water pressure on tunnel walls and floor of the lower level station.

Figures 9.10 and 9.11 show a water inflow onto rail tracks and a corrosion

of the arch beams.
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FIGURE 9.7 LEAKS THROUGH SHRINKAGE CRACKS

FIGURE 9.8 LEAKS THROUGH WALL JOINTS
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FIGURE 9.10 WATER INFLOW ON THE RAIL TRACK (BERGEN STREET STATION)

FIGURE 9.11 CORROSION OF ARCH BEAMS (BERGEN STREET STATION)
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.'

At the lower. level, rehaQilita tion work is being.undertaken. .That work
, . ' ,'. ,'. ' ,

includes the f~llowingproced~res: ' ; :.. : './"

.. 1. Removai of architectural. cover or..walls;

2., ~ Sealing all .the cracks with wat~rpr06hngmateriais;

t .." Oiverting 'heavy inflow an9 th~n- sealillgail ~ poi~ts: of water. entry;

4~. Patching all· deteriorated and/or soile.d concr:ete; •

5.. Installation of waterproof "Volklay Panels" on an inside face of walls

.. ahd on the:top of a fioor slab;

6'. Filling ventilator bays with concrete up to 6 ft. above the ground

wa ter tab Ie.

Rehabilitation procedu'res include drilling holes in walls to locate water

leaks.' A heavy water inflow, rf encountered, shall be channeled away, as is

shown. in Figures 9. 12 and 9. 13 ~

9.4.2 Lenox Avenue Line (No.2 in Figure 9.3)

This line is one of the oldest in the New York Subway System. It was first

opened in 1904 and has been in operation since that time.

'. "
Over the years of operation the tunnel structures have seriously ~

deteriorated (see Figure 9.6), allowing a tremendous water inflow. Due to this

problem, NYCTA proposes to rebuild the invert and to repair ttinnel struct~res on

the Lenox Line between 117th Street and 124th Street. The proposed Lenox Line

reconstr.uction is shown on Figure 9.14.

Groundwater is entering the tunnels and stations at numerous' pOint's/and

carrying particles of soil. That results in the deterioration, of the.. ;"

structures, and may even lead to their collapse.'· Inflowing water: catise~
, ,.. -'. ' .

corrosion of steel and rotting of ties.

Concrete stru<;ltures have no steel beams or r.einforcirigbars·~ ·.Lacl<~of. ,."_.._...

reinforcement has permitted cracks· to grow •.. Thi~ ~ in turn " has' allowed fine

soil to enter along. with' the water arid led' 'to .break~ in- the .concrete,which grow

at an ~ccele~ating rate~ - '... '
.". -'
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FIGURE -9.12 WATER CHANNELING. (BERGEN STREET STATION)·

FIGURE .9.13. .WATER CHANNELING (BERGEN STREET· STATION)
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I Reproduced from
[, best available copy .
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FIGURE 9.14 LENOX AVENUE LINE - PROPOSED RECONSTRUCTION
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The quantity of ground water inflow pumped from the 116th Street sump

increased from 20 gallons per minute (shortly after opening) to 450 gallons per

minute (by 1977). In 1977, 300 cubic ft. of soil were carried in with the

water.

The deterioration of the aforementioned segment of the Lenox Avenue Line

has reached the point where ,all transit operations have had to be decreased.

Permanent reconatruction measures are required to prevent a,p6ssible-structural

failure.

The estimated cost of the invert reconstruction project is $25 million.

The estimated time required to complete that work is about 29 months. During

that period, the subway'line will be closed to passengers on nights and

weekends, requiring,a shuttle bus service during the t'ime of Closure.

9.4:~3 Route-131-A'-'East 63rd Street (No.3 at Figure 9.3)

The remodified,,63rd Street Station has several levels an~ large plan and

profile sizes.Thepla~s for that station are shown in Figure 9.15.

, Shrinkage cracks 'and joint leaks are the major sources of groundwater

inflow at that st,ation ~ - F·igures 9.16 and 9.17 show typical leaks through the

shrinkage cracks.Figur~s 9.~·8 and 9.19 show calcifications in the area of the

leaks.

