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EXECUTIVE SUMMARY

This is a study of water intrusion problems at five subway systems in fiﬁé
major cities: Atlanta, GA; Boétbn, MA: Buffalo, NY; Néw‘rofk; NY; aﬁd '
Washington, DC. The objective of this effort is to assist the Urban Mass
Transportation Administration in developing a data base_for waterproofipg
existing tunnéis and establishing a recommended approacﬁ to tunnel waterproofing
by gathering and documenting case history'informatioh on wéﬁer 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 affeqting.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 stﬁdy'format through

review of files, reports, interviews, history and on-site investigations.
The study has produced the following key material and resqlts:

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

transit tunnels as follows:

(a) Geologiecal setting,

{(b) Hydraulie conditions,

(e) 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
computeﬁlbased literature search and reference for water intrusion in

transit tunnel research.

xii



4, PFive 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 aystems 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\(where‘waterstops 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 intc the fellowing
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; (U) deterioration of rail tracks,
trackbed and other track components, and (5) invert and architectural

finish deterioration.

0 Remedial Measures to Control or to Stop Water Leakage

The variocus 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

xiii



waterproofing materials; (3) channeling water through- trough and pipe
drains; (4) pumping running or standing water from the trackbed area;
(5) complete reconstruction of tunnel invert and (6) installing

waterproofing panels.
o Costs

Study of the five transit systems produced.very'little édst information
which could be analyzed across all systems. Prospective and systemie
cost data specifically related te water intrusion require special cost:
studies. One example of cost data, developed by the MARTA system
through contract, related costs per linéar foot of leaking cracks. The
cost peh linear foot included all overhead, labor,:supervision, tools,
equipment and supplies. The c¢ost range varied accbrding to complexity

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

Finally, structural leaks through concrefe 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 coﬁcrete lihing, it becomes apparent from these studies that the
principal approach to the solution of water intrusion problems may depend on

impfoving 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 construction; and the study of special admixtures torrgduce 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

of tunnel construction than to treat the problems later.

xiv



1. INTRODUCTION

1.1 OVERVIEW

Water intrusion affects all underground structures to varying degrees. 1In
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,
calecification, corrosion, third rail arecing, track component deterioration,
stray currents and pump failures are directly related to watér 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 (UMTA), through the
Transportation Systems Center (TSC), has initiated the research in the area of
transit underground structures, directed toward reducing the cost of tunnel
maintenance and rehabjilitation. 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/br ’
affecting tunnel water leakage,.and the interrelatioenships among these
parameters. The methodology and approach to the study therefore consist of:

{1} a technology review in order to obtain-the‘state—ofathe-art in waterprocfing
techniques; (2) parameter identification to evaluate specific areas of data on
geologic, hydraulice, funnel design, construction, and water .leakage aspects for
analysis and (3) case siudies 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 Niagaré 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 huring 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 unigue opportunity to .

study a major ongoing program of corrective tunnel waterproofing.-

The New York City Transit Authority (NYCTA) is experiencihg invert
detericration problems that are related to an unusual rise in the water tablé
applying additional water pressure on the invehts, which were not designed to
counteract loads of such ektreme magnitudes. Invert reconstruction as well as

other waterproofing efforts were observed and documented.

The newly constructed Metropolitan Atlanta Rapid Transit Authdrity {MARTA)
tunnels are experiencing water leakage. An evaluation has been made of the
waterproofing measures required to bring the tunnels into compliance with the

specifications.



An ongoing UMTA grant to Washington Metropolitan Area Transit Authority
(WMATA) is funding a study of the effects of caleification and acid water
environment on WMATA structures. In addition, waterpfoofing procedures at WMATA

were investigated.

The Masséchqsetts 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 ¢lose proximity to sea water. The new secﬁion of the MBTA
Subway, the Northeast Extension of the Réd 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
Wwith the aim of developing recommended practices of water control in future and

exXisting subway systems.



2. TECHNOLOGY REVIEW AND LITERATURE ANALYSIS

2.1 PURPOSE
The purpose of this chapter is t6 review and éﬁéiyie the water leakage
problems belng experlenced by tranait’ systems ‘and the maintenance practlces

enployed to control or allev1ate water leakage.‘ o

2.2 PROCEDURE

In order to evaluaterthe specifics of water leakage in a tunﬁel aﬁd to
understand the different parameters causing and/or affectlng water leakage, all
available llterature sources containing useful 1nformatlon about water 1ntru31on"
problems and their treatment in tunnels and during tunnel constructlon 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 experience 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
problems. 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, etec.



TABLE 2.1 WATER INTRUSION PARAMETERS - GEOLOGICAL SETITING

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
¢. stratification GEO/A/3/c
B. Bedrock GEO/B
1. Category GEO/B/1
2. Attitude GQEO/B/2
3. Discontinuities GEQ/B/3
C. Mix-faced condition GEOQ/C
D. Special problem materials GEC/D
TABLE 2.2 WATER INTRUSION PARAMETERS ~ HYDRAULIC CONDITIONS
Set 2 Hydraulic Conditions Key Word: HYDCON
A. Groundwater HYDCON/A
1. Typical depth, artesian, perch levels HYDCON/A/1
2. Recharge conditions HYDCON/A/2
3. Control and limitations HYDCON/A/3
4. Dissolved constituents HYDCON/A /Y
5. Physio-~chemical properties HYDCON/A/5
6. Corrosion and pollutants HYDCON/A/6
B. Surface water HYDCON/B
1., Surface flooding HYDCON/B /1
2. Seasonal fluctuations HYDCON/B/2
3. Direct recharge of groundwater HYDCON/B/3
4, Open water-affecting systems HYDCON/B/4
C. Water carrying utilities HYDCON/C
1. Leakage or drainage HYDCON/C/1
2. Influence on construction activity HYDCON/C/2
D. Additional costs for intensive investigations of
geological and hydraulic conditions (test borings,
borehole permeability tests, test shafts, pumping
tests, ete.) HYDCON/D



" "TABLE-2.3 -WATER INTRUSION.PARAMETERS - DESIGN . -~

-Set 3 . ° . Design Relating to Water Control .~ Key Word: DRWC
A. Hydrostatic pressure resistant DRWC/A . ;-
1. Liners: materials and thickness for various shapes - .DRWC/A/1
2. Concrete liners: precast versus cast-in-place ' ol
admixtures - .DRWC/A/2 .-
3. Steel liners --DRWC/A/3
4, . Types 'of joints and details _ _"DRWC/A/H
5. Water collector systems, panning, drains, chases . "DRWC/A/S
6. Exterior and interior waterproof coating DRWC/A/6 .
7. Special measures - grouting, joint filling - ‘DRWC/&/T .
8. Criteria for satisfactory watertightness DRWC/A/8
9. Assumption of exterior water pressure DRWC/A/9 -
B. Hydrostatic pressure relieved .~ DRWC/B- %
1. Materials and thicknesses for various shapes : .- "DRWC/B/1
2. Permanent drainage arrangements: pannings and
collectors DRWC/B/2
3. Types of joints and details DRWC/B/3
4, Expected total flow and provisions for e
disposition: sumps and pumps DRWC/B/U
5. Assumptions of exterior water pressure DRWC/B/5
C. Costs of alignment of tunnels versus GWC systems L
provided DRWC/C



TABLE 2.4 WATER INTRUSION PARAMETERS - TYPES OF UNDERGROUND STRUCTURES

Set 4 Types of Underground Structureés =~ Key Word: TYPSTR

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. c¢ross-section
i, Subaqueous
Underground chambers
1. Stations

a. cross-section

b. materials
2. Ancillary buildings

a. cross-section

b. materials
Structures open to surface
1. Shafts

a. materials

b. c¢ross-section
2. Entrances

a. cross-section

b. materials

TYPSTR/A
TYPSTR/A/1
TYPSTR/A/1/a
TYPSTR/A/1/D

TYPSTR/A/2

TYPSTR/A/2/a
TYPSTR/A/2/b
TYPSTR/A/3
TYPSTR/A/3/a
TYPSTR/A/3/b
TYPSTR/A/U
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/1
TYPSTR/C/1/a
TYPSTR/C/1/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

Methods of excavation CONEX/A

1. Mining CONEX/A/1
2, Supported excavation CONEX/A/2
3. Open excavation {cut-and-cover) CONEX/A/3
4. Stabilization procedures CONEX/A/Y
Problems of water control CONEX/B

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

Costs of water protection measures CONEX/D



TABLE 2.6 WATER INTRUSION PARAMETERS - POST CONSTRUCTION EXPERIENCE:

Set 6 Post-Construction Experience Key Word: PCE
A. Water problems - PCE/A
1+ Leaking in cracks and joints; nature of cracking; ‘ o -
quantity of flow .. .-PCE/A/
2. Character of seeping water .PCE/A/2
© . a. . precipitates .PCE/A/2/a
* b. corrosive PCE/A/2/b
e, fine particles in suspension : PCE/A/2/¢ -
3. <Change in exterior water pressure, loss of ground ~: .PCE/A/3
4, Efficiency of drainage arrangements , .PCE/A/M
5. Structural effects .. PCE/A/5 ,
a. progressive damage or deteriocration - PCE/A/5/a
b. effect on surrounding structures PCE/A/5/b
6. Effects on electrical systems and operations - PCE/A/6
7. Progressive changes with time - .. PCE/a/7
B. Remedial measures L PCE/B .
-1. Interior leak contrel: crack filling and sealing. . PCGE/B/1
2. . Waterproofing treatment, brushed coating - . PCE/B/2
3. Exterior 1leak control: grouting, excavation and T
patching, drawdown of groundwater, utilities repalr PCE/B/3
4.,  Interjor drainage provisions, cleaning or Coe e
supplementary drains - PCE/B/4

5. Altering electrical or interior utilities . PCE/B/S

-
J

TABLE 2.7 WATER INTRUSION PARAMETERS - CONCLUSIONS ON WATER LEAKAGE PROBLEMS

.Set 7 Conclusidns on Water Leakage Problems Key Word:: WATDIF

Source of difficulties

A. - .WATDIF/A
1. Design WATDIF/A/1
“Construction and workmanshlp WATDIF/A/2
3. Ground Conditions _ WATDIF/A/3

B. Effectiveness of remedial measures . -WATDIF/B
1. Leak control WATDIF/B/1
2. . Waterproofing ~ WATDIF/B/2
3. Drainage measures - - WATDIF/B/3

C. . WATDIF/C

Recommendations



3. OQVERVIEW OF WATER INTRUSION PROBLEMS

3.1 INTRODUCTION

‘The objective of this study is to assist UMTA in developing a data base and
a recommended éppfoach 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;
io— 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’ deséfiptibn' of each case study is given in Chapters.5

through 9 of the report;

‘A cofrelatioﬁ summary and the data analysis are presented below, according

to thé'follbwing'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 leakage.

