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PART I
INTRODUCTION

1-01. Location and Description of Project. This project, "San Antonio
River and San Pedro Creek Tunnels, Phase II-Tunnels and Shafts," is part
of the broader San Antonio Channel Improvement Project. The latter is a
flood control project for the upper San Antonio River and four
tributaries - - Martinez, Alazan, Apache, and San Pedro Creeks. The
subject of this report is a tunnel and shafts constructed to control
flooding on the San Antonio River. The San Pedro Creek Tunnel was the
subject of a previous report. San Antonio River Tunnel is the longer of
the two inverted siphon tunnels which have been designed to prevent
flooding in downtown San Antonio, Texas. Both tunnels are of the same
design and same general dimensions, and have been excavated by the same
tunnel boring machine (TBM). Each tunnel will divert floodwater from
its respective drainage into an inlet shaft located upstream from the
city, and transfer the water beneath the city to an outlet shaft
downstream. San Pedro Creek Tunnel extends 5,985 feet from the center
of the inlet shaft to the center of the outlet shaft. The San Antonio
River Tunnel extends 1,625 feet between the centers of its inlet and
outlet shafts.

The subject tunnel follows the southerly course of the San Antonio
River between McAllister Freeway (Hwy 281) on the north and Lone Star
Boulevard on the south. The tunnel slopes downstream at a gradient of
.002 from an invert depth of 149 feet (elev 509) at the inlet to 150
feet (elev. 473) at the outlet. The lining is 12-inch thick precast
concrete which gives an inside tunnel diameter of 24 feet 4 inches.

There are nine permanent shafts along the San Antonio River
Tunnel. The inlet shaft lies between Highway 281 on the north and
Josephine Street on the south. It has a cast-in-place concrete liner
with an I.D. of 24 feet 4 inches. An 18-foot I.D. cast-in-place
concrete maintenance shaft was constructed at two sites; one on Water
Street just east of South Alamo, and another just north of Brooklyn
Avenue. Three, 4-foot I.D. steel pipe ventilation shafts are located,
respectively, to the north of the St Mary's and Pereida Street
intersection, on Broadway between Third and Fourth Street, and on Camden
Street, just north of I-35. Two 12-inch I.D. steel pipe shafts are
located, respectively, within 31 feet and 85 feet of the inlet shaft and
the outlet shaft; these shafts facilitate hydraulic instrumentation
measurements once the tunnel is in operation. The outlet shaft is
located about 148 feet north of Lone Star Boulevard, just northeast of
the Lone Star Brewery, and it is lined with cast-in-place concrete to an
I.D. of 35 feet.

1-02. Construction Authority. Construction of the San Antonio Channel
Improvement Project was authorized in the Flood Control Act of 1954
which was approved on 3 September 1954 (Public Law 780, 83rd Congress,
2nd Session).




1-03. Purpose of Report. The objective of this report is to describe
the foundation conditions encountered during the construction of the
subject tunnel and shafts. It is also intended to be a consolidated
record of the foundation related construction operations and an
information source for future reference. The report is to be a part of
the permanent project engineering and construction record, and will
provide background knowledge for evaluation of any future structural
problems or turther foundation studies. To enhance these stated
objactives, a video foundation report is provided as an addendum to the
text. The video presents a narrative by the construction geologist and
actual taped footage of the ground behavior during the tunneling
excavation.

1-04. Contractor and Con'.cact Supervision. Ohbayashi Corporation of
Tokyo, Japan and San Francisco, California, was awarded construction of
the "San Antonio River and San Pedro Creek Tunnels, Phase II-Tunnels and
Shafts"” under Contract No. DACW63-87-C-0109 on 23 September 1987. The
contract amount was $47,750,000.40. The "Notice to Proceed" was issued
on 30 October 1987, and the contractor acknowledged receipt on

3 November 1987.

Subcontractors to Ohbayashi on the San Antonio River included
Boretec, Inc., of Solon, Ohio, who selected and modified a used TBM for
the job; Sehulster Company, Inc., of Milwaukee, Wisconsin, who
manufactured the precast concrete liner segments at a plant established
in San Antonio; Woodward-Clyde Consultants of Houston, Texas, who were
responsible for the specified geotechnical instrumentation program; Cato
Electric and Drilling of San Antonio who constructed the concrete
soldier piers for the various shafts; Beck Foundation Company of San
Antonio who drilled the maintenance, vent, top heading access, and
hydraulic instrumentation shafts; and Ruiz-Noyes Construction of San
Antonio who contracted the muck hauling.

Quality coatrol was provided by the principal contractor,
Ohbayashi Corporation. The contractor was required to establish and
maintain an effective quality control system consisting of plans,
procedures, and organization to ensure the contract requirements in
materials, equipment, workmanship, fabrication, and construction
operations. A quality control system manager (Mr. Lindy White) from
within the contractor’s organization was required to be at the work site
with responsibility for regulating all quality control matters. A fully
qualified staff was required under the system manager with necessary
experience and technical training to perform all quality control
activities. Records and tests of the contractor’'s quality control
throughout (he construction operations were furnished to the Government
as directed by the Contracting Officer. The entire work was subject to
inspection and testing by the Government as quality assurance prior to
acceptance.

Ohbayashi Corporation’s contract supervision was provided by
Messrs. Akio Watatani and Kaname Tonoda, General Managers in the San




Francisco Office, Mr. Carl Linden, on-site Project Sponsor, and Mr. Paul
Zick, on-site Project Manager.