Figure 9.20 also shows leaks through the shrinkage cracks and surface

calcification caused by ground water inflow. 'An attempt to channel or to stop

the water inflow using plastic covers is shown. Architectural covering of walls

(tile) were removed to allow for water treatment.

There are substantial, although not typical, water 'deposits at that

station, caused'by a condensation of water from the humid air. Water drops can

be observed everywhere on the structural steel walls and 'on the equipment. Once

train operations ,begin ,airwill circulate through the tunnels' and' station, thus

eliminating this problem.'
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FIGURE 9.18 CALCIFICATION AROUND THE CRACKS (ROUTE 131-A)

FIGURE 9.19 CALCIFICATION AND SETTLEMENTS AROUND THE CRACK AREA (ROUTE 131-A)
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9.5 REMEDIAL MEASURES FOR WATER CONTROL

The NYCTA SuBway System experiences infiltration by the" following

substances:

1.. Ground water (major factor);

2. City sewer water;

3. Gasoline and oil;

4. Condensed steam from the city underground equipment;

5. Fine soil partIcles.

The basic methods of water treatment are:

1. Pump ing ;

2. Channeling (see Figure 5.18);

3. Sealing of cracks by waterproofing materials;

4. Grouting;

5. Total reconstruction of the invert (as proposed for the Lenox Avenue

Line) •

Pumping is used extensively in cases of high water deposit, as on the Lenox

Avenue Line. Channeling is unavoidable at stations where water leaks occur from

the arches over passenger sidewalks and platforms. However, channeling by means

of steel pipes is not always a good measure because of the proximity of the

third raiL

Sealing of exposed cracks is performed by chemical grouting. This filling

is widely used in cases where there is not extensive water inflow.

A novel grouting material has been used at the NYCTA Subway System. It is

injected into the soil behind the tunnel structure, following a standard

grouting technique. It has a low viscosity, which allows injection time to be

reduced. In general, it can be used for stopping water seepage into the tunnel

as well as for ground stabilization and sealing at headers and joints. There

are indications that this new grout material would help in water treatment at

the NYCTA Subway System.
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On the extension ot the East 63rd Street Station of the Route 131-A Lirie,

the concrete tunnel structures were prefabricated on the surface under thorough

NYCTA control, and then were sunk to the bottom of the East River. The fact

that those tunnels have almost no leaks indicates that pouring and curing

processes of concrete, if done properly, may contribute tremendousl~ to tunnel

waterproofing.
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10. CONCLUSIONS

Based on the results of all the case studies, it has become apparent that

structural leaks through concrete floors, walls and ceilings are observed in

almost all the subway tunnels and stations studied. Amount of water inflow

varies depending on age of tunnels, degree of an invert deterioration~ and

magnitude of underground water pressure. However, water intrusion was observed

even in new tunnels and stations. According to R. W. Permar, Manager of

Maintenance of Way and Power of MARTA, "We began having structural leaks through

concrete in our new stations almost from the day they were opened in 1979."

The major factors which allow for water inflow through a structure are

cracks in the concrete lining. Those cracks are usually caused by either

concrete shrinkage or deteriorating joints. Thus, it becomes quite obvious that

the principal approach to the water problem solution has to rely on improving

the quality of initial concrete construction. All the possible measures of

quality control have to be taken to obtain an impervious tunnel lining during

the time of its bUilding. Special admixtures have to be studied and used to

reduce or prevent concrete shrinkage. The decades of experience of subway

construction show that it is more cost-effective to prevent water intrusion in

the earliest phases of tunnel construction than to treat the problem later.

It is not possible to give a general recommendation on ways to control

water intrusion in subways because an infinite variety of geological and

structural conditions exist. Nevertheless, we hope that the practical data

collected in the foregoing case studies will be useful in the development of an

effective treatment of water leaks in any underground subway structure.
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APPENDIX A - DATA COLLECTION QUESTIONNAIRE

CASE NOo _

TRAI.~SPORTATICN

SYSTEM u:x::ATICN. _

NAME OF
PmJECI', _

CWNER: _

DESIGNER:_' .....;.... _

CCNI'RACI'OR:, _
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STUDY OF WATER INTRUSION PROBLEM3 IN TRANSIT TllNNEI.S
CONTRACT NO. DTUM60~83-C-71217