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 uﬁderground stations
are: shrinkage cracks in conerete lining; construction joints in concrete
lining twhere waterstops did not work); and channels and ducts in concrete as a

result of concrete deterioration and structural failure.



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 intrusion in tunnels.

The PPA 81te visit team has observed numerous leaks of that type in a11 subway

systems 1nvest1gated. The photos taken by the PPA team demonstrate varlous )

cases of water 1nf11tratlon through shrlnkage cracks. Those photos can be found,

in the chapters correspondlng to the case studles.

0

o

Figure 5.3 - water infiltration through the concrete walls.

Figures 7.4, 7.7, 7.10, T.14, 7.15 - large areas of caleification

- 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).

Flgures 8.6, 8.7 - ca101f1catlons and prec1p1tatlons caused by leaklng

water and wet areas of walls w1th shrinkage cracks.

Figures 9.7, 9. 17 through 9.20 - water infiltratlon through shrinkage
eracks and the deterloratlon effect of water leaks, 1 e., calciflcation_

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. T o i S AN

Figure 7.6 (MBTA) - deterioration of 'paint on Aquarlum Statlon walls

due to leakage through construction joints.

-

Flgures 8.3, 8.4, 8 8 (WMATA) - 1eaks through precast and CIP eoncrete

walls in the area of structural joints.

Figure 9.8 (NYCTA) - leaks through wall joints.

10



3.2.3 Concrete Deterioration and Structural Failure -

Channels aﬁd ducts in tunnel concrete walls and floors caused by concrete
deterioration and struectural failure are the most dangerous and intensive paths
of water intrusion.  These types of leaks were observed in many old tunnels of
the Wew York City and Boston Subway Systems (Case Nos. 3 and 5). These systems
have been operating for many decadés and their undergreund structures have been
subjected to ground water pressure and to the action of chemicall& aggressive
so0il 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 df
disintegrated tunnel floors washed out the trackbed ballast and resulted in
deterioration of railtracks and trackbed. Figures T.11, 7.12 and T7.13, 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 floofs with the

deteriorative effect of water intrusion on rail and trackbed.

3.2.4 OQther Types of Water Intrusion Paths

Water can infiltrate into the tunnels through ventilation shafts, pipe
systems and in the éreas of contact between the concrete and steel structural
elements, such as beams, columns, arches, ete. 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, etec., can create some serious problems, as happened, along with
shrinkage cracks, in the large multi-leveled 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:

11



\Case No. 2. ‘ ‘ R BRE o

Total invert failure of structures - see Figure 9.10-of-Case No..5.  °

Deterioration of tunnel walls and: ceilings-due to calcification.and
precipitation - see.Figure 6.4, Case No. 2; Figures.T7.U, 7.5, 7:T; . . —=u

7.10, Case No. 3; Figures-8.6, 8.7, 8.8, Case No. Y4; and_Figures 9.11,

.9.12, 9.16, 9.21, Case No. 5.

Deterloratlon of rail, trackbed and other track as shoun on Flgure 6. 4

Pgmp Deterionation.

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 1s to pump, under hlgh
pressure, cement or any other hardening solvent into empty spaces

behind the tunnel 1ining, 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 4 of. the-report is

. fully devoted to grouting technique, its applieétion, advantages and

limitations for various ground water, geological and construction

conditions. -

Crack Filling With Waterproofing Materials. This method ig also uldely :

used to seal eracks and spallings in a conerete llning.

Channellng Water Through Pipe Drains. Thls procedure is used to‘

prevent water from intruding onto tracks and beds. Channellng _
technique is shown in Figures 6.7, 7.5 , and 9.12. It uses draln plpes
to direct infiltrated water to a water collector where the water can be

pumped out.

Pumplng the Running or Standlng Water From Track Bed Area.‘ This is

done whenever water has collected in large quantltles.

Complete Reconstruction of Tunnel. Unavoldable when floors and walls

of tunnels have deteriorated severely as in some old tunnels of the New
York Subway System (see Figure 9.6).

12



3.5 OVERVIEW OF CASE STUDIES

A tabular summary of‘goﬁndwater control methods and water intrusion

treatment during tunnel construction is shown for each case study s3ite in Table
3.1.

A summary of groundwater control methods and water intrusion treatment in

completed tunnels is shown in Table 3.2.

13
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TABLE 3.1 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT DURING TUNNEL CONSTRUCT ION

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

Tunnel Environment
and Method of
Excavation

Type of
Construction
Work

Type of Water
Problem

Method of Water
Control

Comments

Soft face, cut-and-
cover

Soil excavation
Placement of con-
crete lining

No special problem

No special problem

Regular waterproofing
above groundwater
level

Waterstops in
construction joints

Conventional tech-
niques proved to be
sufficient

Rock, TBM driven

Tunnel boring and
muck excavation

Placement of con-
crete lining

Upon completion of
concrete lining

Previously estimated
amount of water
inflow

Unexpected localized
heavy water inflow
in a 300-ft section
of tunnel

Heavy water inflow
{as a combined effect
of decreased yield

of deep wells plus
heavy rains)

Water leakage

through the shrinkage
cracks in concrete
lining

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)

R . P ALt tn

Cement grouting

Ouring the time of
operation, the'system
adequately controlled
the water

Effectively controlled
the water during
concrete pouring
process '
Chemical grouting is
most effective. How-
ever, it is expensive
Cement grouting met
water tightness
specifications
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TABLE 3.1

SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
TREATMENT DURING TUNNEL CONSTRUCTION (CONT.)

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

Tunnel Environment
and Method of
Excavation

Type of
Construction
Work

Type of Water
Problems

Method of Water
Control

Comments

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

Boring of shallow
tunnels and soil
removal

Placement of con-
‘crete lining

After installation
of concrete lining

)

Estimated amount of
groundwater inflow

Numerous leaks
-through construction
joints and shrinkage
cracks

Leaks through the
lining_

Envelope groufing wi th
chemical grouts
Drip pans

Well point dewatering

Adequately controlled
water inflow

Were not sufficiently
waterproof

Labor intensive but
worthwhile
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TABLE 3.1 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION

TREATMENT DURING TUNNEL CONSTRUCTION (CONT.)

MASSACHUSETTS BAY TRANSPORTAT!ON AUTHORITY (MBTA), BOSTON, MA.

Tunnel Environment
and Method of
Excavation

Type of
Construction
Work

Type of Water
Problem

Method of Water
Control

Comments

Cut-and-cover
tunneling

Underground tunneling
(shield driven)

Placemeht of con-
crete lining

Water infiltratiton
through structural
joints and shrinkage
cracks

"Injecto-Method" for
sealing construction
joints of concrete
lining

- New and. not widely

used in the U.S$.A.

Round shield buckets
allow: for better
excavation and for
better inside tunnel
surface, which in

 turn allows for

better guality of

] concrete lining
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TABLE 3.2 SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION
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

- - ——— - R W -

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

. 2 o T - — - e v -

Envelope grouting

Emergency meas-
ure which pro-
vides immediate
control of water
intrusion

Good for cracks
filling

Good for patch-
ing and sealing
in concrete
structures

Stops water see-
page,seal tunnel
segment joints

e i - - — = S ]

Deteriorates
larchitectural
appearance of sub-
way stations

Admixture needed to
cope with ground-
water flows

Reserved for
remedial measures

Forms a2 flexible
'gasket or plug

Semi-flexible epoxy
gel

. oy LR Ay m = -
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TABLE 3.2

SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION

TREATMENT IN COMPLETED TUNNELS (CONT.)

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

Type of Water Problem

Method of Water Control.

Advantages

Disadvantages .

Comments

Water leaks emerging
from the base of the

emergency catwalk

"Toe-bench cutting' (cutting
a small trough running to the

drainage chase)

Simplicity in

maintenance

Tunnel ceiling leaks

Sealing leaks with a fast set
high strength hydraulic
cement and with a flexible
epoxy gel applied over a
cement surface combined with
grouting '

Effective if good
reliability with
the -three year
warranty

Labor intensive
and requires tem-
porary stops of
tunnel operation

Work done by the
contracted service



61

TABLE 3.2

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

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

Type of Water Problem

Method of Water Control

‘Advantages

Disadvantages

Comments

Water pouring intensively
through the tunnel walls
and ceilings due to:

1) cracks in construction
joints sealing

2) shrinkage cracks in
concrete lining

3) crack openings in con-
crete caused by the ero-
sion of concrete

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

2) Sealing cracks with water-
proofing materials

3) Chemical grouting

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

Temporary as well
as permanent
waterproof

Least expensive
with a large var-
iety of materials
available

1) Concrete
deterioration

2) Pans can fall

Lack of structural
strength to resist
high water pressure
Some components may
be toxic

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

"Toe-bench cutt.ing'' and
channeling the water to the
pumps .

Replacing the ballast

Protects rail
structure from
intensive corro-
sion

Labor intensive and
requires stopping
of tunnel operatian

Emergency remedial
measures
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Type of ‘Water Problem

‘Hidden leaks in concrete

TABLE 3

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

MASSACHUSETTS BAY TRAMSPORTATION AUTHORITY (MBTA) ,BOSTON, MA. {continued)

1 Method of Water Control

Advantages

Disadvantages

Comments

lining behind the wall
finish which cause wetness
and dampness of walls and
toe-benches

1) Chemical grouting

2) Sealing the leaks with
waterproofing materials

There Is no

practical alter-
native

Lack of structur-

lal strength to.

resist high water
pressure

LConventional
proven method

A deterioration of wall
paint due to calcification
of the surfage of walls
and ceilings

Extensive repair work and
replacing the wall finish
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TABLE 3.2

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

WASH [NGTON METROPOL ITAN AREA TRANSIT AUTHORITY (WMATA), WASHINGTON, D.C.

Type of Water Problem

Method of Water Control

Advantages

Disadvantages

Comments

Intensive water leaks
through the shrinkage
cracks In concrete
lining

Conventional grouting

Improving a quality of concrete
lining by partial invert
reconstruction

Significantly re-
duces the number
of leaks .