The Govermment contract administration and quality assurance were
provided under Colonels William D. Brown, and John A. Mills, the
Contracting Officers. Chief of Construccion Division was Mr. Shiegeru
Fujiwara, followed by Mr. Chet Taylor in 1991. Mr. Keith M. Allen was
Resident Engineer and Authorized Representative of the Contracting
Officers. This report was prepared by the Resident Geologist, Mr. Roy
Crutchfield.

Consultation and support in preparation of the report was provided
by the Fort Worth District, Geotechnical Branch, Engineering Division.
Mr. Melvin G. Green was Chief, Geotechnical Branch, Mr. Robert C. Behm
was Chief of Engineering Geology Section, and Mr. Harlan E. Karbs was
Chief of Soils Design and Dam Safety Section.

1-05. Disputes Review Board. The Disputes Review Board was an advisory
body created by mutual agreement between the Government and Ohbayashi
Corporation to assist in the resolution of disputes or claims arising
out of the project. The process was a voluntary, expedited and non-
judicial, non-binding mediation procedure whereby an independent three-
party Board was presented with Government-Contractor disputes for expert
evaluation, recommendations, and possible resolution.

The Board consisted of one member selocted by the Government,
Mr. Ronald E. Heuer, one member selected by Ohbayashi, Mr. P. E. Sperry,
and the final member, Mr. Robert J. Smith, who was selected by the first
two members.

1-06. References.

a. Design Summary Report with Appendices A and B, San Antonio
River and San Pedro Creek Tunnels, Phase I1-Tunnels and Shafts,
Solicitation No. DACW63-87-B-0085, dated May 1987.

b. Design Memorandum No. 5, Part III, Supplement I, Construction
Unit 7-3-1, dated November 1985.

c. Geologic Atlas of Texas, San Antonio Sheet, Project Director
Virgil E. Barnes, University of Texas at Austin, Bureau of Economic
Geology, 1983 Revised Edition.

d. A Revision of Taylor Nomenclature, Upper Cretaceous, Central
Texas, by Keith Young, Bureau of Economic Geology, Geological Circular
65-3, dated May 1965.

e. Ground-Water Geology of Bexar County, Texas, by Ted Arnow,
Geological Survey Wats - Supply Paper 1588, dated 1963.

f. Geologic Map of Bexar County, Texas, by A. N. Sayre, dated
1932-33 (with modifications by Lang, Brown, Mitchell, and Arnow, dated




1959).

g. The Geology of Texas, Volume I, Stratigraphy by Sellards,
Adkins, and Plummer. The University of Texas Bulletin No. 3232, dated

August 1932.

h. Final Instrumentation Report for the San Antonio River Tunnel
and Shafts, Woodward Clyde Consultants, dated June 1992.




PART II
FOUNDATION EXPLORATIONS

2-01. Investigation Prior to Construction. A total of 45 borings were
drilled between August 1982 and January 1985 to determine the geoclogic
conditions along several considered tunnel alignments. Although all of
the borings were in the same vicinity, 32 wei. drilled on or in close
proximity to the adopted alignment. The hole depths ranged from 150 to
170 feet, with a total of 7,160.5 linear feet drilled. Overburden was
usually drilled with 8- to 10-inch augers, except where undisturbed
samples for shaft sites were taken with a 6-inch Denison barrel (6DC-
243, 6DC-244, 6D4C-263, 6D4C-274, 6DC-297, and 6DC-301). Rock bits were
oncasionally used when needed in difficult material. Undisturbed
samples of the primary were taken with 4- or 6-inch core barrels. All
of the core was photographed and logged by a geologist. Electric logs
were obtained for each hole, including resistivity, gamma, and caliper
logs. A seismic velocity survey was conducted in nine boreholes along
the upstream half of the alignment. Ground-water information was
recorded for each hole during drilling, and permanent casing was
installed in 23 holes for future data collection. See Plate 1 for
location of borings and Appendix B for detailed geologic logs.

2-02. Investigations During Censtruction. In December 1989 and January
1990, four core borings were drilled between the outlet shaft and
station 24+70. Tunneling from th. outlet shaft was encountering very
unstable rock in the softer Navarro Formation. The borings were drilled
to confirm the extent of this softer material and for examination by
various consultants and government and contractor personnel. Boring
number 8AA4C-322, located at Station 31430, crossed a fault plane with
associated gouge from 76 to 79 feet. This fault, downthrown to the
south, marked the northern limit of soft, unstable shale along the
tunnel alignment.

Geotechnical instrument installations required borings within and
above the tunnel and shaft excavations. These borings, as well as those
for rock anchor and spiling installations, were observed for additional
information on ground conditions. This was particularly true with the
six-position extensometer installations; core sampling and geologic
logging were contractual requirements for each of these borings which
extended from ground surface to just above the tunnel crown. These
borings were numbered X-3 through X-8, and were drilled consecutively at
the following stations: 10+50, 12+20, 23+83, 82+16, 98+00, and 118+8%.
(Borings X-1 and X-2 were on the San Pedro Creek Tunnel.) Boring No. X-
5 was extended to the 250-foot depth without encountering the M-1
stratigraphic marker bed in the uppermost Taylor Formation. This
verified that the fault at station 30+90 had a considerable displacement
of 150 feet or more.
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PART III ‘
GEOLOGY

3-01. Regional Geology.