A. WATER LEAKAGE POOBLEM lDENTIFICATICN

1. IDeation of water leakage-----------------
2. Specific details (water characteristics, water pressure, loss

ofground) -'-- _

3. Severity of the problem (total in-flow, progressive changes

with tUne)------------------------
4. causes of the problem (either identified or suspected) _

5. Related factors and their influence (if any)---------

6. Detrilrental effect

a) on the construction activity---------------
b} on the transp:>rtation system operation and function _

c} on the surrounding structures _

B. REMEDIAL MEASURES FOR WATERCONI'IDL

1. Contractual classification of the remedial measures
a} in-house attarpts _

b) outside contracts-------------------
2. Technical classification of the remedial m=asures

a} Hydrostatic· pressure resistant

1) exterior and interior (of lining) waterproof coating--

2) air pressure. -,-_---:-

3) sealing and filling of joints _

4) grouting (interior or exterior to lining)
-cracks and leaks
-types of grouts
-applications
-equipnent
-m:::mitoring

A-2



2. Technical classification of the remedial :rreasures (continued)

b) Hydrostatic pressure relieved.

1) water collection
-panning
-drainage
-chases

2) Provision for the disp)sition of water according to the

expected. total in-flav (sump pumps) _

3. Evaluation of reroedial measures

a) Types and vol'l1lreS of materials being used. (generic tenns

as well as brand narres) ~-----------

b) Efficiency of measures _

c) Side effect on constl:uction or system operation activity__

d) Ti.Ire required. for water control nea.sures (including overtime)

c. TUNNEL ENVIR:NMENI'AL DESCRIPrlOO

1. Structural Description

a) Types of underground structures (running tunnels, shafts,

stations, etc.) _

b) Method of excavation _

c) Lining type. _

1) cross section~ _

2) materials~ _

3) thickness, ~ _

4) joints and details, _

2. Geological setting
a) Tunnel media~ _

b) Stratafication':- _

c) Perrneability _

d) Category -:--- _
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C. TUNNEL ENVIroNMENTAL DESCRIPI'ION (continued)

3. Hydraulic Conditions

a) Groundwater characteristics

1) depth --,- ---'_----,,...-.-- ~

2) artesian.
---------------~-,.....------

3) perched levels --'-_-'-- _

4) dissolved constituents----------------
5) corrosion and pJllutants--------,--------

b) Surface water

. 1) flcx::iding---------'--------------
2) seasonal fluctuations----------------

D. TUNNEL DESIGN' AS IT RELATES 'ill THE WATER POOBLEMS

1. Lining Design
a) Shape _

b)· Thickness-----------------------
c) Material (concrete, wlc ratio, admixtures, sand and gravel_

2. Design of construction procedure-----------,.....--,.....---
3. Water problem handling design _

4. Special design requirements----------------
E. TUNNEL CDNSTRLlCI'ICl'I MEIHOC6 AS THEY REIATE TO THE WATER POOBLEMS

1. Concrete mix preparation and quality control

a) Properties of the sand _

b) wlc ratio at various locations --'- _

c) size of the speci.rren for testing _

2. .Concrete pJuring process and quality control.

a) ~crete delivery to the site --'- _

b) The length of pour _

c) Temperature at the time of pouring -'---'---'-- _

d) .Who supervised the pouring process -'--_e.- _

e) What nethods were used for installation of concrete _

f). Concret;.e workability _

g) Curing procedure _

h) When were the fonns rE!IDved---------------
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2. Concrete p:>uring process and quality oontrol (oontinued)

i) What kind of sl'l.1llpS were used and how they were

tested------------------------
j) Tilre interval per number of batches-----------

3. Special water handling measures

a) Dewatering during pJuring and curing processes------
b) Special dewatering (if necessary) in oompleted turmels---

F. COST DATA FOR WATER <XNI'ROL

1. Waterproofing program oosts----------------
2. COsts for additional investigation of geological and hydraulic

conditions------------------------
3. Costs of p:>ssible tunnel alignment versus grOl.mdwater control

measures-------------------------
4. Costs of routine maintenance (labor and materials------
5. Cost ilrpact on the system in a case of non-repairing leaks--
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