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

Large areas of calci-
fication and precipi-
tation around the leaks

Removing the wall finish and
placing the new one

Requires temparary
stopping of tunnel
operation

Leaks through the con-
struction joints in
concrete lining

Conventional grouting

Effective in combina-
tion with the concrete

Collecting the dripping water
into the drain and carrying it
away to the pump shafts, then
pumping it to the surface
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TABLE 3.2

TREATMENT IN COMPLETED TUNNEL (CONT.)
NEW YORK CITY TRANSIT AUTHORITY (NYCTA), NEW YORK, N.Y,

SUMMARY OF GROUNDWATER CONTROL METHODS AND WATER INTRUSION

Type of Water Problem

Method of Water Control

Advantages

Disadvantages

Comments

Water leaks through the
concrete lining due to
concrete shrinkage
cracks

Leaks through the con-
crete lining.structural
joints, not sealed
sufficiently

Leaks along ventilation
system and sewer lines

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

‘Pumbing

Channeling by means of steel
pipes

|Grouting with TACSS

Effective in a
case of high
water deposit

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

f e e - ———— -

TACSS has a low
viscosity which
allows to limit
injection time,
TACSS can be ef-
ficient for
stopping a water
seepage as well
as for ground
stabilization

Hust be used con-
stantly

Not always a good
measure in the
presence of 3rd
rail '

Not efficient in a

sive water inflow

- e e ———

case of very inten-

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
by outside contrac-
tors

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

Prefabricated structures done
under thorough control of
pouring and curing processes .
and quality of concrete

Have aimost ﬁo
Jeaks

Location - an exten-
sion of the ""East 63rd
Street'' Station
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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)

Type of Water Problem

Method of Water Coqtrol

Advantages

Disadvantages

Comments

Infiltration through
partially destroyed
tunnel concrete walls
and floors

Rehabilitation work such as
rebuilding of the invert and
repairing tunnel structures,
which consists of:

-removal 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
'WVolklay Panels' on the inside
face of walls and on the top

'lof a floor slab

-filling of ventilator bays
with concrete up to 6 feet
above the ground water table
-accasional drilling of holes
in walls to locate waterleaks
-constant pumping

Only permanent
reconstruction
measures can
prevent a poss-
ible structural
failure

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

An estimated cost

of the invert re-
construction pro-
jects is %25 million,
The estimated time
required to complete
work:

-29 months




4, GROUTING FOR GROUND WATER CONTROL IN COMPLETED‘RAPID TRANSIT TUNNELS

4.1 TINTRODUCTION

Flnal tunnel llnlngs are constructed elther of cast ln-place concrete or
segmented structural elements made of steel, cast 1ron, or concrete. Nearly all
tunnel linings installed beleow groundwater levels leak to some extent through _
eracks in the conerete or through joints between structural elements. Leakage
through linings constructed of structurallelements freqoently can be controlled
by tightening connecting bolts and fasteners, or by'caulking'techn;quesgf
Grouting is sometimes used for control of leakage.between,etrueeural elements,-
and it is the most commonly used method for control Of'ieakage through cast-in§

place linings.

For oontrol of leakage through tunnel linings, gfodting'is/typically done
through the lining as opposed to injection through a berehole drllled from the
out31de of the tunnel. Grout is introduced through . pre-lnstalled ports or plpes
through the lining or through drilled openings. ThendlSCUSSlon_Of groutlng .
which follows assumes grout injection from within the tunnel in moet instances.
Grouting outside of the tunnel or in advance of tunneling is usually done as an
aid to construction, that is, ground stablllzatlon or reduction of oonstructlon

dewatering, rather than for control of leakage into the_completed tunnel.

Three other possible methods for control of leakage througn completed

tunnel linings include:-
1. Diversion of water by drainage pans, pipes. and channels'

2. Filling of cracks with hydraulic fast-settlng cement, epox1es, or

crystalllzatlon compound

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

or brush application.

Of the above three alternate methods, diversion is probably the?most positive if
it is architecturally acceptable. Crack and surface Ereafments can be
effective, but it is difficult to achieve reliable water control by these
methods, especially if there is any significant water head out31de of the

lining.
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The grouts used are elther cement-based or one of several available
chemical materials. Selection of the most appropriate grouting material is a |
function of ground conditions, 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
s0il for rock and concrete fissures. While. there are many. avallable chemical
grouts onlthe maruet the most oommonly used types at this tlme for
transporta%ion tudpéls include 31110dtes, aorylamldes and water-reactive
polyuroihames. A moré complete discussion of cement and chemical grouts -

follows;

4.2 CEMENT-BASED GROUTS

. Cement-based grouts have been used for many years, and represent the oldest
known grouting material.' Cement-based grouts, while simple in concept, require
mdch skill and meticulous attention to detail to be used successfully Quoting
Adam Cleave Houlsby (1982), "Groutlng, more than most eng1neer1ng processes,
requ1res an 1ntu1t1ve perception of just what the liquid grout does as it flows

through the open joints and cracks hidden underground "

4,2.1 "Fillers and Admixtures

A typical grout mlx consists of flnely ground cement and water mixed in
varying proportions. However, these mixes are often modlfled by the
introduction of fillers and a variety of admlxtures 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 a capacity to absorb water and to form gel structures ot low
concentrations, 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. Fine sand can be added to-water cement~grouts to-create greater-
volumeé 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, expanding-the grout to reduce

shrinkage and prevent bleeding.

4.2.2 Design and Application Principles

Cement grouts‘should be designed to be sufficiently'flu;d ﬁo allow
efficient pumping and injection, and sufficiently stable to résistvdisﬁiéce&éht
and erosion b} moving water affer injection. The design wiil also be infiﬁencgd
by the size of fissures to be filled by the grout. The principle variable B
affecting the properties of water cement grouts is the water-cement ra;iof
Insufficient water will result in a nonpumpable grout, while'exceSs waté? ean

~cause bleeding, low strength, increased shrinkage, and poor dhrabilityu-'wﬁter

cement ratios by weight typically vary between 0.3 to D.6.

Successful use of cement-based grouts requirestcareful'attention tb detail
conflrmatlon of final designs, constant field monitoring, and adaption of fleld

design as necessary. To obtain successful results reguires:

1. Obtaining quality materials from reliable sources;

. Storage of cementitious materials under dry and constant condltlons,
. Accurate monitoring of moisture content of flllers,

. Use of fresh cement;

Weight batching of materiais;

. Control of water cement ratios;

. Control of mixing rate in time;

- oV =W N
.

. ngld superv131on of all operatlons by experlenced Staff.

The ba51c equipment used in a cement groutlng operatlon 1ncludes a mlxer,
agitator, cpntlnuous.speed pump,-c1rcu1at10n line to allgg Q1scparge,of‘unu§ed‘
grout back to the agitator, and control fittings, such that volumes‘and_

pressures can be regulated.
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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
Wwater-reactive variations of these generic types. As mentioned previousiy, the
mest commonly used chemical grouts in transportation tunnels today are the
silicates, acrylamides, and water-reactive polyurethanes. Taken togéther, 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 ndntoxic 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 c¢onstruction than

for control of leakage.

The Joosten process has been largely replaced by several different single-
shot injecticn 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 haﬁe

reported it to be a possible carcinogen; therefore its use has decreased.
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4,3,2 Acrylamides

Next to 3111cate grouts, the most commonly used chemlcal grouts are e
acrylamides, which were first introduced in. 1953. Acrylamides come OlOSESt,iln .
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 applieatiens,” ?nese :

grouts are more costly than silicates, and are neurotoxlc.

_ From 1953 to 1978 acrylamldes were avallable in the Unlted States under theﬁ
designation AM-9. Due to the neuro—tox101ty of AM-9, 1ts manufacture 1n th;s
country was stopped in 1978, Very shortly after the dlscontlnuance of |
manufacture by the United States, Japanese and French manufacturers 1ntroduced_
acrylamide-based products to the American market in 1979, and their use

continues today.

Acrylamide-based grouts consist of a mixture of acrylamides, constituting -
about 95 percent of the mixture, which polarize into long molecular chains;.and -
5 percent of'eross-;inking 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 toxic; however, the gel is
nontoxic. Where acrylamides are 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 has 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
1inings. 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. 1In its reacted foam state, the material is chemically

inert.

4.3.4 Lignosulpheonates

Lignosulphonate grouts are produced as a waste liquor by-product of the
wood processing industry. These grouts are typically used for stabilization of
s0ils in that they have relatively high strengths when gélled. They are
relatively inexpensive but the catalyst used is highly toxiec. 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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h.3.5 Phenoplasts S

Phenoplast grouts are polycondensates resulting from'thé:reactionlof’pﬁénol
and aldehyde. These grouts provide high strength for stabilization” of soils,
and are considered permanent materials. As with several of the other’ chemical
grouts, however, there are health hazards assdciated with their use] and they - °
are also potential environmental pollutants. They have not been widely used in

rapid transit tunnel construction.

4.3.6 Aminoplasts

Aminoplasts are grouts which consist of urea and formaldéh&de;Lkhich }orm a
resin. Initially, these grouts were used in the o0il industry. They gene;ally
require an acid environment for reaction, as do the phehoplasts‘and'the
aminoplasts. They are also caustic and present a health hazard. In'géneral,"‘
these grouts should be used only when the groundwater‘is known fo be acid, such

as for application in coal mines. They have generally not been used for rapid

transit tunnel construction.

4,3,7 New Products

Several new produciﬁ have been recently introduced to the marketq‘suCh~as
an acrylate-based product, which is similar to acrylamide, but it iIs not neuro-
poxic, and the manufacturer claims its general level of toxieity is about 1
percent of that of the acrylamides. A second prdduct was commercially
introduced in 1981 and is similar to the acrylamides, but has eliminated the
toxieity problem through increased viscosity and is, therefore, 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 seoils down to fine sand.

30



Set times for microfine 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.