a. Physiography. The San Antonio River Tunnel is located where
the northeast trending Balcones fault zone forms the boundary between
two physiographic provinces; the Edwards Plateau to the northwest, and
the Gulf Coastal Plain to the southeast. The Edwards Plateau is located
on the upthrown side of the fault zone with an altitude ranging from ®
about 1,100 to 2,300 feet. It is a rugged and hilly upiaud dissected by
the headwaters of numerous streams. Limestone, which dips slightly to
the southeast, has provided the resistant erosional surface of the
plateau and caps the remnant hills. Between elevations 1,100 and 600
feet, the Balcones fault zone forms an abrupt transition from the hill
country in the northwest <o the rolling plains in the southeast. The o
zone is marked by fault escarpments in places, but lacks topographic
expression where formations on both sides of the faults are equally
resistant to erosion, such as along the tunnel alignment. The fault
blocks are composed predominantly of limestone and shale beds which dip
gently southeastward. The Gulf Coastal Plain lies below elevation 600
»n the downthrown side of the fault zone. It is a rolling prairie ®
underlain largely by beds of clay and poorly consolidated sand. The
regional dip is greater in this province, ¢ 1tinuing southeastward
toward the Gulf of Mexico.

b. Stratigraphy. The regional stratigraphy consists of Recent to
Pliocene aged alluvial deposits underlain by sedinentary formations of ®
the Tertiary to Cretaceous Periods. The alluvial deposits consist of
various combivations of gravel, sand, silt, and clay with occasional
cobbles and boulders in places. They are predominantly fluviatile
fioodplain and terrace deposits of which the oldest two have been
formally named tlhe Leona Formation (lower Pleistocene) and the Uvalde
Gravel (Plincene). The underlying Te:tiary formations are of the Eocene ®
and Paleocene time epochs. These consist of clay, lignite, sand, and
sandstone ct the Claiborne, Wilcox, and Midway Groups. Cretaceous
formations are contained in the Navarro and Taylor Groups of the Gulf
Series and consist mostly of shale, clay shale or claystone, limestone,
and sandstone. These are discussed more fully in succeeding parugraphs
as it relates to the project geology. ®

c. Structurce. The regional structure may be divided into three
distinctive areas: the nearly flat and relativelv undisturbed beds of
the Edwards Plateau; the gently dipping but faulted and folded beds of
the Balcones-Luiring fault zones; and the southeast dipping monocline of
the Gulf Coastal Plain. The rock formations s*rike east-northeast and )
dip south-southeast throughout the region. The average formation dip in
the Edwards Plateau ranges from 10 to 15 feet per mile, but it increases
to 150 feet per mile in the coastal monocline. Between these cwo areas
the formations dip gently, but are faulted downward about 3,000 feet in
a distance of about 22 miles.




Regionally there are two major f.ult zones, the Balcones fault
zone, and the Luling fault zone. The Balcones system contains all of
the faults within and north of San Antonio, and is separated from the
Luling system by a large graben about 25 miles to the east-southeast.
(The Mexia fault zone forms the east side of a similar gra2ben to the
north in central Texas.) Both fault zones were apparently part of the
same tectonic system which was active during the mid to late Tertiary
Period. Normal or gravity faults are predominant in both zones, but the
Balcones faults are usually downthrown to the east or southeast and the
Luling faults are usually downthrown to the west or northwest. Major
faults of both zones trend east-northeastward, roughly parallel to the
formation strikes. The almost straight traces of these faults suggest
nearly vertical fault planes. Shatter zones are common with numerous
small step faults occurring within a narrow area. However, large faults
also occur and several are known to have displacements in excess of 100
feet. The Balcones faults have the greatest displacements; a fault
northwest of San Antonio near Helotes has the largest known throw of
about 600 feet, and another fault in south San Antonio has a throw of
more than 550 feet.

Although faulting is the more prominent structural feature of the
region, the faults generally have decreasing displacements toward the
ends of their trace, and in places, diminish into folds. especially in
the softer strata. A major asymmetrical fold, the Culebra Anticline,

plunges southwestward several miles west of the tunnel project. It has
a core of Austin Chalk and is flanked by mostly Taylor and Navarro
Formations. Both flanks of the anticline are terminated by faults of

the Balcones system.

3-02. Geology of the Tunnel Alignment.

a. QOverburden. Overburden along the tunnel alignment consists of
fluviatile low terrace deposits, residual clay, and occasiuvnal man-made
backfill or construction surfacing. The fluviatile deposits are for the
most part clav, clayey gravel, and gravelly clay with lesser amounts of
silt and sand. Lower gravel beds are largely composed of calcareous
concretions formed around chert or limestone pebbles; these are rounded
to subrounded, whitish concretions usually ranging from 1 to 2 inches in
diameter, although sometimes as large as 3 inches. A water-bearing
gravelly clay to clavey gravel is often the basal stratum of the
overburden, except where the primary formation is directly overlain by
residual clay. The residual clay is tan to buff with gray streaking and
mottling, soft, and of medium to high plasticity. It is similar to the
underlying weathered clay shale, except that it lacks distinct bedding
structure and induration. In places, isolated pebbles within the clay
suggest possible reworking with the overlying alluvium. Being within a
city, the natural overburden is frequently overlain by man-made deposits
such as concrete, asphalt, and random soil fill, including minor amounts
of construction rubble and other refuse.

The overburden blanket, or regolith, along the tunnel alignment




varies typically in thickness and character. Average thickness of
overburden along the tunnel alignment is 18.0 feet, but varies between
14.0 feet and 28.0 feet. Individual strata range in thickness from
about 1 to 23.7 feet. Although the fluviatile deposits are relatively
well sorted from the finer grained deposits near the surface to the
coarser gravel deposits at depth, the gravel beds generally display a
good gradation in the engineering sense that various grain sizes are
distributed throughout. Cobbles are present in places, but never
numerous. Clayey gravel often grades into gravelly clay. The clay may
be either fluviatile or residual. Both types of clay may range from
lean to fat in plasticity and are variably calcareous. The fluviatile
clay may contain gravel, particularly toward the base of the stratum.

b. Primary Formations. The primary formations or rock medium in
the San Antonio River Tunnel and shaft excavations consisted of the
Taylor Formation north of a fault located at tunnel station 30490 and
the Navarro Formation south of the fault. Both of these formations are
generally classified as calcareous clay shale, but they also differ in
notable physical properties and inherent engineering characteristics.
They are both clay-based formations, deposited in the Cretaceous Period;
in places, they both contain a high content of expansive
montmorillonite, and they both are interbedded with limy layers of
calcareous claystone or marlstone. Nevertheless, they also have
differences in composition, strength, and structure.

The Taylor and Navarro are treated as formations, rather than
groups, since they are not locally subdivided into well-defined
stratigraphic units. However, the formations contain interbedded
calcareous or limy layers which may be used as marker beds in electric
log correlations. These marker beds have been designated M-0 through
M-4, from youngest to oldest. The M-0 is Navarro strata which occurs
nowhere upstream (north) of the fault separating the two formations.
The other marker beds are within the Taylor. The name of each marker
bed also applies to the underlying strata separating it from the next
marker bed. For example, the M-1 represents all of the material from
the top of the M-1 marker to the top of the M-2 marker. Also, electric
log correlations were conducted along a continuous :2-foot thick
greensand or glauconitic layer; this was designated the M-5 marker bed,
which represents the remaining Taylor section beneath it.

Due to the formation dip to the southeast and the vertical
displacement of faulting, the tunnel crosses through all six of the
identified beds from the M-0 at the outlet to the M-5 at the inlet. It
tnereby progressed upstream from younger to older beds, which was
significant to the excavations. Upstream, the material becomes more
limy as it forms a gradational transition toward the underlying Anacacho
Limestone and Austin Chalk. X-ray diffracton tests reveal that the
stratigraphically lower and older beds tend to be two to three times
more limy than the upper beds. The ratio of clay to calcium carbonate
is inversely proportional in this material. Thus, the M-0 through M-2
materials are generally more clayey and lithologically weaker; the M-3




through M-5 materials are typically more limy, better cemented and more
geologically consolidated to give a denser and stronger rock.

A rudimentary visual observation can roughly ascertain the
variable clay and carbonate (limy) lithology. The darker gray,
unctuous, soft to moderately soft material is higher in clay content;
the lighter gray, earthy, moderately soft to hard material is higher in
calcium carbonate. More exactly, X-ray diffraction tests on Taylor
samples indicate that it consists of 30 to 45 percent clay, 15 to 50
percent carbonates, 10 to 30 percent quartz, and a trace to 15 percent
feldspar. Based on engineering characteristics, it is expected that
much of the Navarro M-0 strata exceed this maximum percentage of clay.
Tests indicate that the more prevalent of the clay minerals is the
expansive montmorillonite with lesser amounts of nonexpansive illite and
kaolinite; although this is not everywhere the case, it is particularly
true in the M-O strata.

The Taylor Formation/Group forms the tunneling medium for about 87
percent of the San Antonio River Tunnel. Geologic literature often
refers to the Taylor as a stratigraphic group containing several
formations. Although the formations vary from place to place in
composition and name, the Taylor may be generally divided into three
stratigraphic units: the Upper Taylor Marl (also called the Marlbrook
Marl or Bergstrom Formation), the Pecan Gap Formation, and the Lower
Taylor Marl (also called the Sprinkle Formation). Keith Young, May
1965, in referring to these three formations classifies the lithic
sequence as: "claystone, chalk or marly limestone, and claystone,"
thereby substituting claystone for old marl terminology used by
Sellards, et. al., August 1932. Since "marl" is an old and loosely
applied term for unconsolidated or little indurated materials containing
35 to 65 percent clay and 35 to 65 percent carbonate (American
Geological Institute’s Glossary of Geology, 1974), it can apply to the
Taylor in composition only. As a geologically consolidated mass of
predominantly clay and carbonate minerals, the Taylor is more aptly
classified as a calcareous clay shale where fissile, a calcareous
claystone where lacking fine lamination, and possibly a marlstone where
highly calcareous. Although only the Upper Taylor unit is present
locally, it consists of some variation and subtle transitions through
all three of these similar rock types. Therefore, we have, for
simplicity, chosen calcareous clay shale as the general project
classification.

The Navarro Formation/Group is lithologically similar to the
Taylor and yet significantly different in some physical and engineering
characteristics. The Navarro is quite clayey with occasional
interbedded limy layers; and, in this respect, it resembles much of the
M-1 and M-2 strata of the Taylor. As with the Taylor, the general
project term for the Navarro is clay shale, though it also could be more
specifically classified as a claystone or marlstone where appropriate.
Actually, the local stratigraphic contact between the two formations is
notoriously difficult to identify. On the other hand, the structural
contact across the fault plane at tunnel station 30490 presented a
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rather stark contrast between the weak, unstable Navarro and the
velatively firm, massive Taylor. This illustrates the somewhat subtle
and yet significant differences. The transition trom the one formation
to the other in the stratigraphic column is hardly distinguishable, but
their behavioral differences across a fault contact was drastically
obvious.