31



CHAPTER 5. - o ;

Case Study No.1: ‘Light Rail Rapid Transit System (LRRT)
Location: Buffalo, NY ‘

Owner: Niagaba Frontier Transportation Authority (N?TA)

5.1 INTRODUCTION

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 construcfion was deactivated. As a result of the geological
and groundwater conditions, water inflow in excess of that allowedhby the design
specifications occurred in sections of the tunnels where the dewatering system
has been shut down. Remedial acticns 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 thg 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 ground conditions were indicated

as follows:

‘0" 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 pbckets of severely weathered and solutioned rock
'within this formation that can yield large quantities of water.
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

pumping 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 pfoposed alignment resulted in a redesign at a higher elevation.so that the
tunnel would clear the fractured rock zone. Amherst Station, which was
original;ylcbnceived as a tunnel opening, was rgdesigned as a cut-and-cover
station ﬁecausetdf inadequate rock cover that resulted from the raiséd alignment
(thé‘depthlfrbm the street surface to the top of fractured rock at Amherst
Station isjapproximately 40 ft.). The station was designed as high as possible,
the top of ihe structure coming qithin 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 tﬁe 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 a minimum degree of adequate groundwater cohtrol prior to tunnel
excavation, a deep well dewatering system was designed and made a part of the :
tunnel and station contracts. This system,was designed for. an estimated maximum

discharge from wells and tunnel sumps of 10,000 gal/min (O.Bﬂ’m3/sec).“¢

5.4 TUNNEL ENVIRONMENTAL AND STRUCTURAL DESCRIPTION

The current first phase of an expandable system or LRRT system con31sts of

3 parts:

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

business distriotj

2. Concrete double-box tunnels with a single central -platform, constructed
by cut-and-cover methods for a length'cf 1.7 'mile (2.74 km) at a depth
of 30-35 ft. (9.1 - 10.7 o) and subsequently drops into bedrock at a
depth of 60 to 90 ft.;

3. A 3. 5 mlle (5. 63 km) rock tunnel of 16 ft. nomlnal flnlshed dlameter

(thls part 1ncludes 5 stations). That was the TBM-drlven line.

A cast-in-place concrete lining was used- for the rock tunnels. The.
thickness of the unreinforced conecrete liner was a minimum of 12 in. (305 mm) to
insure a reasonable watertightness of the tunnels and to broviueean adequate
cover of & in. over the steel ribs‘(where'thpse ribs were used as a'primary
support). The concrete for the lining was delivered to tne site by cdncretei
trucks and was pumped tnrough "slickﬁ lines. The maxlmum length of pours was"
set tc be 150 ft. The temperature at the t1me of pourlng was a tunnel average
temperature of 53 degrees F. The concrete workablllty was deflned as with
slumps of 5 1/2 in. to 6 in., with a slump test taken from every “third truck.
Steel forms were used fcr concrete llner placement. - External and 1nternal
vibration was used forlplacing concrete. The pourlng process was SUpEPVlsed 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 wad done by the subcontractor, Moretrench American, Inc.

The dewatering syétem 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 prieor to dischargé into surface waters was an
additional innovative design feature of this project. The plant has operated

continuousiy, 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. |

‘A. Power failure

A major thunderstorm caused a ciﬁy-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 heavy 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).

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

In .early August 1980, a local heavy groundwater inflow was engountered. in
the inbound tunnel at station 210+00. (+#). The initial rate of flow was about
4,3 gal/sec from, a -300.ft. section.of tunnel. The flows: impeded.tunnel
excavation to .the extent that it took approximately -one month to drive the. .
tunnel through this zone whlch was some three or four tlmes longer than was
typlcal for thls pPOJect.' The outbound tunnel 1ocated 60 ft away, whlch had
been excavated several menths earller, was dry. Several borlngs were drllled .
and a prev1ously undetected zone of fractured rock 1mmedlate1y at and JUSt below

the invert was identified.

Sonme fractured rock was found in the 1nvert but water was observed to be
flowing prlmarlly through the vertical JOlntS that 1ntersected an open ‘
horizontal seam. The quallty of the 1ntrud1ng water was dlfferent from the ‘
groundwater that was being pumped from the production wells. Speclflcally, no
hydrogen sulphide was observed, but an appreciable amoufit of dissolved oxygen
was detected that was similar to water after a purification process. ' Further
studies strongly suggested that the inflow may have beén causeéd by rechargé from
the nearby bedrock creek bed located approximately 200 m from the 1ocallzed

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

Y

Additional piezometers installed-in the vieinity-of these inflows .indicated
that the water levels were 0.3 - 1.0 ft. above the invert. Several options were
considered for control-of the inflow prior to concrete-placement, .including.
exclusion by grouting and removal by the addition of pumping eapacity.  Grouting
was judged to be a very uncertain solution because of the unknown extent of the
fractured rock zone, and a decision was therefore made to install. .one additional
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 of the inflow. .-

Therefore, a second additicnal 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 addftional inflows were observed that‘wou;d have,interfered
with the placement of concrete for the;final lining.‘!huring‘thie;perjod the. -~

capacity of DW-8 decreased and could not be restored, and it was also observed
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that water levels fluctuated by about 3 ft. with rainfall. The combined effect
of decreased yield of DW-8 and heavy rains resulted‘in éontinuouély tréublesome
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. sqdare by 6 ft. deep sump was
excavated at one end of the drain, and a pump was installed and covered with
stone and a steel plate. The entire invert drainage system was then protected
by a.lean concrete mud mat. The drain and suﬁp piﬂ éffectively controlled the
water, and the monolithically poured liner Qas placed successfully and without
difficulty. After completion of the lining;;;he drain and sump wWere later

backfilled with a cement grout pumped under low pressure.
The following sequence of events at LRRT can be mentioned:
1. funnels Were lined with concrete.
2., Pumps were turned off.
3. Water table rose.
4. Tunnel leaked beyon@ specifications.
5. Some wells were turned back on.

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

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 befpre and after grouting, _
.downtime, mapping of leaking cracks, observations by the drillersxw;tp_

respect to drilling resistance, etc.

5.7 CHEMICAL GROUTING

Technical Grouting Services (TGS) of Hyattsville, MD, with support crews - -
supplied by Stimm-Fitépatrick Constructors of Buffalo, NY, was retained by NFTA -
to do remedial chemical grouting for water tightness in. the. 1C0011 Section of' .
the rock tunnels. At the time of grouting, the concrete tunnel liner was in- '
place and water inflows approximately 2 to 3 orders of magnitude over
specifications were experienced. It was decided by NFTA to proceed initially
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 have access.

5.8 GROUT TYPE

The only c¢rack areas in the tunnel liner that showed any leakage have been
grouted. An acrylamide chemical grout was used to control the uater inflows
through the shrinkage cracks in the concrete tunnel linér because it‘éaSily
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 damp or in a -

humid envirconment.

This grout consists of a specialized system of two catalysts and water.
The grout is a powder mixture‘df two organic monomers consisting of 95 perc¢ent.:
acrylamide which will polymerize into long molecular chains, and 5 percent of.a
cross-linking agent which binds the acrylamide chains together. The specialized
system of catalysts is used to form the gel fromlthe monomer solution. 'Tﬁ;s
system consisted of triethanoclamine (T) called thelacti§at6r and aﬁmbﬁium
persulfate (AP) called the initiator, which triggers the reacticn. ' 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. - R
5.9 CHEMICAL GROUTING TECHNIQUES " °

Chemlcal groutlng of the cracks was done from behlnd the concrete tunnel ’
11ner. Holes were drllled through the 11ner across and/or adJacent to the ”
cracks dependlng on the amount of water flow1ng from the cracks. The number of
holes drilled along a crack and the amount of grout pumped 1nto each hole varled
dependlng upon whether the'leakage from the crack was stopped. Each crack was
grouted starting at the highest position of that crack in the tunnel -and working
down- - Gfouting“at an ‘individual crack was stopped when there was no longer any
visable leakage emanating from the crack. - A réd dye was mixed into the grout .

prior to pumping so that its travel. could be traced.

-The grout’hole34WEre drilled using 1-7/8 in. diameter drill steel using‘
percussion drills. " The length’ of ‘the grout holes was a few inches greater than
the thickness of the concrete liner. Mechanical packers-were inserted into each
hole for the purpose of injecting the grout behind the liner. The mechanical
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 the. packer was expanded to form a seal against the wall of the grout

hole, allowing the grout to be injected.

An egual volume grout pump system was used to inject the grout intc 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.pounds of the monomer powder grout‘were dissolved in 15 gallons of
water in one tank. K The activator and. initiator were mixed at varying
proportions with 15 gallons of water in the second tank.  Equal volumes were
punped from- both tanks. into a separate discharge hose to the mechanical packer
where mixing of the grout components took place. These hoses were attached to
the packer using a n"yn connection. An equal volume system was. used because it
e11m1nated the problems assoclated with pa331ng catalyzed grout through the_
pumps and dlscharge hoses, thus permitting the use of very short gel times and

punping for perlods whlch greatly exceed the gel tlme.
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5.10 CEMENT GROUTING

Cement grouting crews supplied by Stimm-Fitzpatrick Constructors of
Buffalo, NY, with the support of GZA, were retained by the NFTA to do the. .
remedial cementitlous groutlng for water tlghtness in the remalnlng portlons of
the 100011 section of the rock tunnels. It was declded by NFTA to see if the
leaks in the tunnel llner eould be stopped by the much less expen31ve method of!

cementltious groutlng developed by NFTA's groutlng consultant.

Cement grouting was 1n1t1ated in the outbound tunnel at Sta. 2189+00
during which time the chemical grouting had. been proceeding. in-the inbound =
tunnel. At the time of cement grouting in the outbound tunnel, water inflows

approximately 2 to 3 times over specification were experienced.

A test section of 31 leaking cracks between Sta. 2189400 and Sta.:22084+00. -
of the outbound tunnel was chosen to determine the effectiveness of the cement
grouting. Flow measurements were made before and after cement grouting of these.
eracks. Eighty-four percent of the cracks were rendered completely dry, and the
remaining 16 percent showed reductions in inflows of 60 to 75 percent after

grouting.

It was decided to continue with the cement grouting. in -the 0.B. tunnel
approximately to Sta. 2216400, Wlth a reduced follow up groutlng 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 & in. of a crack. The-length-of the grout-
holes is-approximately:1 or 2 ft. into rock, depending on the thickness of the
concrete. tunnel liner. Mechanical packers ‘are inserted into each hole for the

purpose-of injecting the cement grout behind the-liner.

Prlor to groutlng, all holes are’ glven a quick hydraullc pressure test to
determine whlch holes will take grout. This is accompllshed by 1nJect1ng water
through the packer for approx1mately 3 m1nutes and monltorlng the amount of

water and the pressure at which it is belng injected.
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Cement grouting is accomplished using a pneumatically driven grout plant
consisting of two T0 gailon 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 tunnél;r_The return line
is used to keep the grout from setting ub in the lines, as well as to help

control the grouting pressure.

The grouting of each hole is begun with a relatively thin mix, 6 parts
water to 1 part cemenﬁﬁby volume; but thickenéd to as much'as 1 5 to 1 1if the
rate of grout injection is great. Type II portland cement 1s used because of

the presence of sulfates in the ground water.