The differing Navarro characteristics become apparent below a limy
zone about 90 to 95 feet from ground surface, or about 15 to 20 feet
above the tunnel crown. Below this depth the M-0 strata produce clay
activity values greater than 2 which indicates a high content of
montmorillonite or smectite clay minerals; a clay activity of 1 or
greater is representative of a swelling clay. Layers of white bentonite
occur at elevations 523 (100 foot depth) and 492 (131 foot depth). The
material is a weak, soft, unctuous, dark gray, clay-based rock having
unconfined compressive strengths averaging around 20 TSF, and in places,
lower than 5 TSF. The unconfined compressive strength of the Taylor
averages 33 TSF. The Navarro moisture content at these depths range
from about 30 percent to 40 percent, whereas the Taylor averages 15.5
percent. In this material the plastic limit averages about 30, and the
liquid limit varies from 108 to 149; in the Taylor the plastic and
liquid limits average 17 and 53, respectively. Tests also indicate that
the material could be overstressed at tunnel depths where an overburden
pressure of about 8.8 TSF exceeds the shear strength of 6.6 TSF. Also,
thin, grayish white silty sand to sandy silt layers occur below the
elevation 523 bentonite. These 1/16-inch to 1l-inch thick silty-sandy
seams create horizontal planes of weakness which are crisscrossed by
joints and slickensided minor faults to form blocky ground. Simply
stated, the Navarro at tunnel depths is weak, possibly overstressed,
blocky ground.

c. Geologic Structure. The San Antonio River Tunnel is contained
within four fault blocks of the Balcones system. The most notable and
largest fault is located at Station 30+90 where there is over 150 feet
of downward displacement to the southeast. This has placed the
stratigraphically higher and younger Navarro Formation in the tunnel
horizon along the lower 2000+ feet of alignment. The tunnel alignment
in this section closely parallels the formation strike resulting in a
near horizontal apparent dip. The other three faults are located
upstream within the Taylor Formation which shows little structural
disturbance. One of the faults crosses the alignment near station 66+00
with a downward throw of 49 feet northwest, and another intersects the
alignment at about station 98+15 with a downward throw of 57 feet
southeast. A fourth fault is located about 190 feet north of the inlet
shaft, with a downward throw of 41 feet northwest. All of these faults
are consecutively downthrown in opposite directions, resulting in horst
and graben blocks.

The extensive geologic investigations for both tunnel alignments
on this project have updated and enhanced the depiction of the
structural and stratigraphic geology of central San Antonio. Rather
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than one fault which w=s formerly mapped through the downtown area, this
project has revealed four faults trending east-northeast across the
central city between Brackenridge Park to the north and Roosevelt Park
to the south. Rather than a fault contact between the Taylor and
Navarro Formations being near the Paseo del Rio, it is actually just
north of Brackenridge High School by about 500 feet at tunnel station
30+90.

The fault separating the Taylor and Navarro Formations actually
separated two different types of ground from a tunneling standpoint. As
discussed in the previous section, the Taylor and Navarro are
lithologically similar, but also significantly different to the extent
that they respond differently to underground excavations. The fault
separating the two formations had at least three times the displacement
as any of the other faults along the tunnel alignment. It trended N72°
east and was downthrown at a dip of 57° southeast. It had a 4-foot wide
breccia zone extending from station 30+90 to 30494 at tunnel springline.
This compares impressively with the 1/4-inch of clay gouge lining a
smaller (:40-foot displacement) fault plane in the Taylor Formation. 1In
fact, the Taylor was hardly disturbed by any of the faulting, and even
remained massive, unbroken ground adjacent to the Navarro fault block.
However, the Navarro block received considerable deformation with the
result that numerous joints formed, many being slickensided minor
faults. These joints were largely, though not always, high angle,
greater than 45° from horizontal. Their various orientations alternated
along the tunnel alignment in the upstream and downstream directions,
thereby crisscrossing through weakened horizontal bedding planes.
Bedding planes weakened by interbedded silt and sand layers formed
structural blocks when crisscrossed by the joints. Therefore, the
Navarro side of the fault was blocky ground, susceptible to loosening
and fallout due to stress relief around underground openings. (The
effects of the blocky ground will be discussed more fully in PART VI:
"CHARACTER OF THE FOUNDATION OR TUNNELING MEDIUM."

The geologic structure upstream from station 30+94, regardless of
the other three faults, does little to disrupt the massive character of
the 230-foot thick Taylor Formation. The upstream faults average about
50 feet of displacement, but have caused little disturbance to the
surrounding rock. Folding is but minor warping of essentially
horizontal strata. The stratigraphic inclination varies along the
alignment from O to 2°, with the predominant dip to the southeast.
Boring investigations in the Taylor had nearly 100 percent core recovery
and RQD. Geologic mapping during construction denoted occasional tight
fractures and low angle joints, but these are merely random
discontinuous breaks that hardly disrupt the massive character of the
formation. The few fractures and joints in unweathered rock usually dip
less than 10° and often coincide with the nearly horizontal bedding.
This persistent massive character of the Taylor undoubtedly accounts for
the limited effect of stress relief in that section of tunnel.

d. Formation Weathering. The predominantly tan coloring of the
weathered clay shale formations contrast sharply with the darker, gray
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unweathered clay shale. The tan coloration is mottled and streaked with
gray generally throughout the weathered zone. Rusty red iron staiaing
occurs along some joints and fractures. Joints and fractures are not
uncommon in the weathered zone. It is noteworthy that since there is
little water migration through the fractured areas, the top of the
weathered zone may be considered the contact between the clay shale
aquiclude and the overlying alluvial aquifer. The weathering averages
21.5 feet in thickness along the tunnel alignment. The contact with
unweathered formation occurs at an average depth of 40.8 feet. The
weathered material is soft, has medium to often high plasticity, is damp
in places, and contains scattered fossils. It is distinguishable from
the occasional residual clay deposits by slight induration and distinct
bedding structure. Due to this induration and bedding structure, the
material tends to break in blocky chunks when excavated.

e. Ground Water. The Navarro and Taylor are clay-based
formations which act as an aquiclude, prohibiting the migration of
ground water from both above and below the formation. Ground water in
the overlying alluvium is prevented from moving downward, and ground
water in the underlying limestones is confined under artesian pressure.
They form a consistently tight aquiclude, although there are occasional
structural breaks., Where breakage does occur, it is usually tight,
closed by intrinsic expansive clays, or healed by mineral precipitation.
Thus, the impermeable character of the rock is not significantly altered
by fractures, joints, or faults. The tunnel excavation was entirely in
dry rock with no seepage along structural breaks. However, some water
was encountered from extraneous sources due to construction mishaps and
abandoned water wells. The shaft excavations were also in dry material
for the most part.

The tunnel excavations encountered water from extraneous sources
twice during the top heading construction; one encounter was after the
top heading collapse, and another was as the TBM was cutting the lower
face below the top heading. The water, after the top heading collapse,
was from the overlying alluvial aquifer, and was introduced into the
excavation through three surface borings drilled to backfill the
collapse cavity. On the other occasion, a waterline broke during the
night and flooded over 400 linear feet of the upstream top heading
tunnel. Neither of these water occurrences caused major problems. In
both cases, the water was easily controlled by pumping. The water in
the collapse cavity was eliminated during the backfill operation, and
the waterline spill was simply pumped away. (These events are described
in more detail in Section 6-02, d. and e.)

The irain ground-water concern for the tunnel was that the TBM
might excavate through an abandoned and unplugged artesian well. The
major water source for the region is the Edwards Aquifer, from which the
city has a multitude of wells. Occasionally, unknown abandoned wells
are found, and there are no assurances that these old wells were plugged
as required by current regulations. The Edwards lies confined with an
artesian pressure beneath the Taylor and other impermeable strata at a
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depth of about €90 feet, or 550 feet below the tunnel. It has been
estimated that an unplugged well from within this aquifer could release
as much as 5000 gpm of water into the tunnel at a pressure of 70 psi.
As it turned out, abandoned wells were, indeed, intersected by the
tunnel excavation as discussed in para 7.03.

f. Seismicity. The San Antonio area, as for most of southern
Texas, is in a Seismic Probability Zone 0. This zero zone extends
north-south from Dallas to Brownsville and east-west from Beaumont to
Del Rio. No earthquake damage has ever been experienced within this
zone, nor should any be anticipated in the future. There are no distant
threats from earthquakes beyond this zone. Therefore, the tunnel
project has no seismic risks.

g- Engineering Characteristics of Overburden. The predominant
component of the overburden is medium to high plasticity clay though
silt, sand, and gravel also occur. The gravel deposits are often clayey
to a variable extent, ranging from clayey gravel to gravelly clay. Silt
and sand layers are also slightly clayey in places. Though the
overburden consists of various gradations from fine to coarse materials,
it was possible through thorough investigations to develop one set of
overburden design parameters for all of the shaft and surface
structures. These parameters are as follows:

(1
(2)
(3)

(4)
(3)

(6)

Moist Unit Weight (ym) - 125 pcf

Saturated Unit Weight (ysat) - 130 pef
Shear Strength Assumptions:

a. Cohesion (c’) - 0.1 tsf

b. Angle of Inner Friction (e') = 20°
Allowable Bearing Capacity (qall) - 2.0 tsf
Earth Pressure Coefficients:

(a) Ka (active) = 0.5

(b) Ko (at rest) = 0.7

(c) Kp (passive) + 2.0

Modulus of Subgrade Reaction
or Spring Constant (Ks) = 75 pci

h. Engineering Characteristics of Primary Formations. The
characteristic of the primary formations which caused the greatest
design concern was the capability of exerting relatively large swell
pressures on tunnel and shaft linings due to montmorillonite content.
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Although the swelling pressure is very low in some of the material and
is usually less than 5 tsf, it is known to be as high as 15 tsf in
places. Therefore, geotechnicai consultants were engaged as advisors
during the tunnel and shaft design. The swell pressure characteristics
and the recommendations of the consultants are discussed in PART IV,
"SPECIAL DESIGN CONSIDERATIONS," PARAGRAPH 4-02.

Other engineering characteristics were determined for selected
undisturbed samples along the tunnel alignment. In Atterberg tests, the
average liquid limit was 53 with a high of 72 and a low of 30; the
average plastic limit was 17 with a high of 19 and a low of 14; the
plasticity index averaged 36 with a high of 54 and a low of 14. The
moisture content ranged from 9 percent to 22.6 percent with an average
of 15.5 percent. Specific gravity was about 2.70. Dry density ranged
from 106 pcf to 136 pcf with an average of 122 pcf. Unconfined
compressive strengths varied from 5.1 tsf to 77.7 tsf, averaging 32.7
tsf. The soil modulus near tunnel depth ranged from 2.2 X 10* psi to
19.8 X 10* psi, with an average of 9.1 X 10 psi.