The number of hoies érilled along a crack depends on whether 1éakage ffom
the crack was stopped_aftérlgrouting. If the cement grout is .injected at a
rapid rate into the gnbutihole, the grouting pressure is reduced and the grout
mix thickened. The amount of grout pumped into each grout hoie is arbitrarily
limited to 50 bags in.én effort to minimize costs. Once the groht is allowed to
set up in these holes, grouting ié resumed and the holes are usually brought to

refusal.

Grouting operatiéns havé begun on tunnel Contracﬁ 1C0031., However, this
tunnel contract presehﬁlygdoés not have inflows because of the lowered water
table at the LaSallevsﬁation construction., Nevertheless, groutlng of the cracks
is being done using the procedures and experience gained by groutlng in Contract
1C0011. Cracks are grouted where they show staining (from previous inflows) and

where drill holes took,apprgciable gquantities of water when‘pﬁéssure tested.

5.12  GROUTING RESULTS.

Inflow measurements were done at given locations by using a weir and
calibrated bucket. Thé measurements were repeated until successive trials, at

the same location, iﬁdieated hearly identical flows.,

Table 5.1 preseﬁts, for Contract 1CC011, ‘méasured inflows before and after
grouting. Inflows on the northern portlon of the -contract have not been
measured after groutlng due to the temporarlly lowered water table for the
construction of the LaSalle Statlon, 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 MEASUREMENTS AT LRRT SYSTEM CONSTRUCTION

STATION ‘| SECTION LENGTH : INFLOWS % REDUCTION
' (FT) (GALLONS/MIN) | (GALLONS/MIN) (GALLONS,/MIN) OF WATER WATER TIGHINESS
BEFORE GROUTING | AFTER GROUTING . INFLW DUE SPECIFICATION
10 GROUTING |- -
\ (April 1984)
2195 + 23 to. :
2216 +65 | - : -
Inbound . 2142 129.0 0.268 0.37 99.8 YES
2221 + 50 to .
2235 + 00 : o
Inbound 1343 - 48.6 0.09 0.23 99.8 YES
2195 + 23 to ' ' _
2216 + 65 ) . .
Outbound 2142 77.7 0.24 0.37 . 99.7 YES
*2221 + 60 to '
2234 + 00 : )
Outbound _ 1240 11.3 0.684 0.22 93.9 NO

"Inﬂmamrspecisﬂb\ghttobedzmﬂieﬂwofmtrmumwammng&mﬂnmr&\

_ Note: 'meal].ourableinﬂmasstatedinSecdml)ﬂOD Parag‘mph312watertighﬁasis°0059;lluﬁ/day/£t
' oftumel].hm’overawoo ft. length of tunel. :




1
H

inflow conditions. When.the LaSalle Station construction deep wgll,system,is
deactivated;‘GZA will‘éomplete the inflow measurements in this area.

Table 5.1-geneba11y‘indicates that in Contract 1€0011 gréuting has reduced
seepagé‘fldws by mbré ﬁhan‘99 percent, and inflow specificationé havg beén‘
achieved. -One section remains slightlj over the allowable limit,; i.e., iess
than OJ5'gallons per minute over a 1200 ft., section of tunnel. However, an
importént ahd‘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‘wi;h the current construction of the adjacent sﬁation. 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
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CHAPTER 6.

Case Study No. 2: Metropolitan Atlanta Rapid Transit Authority "(MARTA)
Locationry ‘Atlanta, GA
Owner: . . _. - MARTA . Ly o SRR T

6.1 - INTRODUCTION

Caselstﬁdy'No:2 investigated water intrusion problems in the Rapid Transit
Subway Syétem'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 statiqns.
Information collected related to:
1.. Basic design for groundwater control;
2. Construction dewatering (grouting, pumping);
3. thstfudtidn’waterprOOfiﬁg (joint“sealing);
4, biﬁé,goncrepe bqgriﬁg and curing proceéses;
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 abplied-fcr stopping
water inflow. Tunnel lining construction, joint sealing, as well -as gonerete
pouring and.curing‘processes were of particular interest. It is believed‘that
these processes qontributed treméndously to ﬁhe structﬁral quality_observed in

the tunnels.

47



6.2 GENERAL INFORMATION

The MARTA Subway System consists of two major lines, the South- North Line
and the West-East Llne (see Figure 6. 1)

The first stations were opened in 1979, and almost immediately thé subway
system began having water leaks. Although most tunnels operate  with limited
quantities of water inflow, there is a system for c¢ollecting 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 BOQO‘ft. of leéks in variéus_

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 underlald 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

intrusioecn.

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 utlllzed a horseshoe shape in areas where tunneling 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.
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| Type of| Methad L Face o '-'ASJ‘ize - ‘_
- Ground | of Excaq Shape Area e T B
vation ) Sq.Ft. — -
: Lergth |- .- . Height - Width
| Drill  (Circular | 314 | 24%0' .| 2070" | 206" | 20%0" | 206"
' Rock | and  |horseshoe| 356 | 17'3" | 18¥9" | 17.3"| 18'9"
" |Blast [station | 2450 770" . | 42'0"|43'6" | 60'0"| 61'6"
~ Soft & | chield |Circular | 626
mixed | driven |horseshoe| 1291
face _ |station. |

TABLE 6.2 TUNNEL PROFILES - TYPES OF FINAL SUPPORT = °

Methods of Excavation

Types of Final Support

A, C

"B, D
A, C Both tubes excavated as RCTP Concreteq .| Rock bolts
. one double arch chamber and shotcrete
with RCIP concrete el
pillar :
B, C Excavated as twin tukes ’
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B. Lining Structures

The MARTA subway structures (tunnels and stations) were built in
rock, soft soils and mixed-face grounds. Noruhiform 1ining design method has
been universally accepted because of variable tunnel sizes and ground
conditions. Lining>£hickness has‘alsohvéried with construction technique.
Recent Qunnelé which have_cast-in-place (CIP) concrete lining generally have a
cne-foot thick wall énd ceiling séction; while shotcerete-lined tunnels have a
minimum lining thickness of four inches."Cut-and-COVer structure wall thickness
varied from 2 ft. 0 in; to 3 ft. 6 in., while ceiling thickness varied from 3
ft. 0 in. to 5 ft. 0 in. The distance from top of ﬁailzpo-bottom of ﬁnderlying
slab varied from U4 ft. 5 in. to 5 ft. 2 in. Thickness of cut-and cover sectioné

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 minea
excavation and cut-and-cover construction conoréte were both ClasskMOOD psi
portland cement conerete with 1-1/2 in. maximum size aggregate. Slump of
concrete was 5 in. and was tested in accordance with Ahérican Society for
Testing Materials (ASTM) C143. Air entraining agents as specified in ASTM C260
and accelerators specified in ASTM CU49Y4 were allowed. Admixtures containing
chloride were prohibited. Coarse aggregate was granite having a spécific
gravity of not less than 2.7 and conforming to Georgia Department of
Transportation (GA DOT) Section 800, Group I Class A. Fine.aggregate 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 acceleratof, if
required, applied from a spray nozzle by means of compressed air. The max1mum
accelerator allowed was 2 percent by weight of cement. The shoterete mix was

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

Type of Ground

" Type bf Support

"I‘ypgs of Lining Structures

Tunnels

Sfatioh Cavems

Prima.ry

Rock bolts 10' to 20' long

at 5' x'5' pattern (most
camon) or as required

FRock bolts 10' to 20" |
long at 5' x 5' pattern
(most cammon) or as

" Final

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

4" of shotcrete in
portion of station wallg
or 2'11" to 3'6" RCIP, !
concrete in arch walls
with exposed rock; 4"
shotcrete or 9" RCIP
concrete -

Soft and

“imixed-face -

- Primary

No primary support
other than shield

RCIP concrete

Liner plates installed
with shield advance - for
tunnels with circular

shapes

RCIP concrete




1. In 8 hours - 800 psi;

2. In 72 hours - 2000 psij;

3. In 28 days - 4000 psi.

Aggregatés and accelerating adm;xtufes were the same as defined for cas;-
in-place‘concrete. Actual mix design was developed by the contractof ahd
apﬁro&ed>by thé engineer. This desién>was ad justed as‘field conditipns _
required, ] - |

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 sections varied with an average of 50 ft.
The temperatﬁre at the time of péuring 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 qontroiled 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 structures 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 concrepe, and framework and reinforcement were inspected. During
the‘concfete pour, samples of‘ingredients and mixed conorete:were taken and

tested. Mixed concrete was tested forlair coptent, slump and compression.

For each 150 cubic yards the contractor furnished three molds conforming to
ASTM CH?O:for casting test specimens in acceordance with ASTM C39 and ASTM ca4,
Section 16.
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6.4 TUNNEL CONSTRUCTION METHODS RELATED TO WATER CONTROL

No unusual steps were taken during construction. to prevent future water
problems. The usual inspections of waterproofing techniques were,done. A -
hydrostatlc pressure relief system con31st1ng of wall drains and weep holes in
specified patterns was lnstalled in the tunnels. Nevertheless, durlng the
construction of tunnels “ahd stations and later durlng thelr operatlon, numerous
water leaks were dlscovered. The new stations began hav1ng Structural 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 51te visit team explored the tunnel leak- locatlons durlng the tlme of .

its V131t in May 198H

It was stated that the leakage paths oceurred in radlal dlrectlons cnly.lh
There were no longltudlnal leaks. The majority of 1eaks have ‘taken place ‘
through concrete lining and not through the constructlon JOlntS-j ThlS would L

indicate that the 1ongltud1na1 shrinkage of concrete is, a maJor factor Wthh .

contributed to the appearance of numerous radial cracks in tunnel lining. .

Figures 6.2 and 6.3 show the. number .of leak locations. .As can-be‘“seen, “the’
frequency of leaks at some tunnei segments reaches a)magn;tudeio£w1552q leaks
per 100 ft.

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

shoterete and CIP concrete walls.

Figure 6.5 demonstrates typical leaks through the ‘station roof. ThlS type '
of leakage results in 51gn1f1cant deterloratlcn of both structural and 5 -
architectural elements of the stations. It also has 4 deter1orat1ve effect onf->
functtonal components of a"subway system. For’ example, the stray currents seek‘
the path 'of water or dampness, thereby concentratlng electrochemlcal attacks on'”

rails, ‘which results in severe corrosion of rail .structures.

The steel inserts whlch are embedded in the concrete eecond pour, and whlch”
hold the direct fixation fasteners (DFF) in place, were rusting badly. These k

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 that 1ocation) which caused the deterioration of the concrete.