A set of design parameters were developed for both the weathered
and unweathered primary formations noting characteristic changes with
depth. These parameters are as follows:

Weathered Shale (Undisturbed)
(1) Moist Unit Weight (ym) = 125 pcf

(2) Saturated Unit Weight (ysat) = 130 pcf
(3) Shear Strength Assumptions:
(a) Cohesion (¢') = 0.1 tsf
(b) Angle of Inner Friction (o) = 25°
(4) Allowable Bearing Capacity (qall) = 3.0 tsf
(5) Earth Pressure Coefficients:
(a) Ka (active) = 0.4
(b) Ko (at rest) = 0.9
(c) Kp (passive) = 2.5

(6) Modulus of subgrade Reaction or Spring Constant
(Ks) = 250

Unweathered Shale (Undisturbed)
(1) Moist Unit Weight (ym) = 135 pcf

(2) Saturated Unit Weight (ysat) = 140 pcf
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l (3)

(4)

NOTE:

Shear Strength Assumptions:
(a) Cohesion (c’') = 0.1 tsf to 0.5 tsf @ tunnel depth
(b) Angle of Inner Friction (@) = 35° to 45°
@ tunnel depth
Allowable Bearing Capacity (qall) = 6.0 tsf
The allowable bearing capacity for the unweathered

shale actually exceeds 6.0 tsf at tunnel depth, but
with no effect on structural design.
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PART IV
SPECTAL DESIGN CONSIDERATIONS

4-01. Construction Method. The tunnel concept for flood diversion
beneath the city was adopted rather than surface channel modifications
to avoid construction impacts to the downtown area. Significant costs
and liabilities would ensue from surface construction along the drainage
channel due to limited access, potential damage to structures, bridge
replacements, traffic congestion, business restrictions, and other city
related problems. Because of the high cost of a tunnel boring machine
(TBM) and initial mobilization expenses, the cost per foot of tunnel is
substantially decreased as the length of tunneling increases. Without
the length of the San Antonio River Tunnel, the shorter San Pedro Creek
project would have been restricted to surface channel improvements, or
less expedient but lower cost conventional methods of tunneling.
Therefore, the combined tunnels project was cost effective as well as
practical.

A fully shielded mechanical tunnel excavating machine was
specified for the contract, which included both tunnels. The contractor
was given the choice of using a full-face tunnel boring machine (which
was chosen), a boomheader machine, or a roadheader machine, the latter
two would have been allowed only if fully shielded and equipped with an
excavation guide ring.

The contractor was also given the option of following the
excavating machine with cast-in-place concrete liner or precast concrete
segmental liner, provided that the installation of either left no ground
unsupported behind the shield. The precast segmental liner was the
selected method, providing both initial and final support. The
contractor was also given the flexibility to design the liner erection
and support method, although the contract plans presented a method using
longitudinal needle beams and steel ribs. The method of liner erection
was specified to provide "positive structural support" to prevent
deviation from circularity of the segmental rings and to prevent
settlement of the rings into the invert void as the segments left the
back of the tail shield. The contractor’s designed method was to set
invert segments on a bed of pea gravel, use interlocking dowels between
segment rings, support segments at springline with wood blocking, and
finally, blow pea gravel around the entire ring to provide positive
structural support. The lower portion of the tail shield behind the
grippers was removed to facilitate this operation.

The specified shaft excavations also allowed the contractor
flexibility in selecting a preferred method of construction. The inlet,
outlet, and maintenance shafts could be excavated by mechanical ripping,
controlled blasting, or a combination of these techniques. Actually,
the maintenance shafts were excavated by rotary drilling, and no
blasting was used on any portion of the San Antonio River project. The
small diameter shafts for ventilation and hydraulic instrumentation were
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specified for drilling with the option of proceeding downward from the
surface, or upward from the tunnel (raise drilling). These were drilled
downward from the ground surface.

4-02. Swell Pressures. The swelling potential of the primary formation
was a major design consideration, especially in the determination of
strength requirements for the tunnel and shaft liners. Laboratory
testing during design investigations indicated that the material was
capable of exerting expansion pressures considerably larger than the
overburden pressure. Swell pressures of as much as 12.8 tsf were
recorded with a maximum overburden pressure of 8.8 tsf at a depth of
135.3 feet. However, it was questionable as to whether the tunnel and
shaft liners would actually have to withstand field pressures as great
as those indicated by the laboratory constrained testing. In support of
this questioning was previous swell testing by Dr. Tor Brekke on Taylor
material from the Austin Crosstown Wastewater Interceptor. Dr. Brekke's
tests had shown that permitting the material to experience a volume
increase of 2 percent reduced the swelling pressures by roughly 50
percent. On the other hand, the montmorillonite content of the Taylor
in Austin varied somewhat from that of the Taylor in San Antonio
tunnels. Therefore, Dr. Ralph Peck was engaged by the Government as a
consultant in resolving these questions and other geotechnical issues
throughout the tunnels project.

At the recommendation of Dr. Peck, Dr. G. Mesri of the University
of Illinois was enlisted to do further testing and evaluation of the
Taylor swell properties from samples taken along the tunnel alignments.
Based on the previous design tests, field observations, and Dr. Mesri's
tests, both consultants recommended that the tunnel and shaft liners
should be designed to withstand swell pressures of 5 tsf.