Another problem assocxated wlth leakage is the unsafe condition of

pedestrian walkways.‘i

In some locatlons water was drlpplng through the statlon roof, and
temporary emergency measures had to be taken to alleviate the problem (Flgure
6.6). ' ‘

Figures 6.7 and 6. 8 demonstrate various types of leaks’ and thelr locatlons
in the MARTA_SubHaynSystem. Figure 6.7 shows numerous leaks through the
conerete'eeiliné,ef “Five'P01nt“ Station. Figure 6.8 shows numerous leaks in
West Lineftunnels where.lecations of leaks were mainly through the'conerete

walls aﬁd‘eeilings‘in different croas-sections of tunnels.
6.6 REMEDIAL,MEASURES FOR WATER CONTROL

'6.6.1 In-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 diverting 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: CEILING .

62




FIGURE 6,7 LEAKS AT FIVE POINT STATION
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ad jacent "toe benches". The trough was cut about 2 in. wide and 1-1/2
in. deep and run to the nearest dralnage chase between second pours.

The leaking water would then go into an undertrack drain.

6.6.2 Tunnel Ceiling Leak Repairs by Contracted Service

A1l of the in-house remedial measures were not 3u£ficient 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 contraot; the major leak locations were traced and registered for
future treatment first. The results were then represented in a set of drawings,
"Ma jor Leakage Locations on MARTA Subway- Lines and Their Répair," with a |
corresbdnding mandal (see Figure 6.9). The manual and the drawings were used as
a basic guldellne for water 1ntru31on treatment at MARTA subway 11nes. The
contractor was requlred to make, the recommendatlons 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 tuﬁﬂel ceiling leak in 1982.‘ It
was decided - not to seal the entire crack"length across the ceilings and walls
but rather to seal only 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
contalnment (rather than diversion) of the water caused leaks to occur at a
heretofqre 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 cbntraptual.coﬂsiderations is as follows:

A. Quantities and Costs

;jr“East.Line - 1,582f ati$43.66/LF
2. West Line - 436 at $46.2/LF
3. South Line/Connector -
715" at $42.66/LF

$69,070.12
$20,160. 64

$30,501.90
$119,732.66
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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 Conneétor was not used during the day, therefore overtime

rates were not applicablé.
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 inelude 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 hié contract to enter the East, West, and
South Lines four out of seven consecutive days between 11:20 P.M. and 3:40 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 neéded to move trains between lines. In addition,
he waé 6ecassionaily allowed to work some 12-hour shiffs 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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10.

11.

5/8 in. diameter portholes were drilled adjacent to and along the plane
of the crack or joint at 45 degree angles to approx1mate1y 1/2 the

thlckness of’ the structure.
Drllllng debrls was washed from the portholes.

Mechanlcal injectors with a ball check dev10e were then 1nserted and

secured,

Cracks were then flushed with clean water. The purpcse of this

© procedure was to:

a. C(lean dust and debris from the crack system;

b. Flood the system with water for the grouting compound to react with

(if water-activated grout is used);

¢. . Allow the injection technician to observe how each crack was likely
to behave during the injection procedure and determine if a surface

sealer was required to contain the grouting compound.

Surface seal was applied. Seal was a fast set, high strength hydraulic

cement (used occasionally for wide cracks).

Once preparation was completed, the technician started pumplng at low
pressure, and increased pressure until flow of materlal was achleved.'
Injection continued until crack or joint was filled and water flow
stopped. Full pehetration was determined by resip&ﬁb}eeuingf through

ad jacent injectors or at points along surface of structure. Grouting .

~ compound ‘quantities were recorded for future reference.

Resin was allowed %to cure.

Ingectors were removed and holes fllled Hlth a hlgh-strength hydraullc

grout.

Surface of cracks or joints were then ground, and all debris was

removed, leaving a sound, clean surface. BT

A flexible epoxy gel (paste) was appiied over‘a'sur?aee'apbrdximately 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 extfeme 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'énd storm sewers..

2. A semi-flexible epoxy gel used as'a!su}face 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 no longer. warrant the. work. . At that

time he.had completed:over half the East Line section.  Hisirequest was granted--

and he was given a time extension.

. On-December 1,°1983, he resumed- work in-the Interline: Connector..-He has

compléted that:work and-the East Line::

6.7 . CONCLUSIONS

The major factors which contribute to water intrusioniat . 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 lopgitudinal shrinkage

of concrete. There were no longitudinal cracks.

The water leaks have taken place through such cracks in pgnne; wal;§,.

floors and ceilings. There are also a few water leaks through construction =

Jjoints.

For water problems that already exisﬁed, the followiﬁglréméaiﬁijieasures

proved to be satisféctory:

o] The galvanized steel plates wére used to interéept aﬁa”calléét the‘
waterflow and channel it away from electrical installatiéh%:»pedesﬁrian
walkways, cables, etc. Steel lining consisting of concrete3archesbwith
steel pans for dripping off the water were installed during -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 conecrete. For that purpose, an improved pouring
and curing process may hlelp. The number of radial cracks can be diminished by
reducing the length of conerete pours (the average length of pours during the -
construction of some tunnels in the MARTA Subway System was ‘about 50 ft.). ‘The -
conerete 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: Massachusetts Bay Transportation Authority
Location: -- Boston, MA
Owner: - MBTA

7.1 INTRODUCTION

Case Study No. 3 is the study of water inthusion'problems in the Boston
Subway System, owned and operated by the Massachusetts Bay Transportation
Authority (MBTA). The study includes:

1. Meetings with the system representatives, during which various aspects
of water intrusion problems experienced by the MBTA Subway System were

discussed.

2. Site visits to system tunnels and stations severely affected by water

intrusion.

3. Data collection cancerning 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 MBTA Subway Systenm.

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 MBTA 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 opefating lines. Another meeting also took place with system

representatives.

The following subjects were closely serutinized during the visits to the
MBTA 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 techniqgue,

quality of concrete, etc.);

5. HRemedial measures to control or to stop the water intrusion (water
collection, pumping or grouting, ete.);

6. Stability of';he building foundaﬁions and city sewér éystem along the
conatruction of'new tunnels;

7. Effectivenesé of excavation machinery and technology;

8. Quality control of materials and structures.

7.2 GENERAL INFORMATION 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. constructed mainly in the first two decades of this

century.

The existing‘subwayisystem, as shown in Figure 7.1, consists of four lines
which are officially designated and distinguished in all plans and documentation

by their different colors: Green, Orange, Red and Blue.

The age of most of Boston's underground subway stiructures predetermined
many water intrusion probléms which are inherent to-thg MBT& 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 Deseription

The new extension of the MBTA Red Line has now been completed. The

project, designed by Bechtel Engineéring 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
approkimately 40 ft. to 60 ft. under the surface. There was also a cut-and-

cover section of tunnel construction.

B. Geological Conditions

Geological"één&itions range from rock to soft soil and mixed face, with
quite a significanf amount of ground water. |
The tunnel shield was used for excavation in the soft énd mixed face

ground. There were two types of shields being used: round buckets and square

buckets.

C. Ground Water Problenms

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,

T.3.2 Red Line (South Extension)

Thé‘Red Line Sduth ExtenSién an old part of the 5ubway system, has been
experlenclng various water intrusion problems. The site-visit team observed

exten31ve leaks, such as:
1.”fWater pourlﬁg exten51vely through the tunnel Qalls and ceilings;
2. Pools of water standing in track bed area,
3. 'Numerous small;streams of water emerging from the base of the track
‘Tbed;
ﬂt_'ﬂarge wet.areas on the walls and toe benches;

Leékége 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 segmehts 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.7.4 shows a wide area of calcification around shrinkage cracks in
concrete. The caleification was caused by water leaks which also resulted in

standing pools of water in the track area.

Figure 7.5 shows a channeling of water which runs through the tunnel
ceiling. The water leaks also created large zones of calcification around

shrinkage cracks in the ceiling.

7.3.3 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‘mddefnized in 1968, it is still experiencing various water intrusion
probléﬁs. Tﬁeée range from water leaks across the entire tunnel lining to
numerous wet Spdts on the toe bench. There are also some pools of standing
water in #n area under the third rail and in a track bed. Water leaking through
tunnelbwails and ceilings has deteriorated the architectural finish of the
Aquarium Station (Figure T7.6). Figure 7.7 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 7.9 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 7.10 shows a large area of calecification on the wall finish caused
by the water infiltrating through the walls and ceiling of the concrete lining.

Such structural‘and architectural deteriocration requires extensive repair work.

It shodld bé pointed out that the Aquarium 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 intensive ground water pressure acting upon

station underground structures.
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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)

AR,

FIGURE 7 9 CEILING SECTION REMOVED FOR INVESTIGATION OF MAIN ROOF LEAKS
 (BLUE LINE, AQUARIUM STATION)
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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. L T L

7.3.4,.Green'Liﬁe - Tunnel Between Beylston and Arlington Stations

The Green Line is the oldest line in the Boston Subkay*Sysﬁem. The
concrete Iining of the tunnel suffers frem many different types of cracks
{shrinkage cracks, construction joint ecracks, ete.) both lergejand smel;f'.rhose
cracks allow ground water to infiitrate in large quanﬁities; Having eersisted
over a lohg period of time, the water intrusion resulted in the formation of
heavy precipitation structures thch sdmetimes cover the eenne; concrete lining

almost completely.

Figures 7.14 and 7.15 depict such zones pf'extensive calcification on the
walls of the*running tunnel between Boylston and Arlingtoh Street Stationeuf'The
cross-section. of the tunnel is shown in Figure 7.16.  The tunnel hésrtpe}ff

following types of water‘problems:
1. Leakage through tunnel walls onto the toe bench of the roadbed;
2, Pools of standing water in the trackbed area up to the top of the tles,

3 Wet toe benches.

7.3.5 Orange Line - Essex Station

The Essex Statlon of the Orange Llne was visited by the PPA 31te-v181t team
on September 13, 1984, During the V131t the team investigated the underground
structures of tunnels -and the station and.discovered that typical water '
1ntru31on problems exlst as for most Boston subway lines. These included leaks
through the,shrlnkage cracks in the tunnel concrete lininz and water accumulated
in the.tréckxbedjarea,"Tﬁe Essex Station can be characterized as having the
worst tréek bed conditions. Tﬁe infiltrated water forms running streams which

are serlously affectlng the rall tracks.

Flgures 7 17 and 7 18 demonstrate the conditions of the station tracks. In

Figure 7.17 one can see a heavy precipitation in the area of the thlPd~Pall.

Figure 7.18 shows part of the track bed where the ballast was waehed"eut almost
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FICURE 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 ARQOUND A CR.ACK
{GREEN LINE BOYLSTON-ARLINGTON TUNNEL)

FIGURE 7.15 AREA OF MASSIVE CALCIFICATION (GREEN LINE, "BOYLSTON—
' ARLINGTON TUNNEL)
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FIGURE 7.16 BOYLSTON STREET SUBWAY



FIGURE 7.17 CALCIFICATION




entirely.

To prevent disintegration of the rail track due to the absence of

ballast, both rails were bolted together with the transverse beam (see Figure

7.18).

7.3.6 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 LeakageQ

1.

2.

3.

Through the constfuction joints of the tunnel ooncrete lining;

Through the numerous cracks in the concrete lining caused by the

shrinkage of concrete;

lThrough the numerous crack openings caused by the erosion of

concrete.

Intensity of Water Inflow and Its Consequences

1.

An intensive infiltration of water which results in substantial

-atreams of water in the track bed area;

Relatively moderate infiltration of water which causes small

streams of water on tunnel floor;

!

HWater dripping from tunnel ceilings onto station sidewalks;

Hidden leaks in a concrete lining behind the Qéll finish, ﬁhich

causes wetness and dampness of walls and toe benches.

7.4 REMEDIAL MEASURES FOR WATER CONTROL

7.4.1

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 of water treatment, a novel approach was used for sealing lining

construction joints. This method was first invented and tested by the Dutch

"De-Neef"™ Company. In this method, a reinforc¢ed rubber tube is placed
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between the foundation footing and the wall above., .After the concrete wall-'is. =
built, .the tubeqleft inside the wall'is injécted under high 'pressure with a-
chemical filling (Aerylamide 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 been introduced into practice’:in the '
United Statesﬁ l

' Another water treatment that proved reliable was chemical grouting.thichwii
is considered to be the cheapest and the most effectlve method to prevent water
infiltration through the cracks in the conerete llnlng. The average price is

$5.50 per gallon of -grout, while other grouts cost about $55 per gallon.
Cement groutlng was not used in Red Line tunnel constructlon.

For the first time in tunnel practice, serious con31derat10n was given to
the shield buckets configuration as they affect water 1eakage. During the
construction, it was noticed that the round shield buckets allow'fcr better
excavation and result in better inside tunnel surfaces, which, in turn, 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 round buckets are more
expensive (more than a $2,000 difference in priee 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 MBTA uses the

following remedial measures to control or prevent water intrusion:

1. . Chemical grouting;

. 2. Sealing of cracks and leaking ponstruction,jpiﬁta by waterproofing

‘matrials;

3. Intercepting and collecting the water from ceilings and walls ahd»»?‘

channeling 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 and an analysis of various water
leakage problems experienced throughout the WMATA Subway System's tunnels and
stations. The information was collected while visiting the WMATA Subway System
duking'que*éT-ag; 1984, and can be divided into the following categories:

1. Typgs of leaks;

2. ‘Deterioration effects of water intrusion;

3.- Remedial measures and other methods of water control.

The following subjects were discussed during the meeting:

1. Structural and geological characteriatics of the WMATA Subway System,;

2. Major water problems experienced by the system and remedial measures
:being used;

3. New Austrian tunneling method for a recently designed tuhnel section.

A meeting was held at the Tracks and Structures Maintenance Center of WMATA
{6211 Blair Road, N.W.) with Timothy Reed, Maintenance Director. Mr. Reed
briefly‘outliﬁed the major water problems in cperating tunnels, then .accompanied
the group on a technical tour of the subway systenm. '

'Thg_amount of water inflow into the tunnels is aoceptéble and is keh; undér
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-Johnaton-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 structures. - T

Information was obtained on a European (Austrian) procedure in lining’
design and construction, in which multilayered linings conéisting of concrete
and plastic film were placed between a layer of shotecrete and the concrepe

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 abéut 60 milés of

running tunnels.

Figure 8.1 is a general scheme of 'the WMATA Subway System.- Almost every o
tunnel in the system is currently experlen01ng ‘some form of water leakage. o
Water leaks cause various problems in the system, such as deterioration of’
structures and track elements, and damage to power_equipmentjlikgltpedthird
rail. Associated with these problems are safety hazards, architectural 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:opiniqns on thg_cau§e of

water leakage.

Along w1th the direct water effect on structure and functlonal elements, .
there are problems associated with caleifiecation, hydrostatic PPeS$EP?,391l$f;_-
system and acid waters. Continuous leakage has caused chemical reactions“
resultlng in a precipitation of materials, which severely reduces or totally
prohibits the ground ‘water from flowlng freely and eauses 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 collectioﬁ'of

factual data on leaks through joints, cracks, and natﬁral fissures.

8. H MAJOR LEAKAGE TYPES AND LOCATIONS

_ Figures 8.2 to 8.8 demonstrate various aspects of water intrusion problems
in the WMATA SubwayVSystem. These photographs were taken by the site visit team
during its visit to WMATA on Junme 27 and 28, 1984.

Figure 8.2 shows quite intensive water leaks and their collection at the
superstructure of running_tunneis. 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

infiltrated;wate?ﬁ,‘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 leaks through the joints and
concrete lining. It was pointed out during meetings with WMATA representatlves

that leakage through joints represents the most conSLStent 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 meetlng with
representatives from Mueser-RutledgesJohnston-De31mone,_Inc. (de31gners of the3
WMATA Subway System). The method most coﬁmbniy used ih the WMATA tunnels is
conventional groutihg to reduce water intfdsidn.(see Chapter‘ﬂ)f ‘Duﬁing the
meeting, soﬁe other innovative methods of water control were diS#ussed)
including techniques such as membrane and porous lining systems'for éeepage

contreol, 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
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‘ FIGURE 8.8 LEAKS THROUGH THE STRUCTURAL JOINTS IN CONCRETE LINING



Many portions of Austrian 'and German Federal Railway are located in
voleanie rock where almost all tunnels are subject to water leakage. Running
water in the tunnéls leads to substantial destruction of the railway

superstructufe, that is, steel, concrete and power equipment.

As an éitefnative to the traditional water-impervious inner concrete
{bituminous waterprooflng), a new method was developed and used in Austria and
Switzerland in the early 1970s. Thls method is based on the incorporation of a
polymer plast;q material known as the HP sealing strip. The strip 1s,app11ed
"~ between the outer shoterete shelf and inner concrete iiﬁihg.; This method
creates a tunnel lining that is‘pfactigally.impervious and,‘cbnSequéntly, has
beén successfully adaptéd for subway and‘railway tunnels. All partlelpants at
the meeting expressed interest in the Austrlan method and agreed that it

deserved further study.“
Also meﬁtioned was the pbssibility of'u;ilizihggplatés welded;tq}anchors on
the inner surface of the. tunnel ‘1ining. Such a system; being wéldedtélong the

piates’ 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 prev1ously mentioned, the ma jor tunnel leaks at WMATA occur’ through
lining joints and shrinkage cracks in concrete. A similar 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.

101



" CHAPTER 9. °

Case Study No.5 : New York City Transit System
Location: New York, NY
Owner: New York City Transportation Authority (NYCTA)

9.1t INTRODUCTION

Case Study No. 5 was the study of the New York City Transit Subway System,
owned and operated by the New York City &ransportation Authority (NYCTA).

The study contains a detalled 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 following categeries:
1. Types of leaké;
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 13 one of the sites most affected by the water

intrusion.

‘August 9,'198H, 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 1ntersect10n statlon

"East 63rd Street", where various 1eakage problems exist.

The photographs Figures 9.1 and 9.2 were taken durlng the 51te VlSltS at

Bergen Street Stathﬂ and East 63rd Street Station.

9.2 GENEﬁAL'INFORMATION

The New York City Subway System 1s one of the oldest in the United States.
It is alsolthe ‘most overloaded in the country. The following tables prov1de

general information on system characteristics.

" TABLE 9.1 TOTAL TRACK MILEAGE-OF RAPID TRANSIT LINES-

Construction - 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 elevaﬂg@’strgcpures ‘ 9.74 58.99 . 67.46 52.67 18B.86
Total - ° o 216.29 98.22  253.87 . 131.33 699.71

TABLE 9.2 TOTAL ROUTE MILEAGE

P

Constrbdtio@'f B Manhattan Bronx Brooklyn Queens Total

Underground 65.22 10.96  40.10  16.73 133.01
Open, h@tvén structure - 3.38 14,03 6.95 24,36
On elevated structures = 4.25  °  18.60  28.90  21.34 73.09

Total =~ - T o69.47 32.94  83.03 45.02 230.46
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FIGURE 9.1

FIGURE 9.2

W

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 locationé that were visited bj 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
strucfﬁrés. OVér 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 almésﬁ entirely stopped consuming the underground water from értesian
wells for its population needs (this occurred during the 1940s), it resulted in
the rise of the undérgrdund‘wateh 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 heedvto be
entirely reconstfucted. The Transit Authority is now pumping more than 13
million gallons of water a day, but parts oflthe roadbed are nevertheless

soaking in water.

In the last ten years, the Authority has spent about 50 million ‘dollars
strengthening. subway floors, installing pumps and building sewer lines to steer
water away froﬁ-theftracks,- But when a pump is inoperable, water reaches the

third rail and power must be shut off.

Due to extehsive-ﬁater'§6ntrol measurés, watér has not risen significantly
in the last iO,yeafs,'but its'bfesence over the yeéré-causes difficult problems.
For example, stretéhesvof trécké have been weakened, so about 3vpercent of
NYCTA's underground route miles (7 miles of track) are being carefully monitored

and inspected.
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1 - Bergen Street Station
2I- Lehox Line

3 - 63rd Street Station--

FIGURE 9.3 SITES OF INTENSIVE WATER LEAKS

106



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. Ideally, the
box rests on dirt. But in certain areas where- the water has rlsen, the dlrt
base has been eroded, and the box is now resting on water.” When the tralns
pass, they put pressure on the floor, but without the SOlld dlrt base the
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.‘ Thls leads to the
eroding of the ballast whic¢h supports the rail ties. Other problems whlch oceur

are rotting of the ties, corroding rails and short1ng out 31gnal systems.'

Figures 9.4 and 9.5 show a tremendous water inflow through the tunnel ‘walls
and floor at the Bergen Street Statlon. The lower level of that statlon 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 descrlbed by the NYCTA representatlves.

About 5 percent of all leaks look like small rlvers. They cannot be
stopped without full reconstruction of the main structures, which, in turn,
requlres an end to tunnel and statlon operation. Such a situation exists, for
example, at Bergen Street Statlon. About 20 percent of leaks can'oe deseribed

as qulte lnten31ve and are treated by outside contractors.

Seventy flve percent of the leaks, described as minor to moderate are being

controlled by the Tran51t Authorlty 8 divisions.

In addltlon to water 1ntrus;on there is 1nf11tratlon of oil and steam fronm

groundqtransport and working equipment, which complicates overall.the problem.

9.4 MAJOR LEAKAGE TYPES AND SITE LOCATIONS

As 1n the other subway systems (NFTA MARTA, MBTA, and WMATA) prev1ously

studled in»thls report the underground structures (tunnels and statlons) of the
NYCTA Subway System have numerous leaks which occur through the tunnel concrete
walls due to- concrete shrlnkage cracks and structural Joints not sealed

completely. I
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FIGURE 9.5 WATER INFILTRATION (BERGEN STREET STATION)
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There are also a number of leaks along tne ventilation system and. sewer
lines. However, the most extensive and dangerous type of leakage in tunnels
occurs when the water can infiltrate through partially destroyed tunnel concrete
walls and floors, as previously described. Figure 9.6 shows an example of such

deteriorated structures.

As can pe observed the central column no longer serves as a structural
suppeoert, but 1nstead is suspended from the tunnel ceilins. There is a large gap
between column pedestal and' concrete floor. The concrete floor does not rest on
the ground because the ground dirt.. has been eroded by water.- Instead of having
a solid base, the floor 1s supported at several points. Under pernanent'dynamic
loads of tralns the ‘concrete floor cracked and split into separate blocks. That
created’ many paths for water to penetrate easily into the tunnel w1th such

1nteneitx,tnat only constant pumping can control the water_inflow.

fhé;followingjis a more detailed description of three subway sites. These

sites are shownﬁinﬁﬁiéure g9.3.

L

9.4.1 Bergen Street Statlon (No. 1 in Figure 9.3)

The Bergen Street Statlon 13 located on the Prospect Park - Coney Island
Line (Brooklyn: Borough) The station has two 1evels. The lower level has been
closed due to intensive ground water inflow which;caused a deterloratlon of
strUEtUreese?qlgneratipn'systems. o L |

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).

Figures 9.7.and 9.8 depict typical leaks through shrinkage cracks and

structural joints on the walls of Bergen Street Station.

A cross section of the station is shown in Figurerg.g. 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, rehabllltatlon work is belng undertaken.u;Ihat3ugrk

includes. the followlng procedures.' h , ‘i~ H{ ‘j'ai_-fji‘
éi. Remova1~of archltectural eover{of:walis} 1Ff;;r
;25€‘Seallng all the cracks w1thrwaterproof1né materlals'
Vé;ifDlvertlng heavy 1nflow and then seallng all p01nts of water entry,
H;\jPatchlng a11 deterlorated and/or 3011ed concrete'ﬂ

S.f Installatlon of waterproof "Volklay Panels" on an inside face of walls

‘":and on the top of a floor slab;

6. ;Fllllng ventllator bays wlth concrete up to 6 ft. above the ground
‘water table.
Rehabilitation procedures‘include drilling holes in walls to locate water
leaks. A'heavy water inflow, if encountered, shall be channeled away, as is

shown .in Figures'9.1é~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 seriouslyuzl
deteriorated {see Figure 9.6), allowing a tremendous water inflow. _Dueitc this
problem, NYCTA proposes to rebuild the invert and to repair tunnel structures on
the Lenox Line between 117th Street and 124th Street. The prbposedfﬁenci Line

reconstnuction is shown on Figure 9.14.

Groundwater is entering the tunnels and statlons at numerous: p01nts. and
carrying partlcles of soil. That results in the deterloratlon of . the
structures, and may even lead to their collapse.- Inflow1ng water causes

corrosion of steel and rottlng of ties. SRR :h‘,_ ’ﬂ;415

Concrete structures ‘have no steel beams or relnfor01ng bars.- Lack'df
relnforcement has permltted cracks to grow., ThlS, in: turn has allowed flne
soil to enter along w1th the water and led’ to breaks 1n the concrete, whlch grow

at an acceleratlng rate.
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.FIGURE 9.13 A WATER CHANNELING (BERGEN STREET. STATION)
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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 deterloratlon of the aforementloned segment of the Lenox Avenue Line
has reached the p01nt where all tran31t operations have had bo be decreased.
Permanent reconstruetlon measures’ are requ1red to prevent a, p0351b1e structural

failure.

The estimated cost of the invert reconstruction project is $25 million.
The'estimated time>reduired to complete that work is about 29 mdnths; During
that period, the subway-line will be closed to passengers on nights and

weekends, requiring a shuttle bus service during the time of closure.

9.4.3 Route-131-A'- East 63rd Street (No. 3 at Figure 9.3)
The remodifieq“63rd Street Station has several 1evelsAand large plan and

profile sizes. 'The?oIEhs for that station are shown in Figure 9.15.

Shrinkage creoks?and;joiﬂt leaks are the major sources of/groundwater
inflow at that Ste;ion;»'Figures 9.16 and 9.17 show typiecal leaks through the
shrinkage cracks. Figures 9.18 and 9.19 show calcifications in the area of the
leaks. .

' Figure 9.20 also shows leaks through the shrlnkage cracks and surface
calcification caused by ground water inflow. An attempt to_channel or to stop
the‘water inflow using plastic covers is shown. ArohitectUral'covering of walls

(tile) were removed to allow for water treatment.

There are substantial, although not typical, water‘deposips at that
station, caused by a oondensation of water from the humid air. Water drops can
be observed everywhere on the struotural steel walls and on the equipment. Once
train operatlons .begin, air wlll 01rcu1ate through the tunnels and-station, thus

eliminating thls problem.
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FIGURE 9.18 CALCIFICATION AROUND THE CRACKS (ROUTE 131-A)
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FIGURE 9.19 CALCIFICATION AND SETTLEMENTS AROUND THE CRACK AREA (ROUTE 131-A)
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FIGURE 9.20 LEAKS THROUGH THE SHRINKAGE CRACKS BEHIND THE ARCHITECTURAL COVER (TILE WALLS)



9.5 REMEDIAL MEASURES FOR WATER CONTROL

The NYCTA Subway System experiences infiltration by the following
substénéeg: o - 7 | o |

1. Groﬁnq watér (éajo; factor);

2. City sewer water;

3. Gasoline and o0il;

4., Condensed steam from the city underground equipment;
5. Fine soil particles.
The basic methods of water treatment are;
1. Pumping;
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 archés over passenger sidewalks and platforms. However, channeling by means
of stee% 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 intoc the soil behind the tunnel structure, foilowing 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 Systen.
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On the extension of the East 63rd Street Station of the Route 131-A Line,
the conecrete 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 tremendously 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 1979.7

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 te
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 developnment of an

effective treatment of water leaks in any underground subway structure.
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APPENDIX A - DATA COLLECTION QUESTIONNAIRE

CASE NO.

TRANSPORTATTCN
SYSTEM LOCATIN

NAME OF
PROJECT

CESIGNER:

CONTRACTOR:




STUDY OF WATER INTRUSION PROBLEMS IN TRANSIT TUNNELS
CONTRACT NO. DIUM60-83~-C-71217

A, WATER ILFAKAGE PROBLEM IDENTIFICATICN
l. Iocation of water leakage

Z. Specific details {water characteristics, water pressure, loss
of ground)

3. Severity of the prdblan {total in-flow, progressive changes
with time) '

4, Causes of the problem (éither identified or suspected)

5. Related factors and their influence (if any)

6. Detrimental effect

a) on the construction activity

b) on the transportation system operation and function

c) on the surrounding structures

B. REMEDIAL MEASURES FOR WATER CONTROL
1. Contractual classification of the remedial measures
a) in-house attempts
b) outside contracts
2. Technical classification of the remedial measures
a) Hydrostaticpressure 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
—equipme:}t
-monitoring




2. Technical classification of the remedial measures (continued)

b) Hydrostatic pressure relieved
1) ‘water collection
—panning
—drainage
~Chases
2) Provision for the disposition of water according to the |
expected total in-flow (sump pumps)
3. Evaluation of remedial measures
a) Types and volumes of materials being used (generic terms
as well as brand names)

b) Efficiency of measures

c) Side effect on construction or system operation activity

d) Time required for water control measures (including overtime)

C. TUMNEL ENVIRONMENTAL DESCRIPTION
1. Structural Description ,
a) Types of underground structures (rumning tunnels, shafts,
stations, etc.)
b) Method of excavation
¢) Lining type
1) cross section
2) materials
3) thickness
4) joints and details
2. Geological setting
a) Tunnel media
b} Stratafication
c) Permeability
d) Category




C. TUNNEL ENVIRONMENTAL DESCRIPTION (continued)

3. Hydraulic Conditions
a) Growdwater characteristics
1) depth
2) artesian .
3) perched levels
4) dissolved constituents
5) corrosion and pollutants

| b) Surface water
1) flooding

2) seasonal fluctuations

p. TUNNEL DESIGN AS IT RELATES TO THE WATER PROBLEMS
L. Lining Design -
~a) Shape
b) Thickness

c) Material (concrete, w/c ratib, admixtures, sand and gravel

2. Design of construction procedure

Water problem handling design

4, Special design requirements

E. TUNNEL QONSTRUCTION METHODS AS THEY RELATE TO THE WATER PROBLEMS
1. Concrete mix preparation and quality control
a) Properties of the sand

b) w/c ratio at various locaticns

~¢) size of the specimen for testing

2. Concrete pouring process and quality control.
a) Concrete delivery to the site
b) The length of pour
c) Tamperature at the time of pouring

d) Who supervised the pouring process . .
e) What methods were used for installation of concrete
f) Concrete workability
g) Curing procedure

h) When were the forms removed
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Concrete pouring process and quality control {(continued)
i) what kind of slumps were used and how they were
tested

j) Time interval per nunber of batches

Special water handling measures
a) Dewatering during pouring and curlng processes

b) Special dewatering (if necessary) in completed tunnels

QOST DATA FOR WATER COONTROL

Waterproofing program costs

Costs for additional investigation of geological and hydraulic
conditions

Costs of possible tunnel alignment versus groundwater control

measures

Costs of routine maintenance (labor and materials

Cost impact on the system in a case of non-repairing leaks
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