The reasoning of the consultants was that the potentially high
expansion pressures indicated by laboratory testing would be largely
dissipated as the swelling material expanded into space provided by
stress relief fissures that inevitably develop around underground
excavations. In Dr. Peck’s words, "...the stress release associated
with excavating the tunnel of 20 feet (26.9 feet) diameter would
undoubtedly be sufficient to cause the opening of fissures around the
tunnel to an extent that the ultimate swelling pressures would be
reduced to the design value (5 tsf). These fissures would be developed
by the time the tailpiece of the shield would expose the shale."
Likewise, Dr. Mesri concluded that laboratory pressures would not
develop in reality against the tunnel liner because the magnitude of
shale rebound after excavation would open fissures around the tunnel
periphery. He also expected swell pressure dissipation due to expansion
into the tunnel’s annular space about the lining, due to flexibility of
the lining itself, and due to partial swelling of the material before
the lining could be installed. Dr. Mesri's tests produced swelling
pressures ranging from 0.2 tsf to as high as 15 tsf, although more than
two-thirds of the results were less than 5 tsf. (This broad range is
indicative of the variable montmorillonite content throughout the
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formation.) However, similar to Dr. Brekke's findings, he found that to
allow additional swelling in a laboratory specimen above the initial
void ratio corresponding to 0.35 percent axial strain reduced the
swelling pressure from 8 tsf to 4.5 tsf. Therefore, it was concluded
that the inherent field conditions in tunneling would reduce the actual
swell pressures on the lining.

Although Dr. Mesri estimates from calculations of the time-rate of
swelling that the total design pressure will require decades to develop,
experience within the San Antonio area suggests that a substantial
amount of the swelling can be expected within 5 years. Based on local
experience, it is anticipated that most of the 5 tsf may be realized
upon the tunnel and shaft liners within 5 to 10 years after
construction. Expansion is usually negligible beyond 12 to 15 years
after the moisture enviromment is changed.

4-03. Heave Potential. Another design consideration was vertical
uplift or heave due to differential expansion of the material
surrounding the shafts. Since the percentage of expansive
montmorillonite varies within the primary formation, the amount of
swelling can vary throughout the shafts. Also, moisture variations can
affect the rate of swelling from place to place. Particularly, the
upper weathered formation is likely to swell more rapidly than the
unweathered material at lower depths. Therefore, to deal with possible
vertical displacements or tensile forces developed by these conditions,
the designers recommended that the shafts be constructed with expansion
joints, tensile steel, and/or a bond breaker between the permanent and
temporary liners.

A shaft bond breaker was specified for the Phase II tunnel
contract. (An expansion joint was included in the surface structure
design to be constructed under a later contract.) The specified bond
breaker was a geotextile material which was to be installed over the
initial support. However, a contract modification provided a substitute
for the geotextile which consisted of an asphalt fiberboard, Sealtight
Dummy Joint, produced by W. R. Meadows, Inc., of Fort Worth, Texas.
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PART V
EXCAVATION AND SUPPORT PROCEDURES

5-01. General. The contract required that the San ledro Creek Tunnel
and Shafts be completed first,although the San Antonio River Tunnel and
Shafts could be started concurrently. There was no differentiation for
payment in types of material excavated such as rock or common
excavation; payment for shaft excavation was lump sum for each shaft,
and payment for tunnel excavation and lining was by the linear foot.
The San Antonio River Tunnel and Shafts involwved payment for 16,200
linear feet of tunne. excavation, a like amount of precast segmental
liner, and lump sum for each ¢f nine shafts.

Most -~ the tunnel and shaft excavations closely followed the
lines and grades indicated in the plans and specifications. The
specified tolerances for the tunnel excavation allowed an alignment
departure of :12 inches, a grade departure of :3 inches, and a rate of
return to alignment or grade not greater than 3 inches per 100 feet.

The contract required that the vertical and horizontal tunnel alignment
be controlled bv laser beam instrument. Although numerous line and
grade adjustments were required in controlling the TBM, particularly in
negotiating the curve sections, the overall results were quite accurate.
The precast segmental liner was allowed a variation of 0.5 percent from
the inside dimension. an out-of-roundness of :5/4 inch in diameter, and
abrupt irregularities at segment joints not in excess of 1/4 inch. The
shaft excavations were allowed 0.5 percent of the depth in out of plumb,
or 10 percent of the finished inside diameter for circular shafts,
whiciiever would be less. Variation from the excavated diameter of
circular shafts could not exceed O to plus 6 inches. Shaft linings were
allowed a variation in thickness of minus 2.5 percent or 1/4 inch,
whichever was greater. The inside dimensions of si ift linings were
given a tolerance of 0.5 percent.

In addition to establishing the lines, grades, and dimensions for
the tunnel and shafts, the plans and specifications provided a guideline
for implementing the construction. However, the contractor had the
option of submitting for approval his own design prcposals for
excavation and support. When approved by the Contracting Officer. the
contractor’s design and procedures became the de facto specifications in
their applicable areas of construction. Each area of construction and
the procedures used are described in the following paragraphs.

5-02. Excavation Equipment.

a. Shaft Excavation Equipment. Two types of equipment were used
for the shaft excavations. Conventional excavation equipment was used
in the inlet and outlet shafts; drilling equipment was used in the
maintenance, vent, and hydraulic instrumentation shafts. In the inlet
and outlet shafts, the downward vertical excavation was accomplished by
backhoe, but a roadheader was used for outward extensions of the shaft
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walls and for undercutting the horizontal transition toward the tunnel,
The harder limy-layers in the inlet shaft were broken through by using a
hydraulic ram attached to a backhoe. The other seven shafts were rotary
drilled with a 45-ton Northwest 5045 crane rig. The following is a list
of the actual equipment used during the shaft excavations:

Excavation and Mucking

JD 490 Backhoe B-45 Excavator
Cat 235 Backhoe Mitsui Roadheader
Cat 205 Backhoe Cat Loaders 988, 96¢, 950, 931, 920
Yamashi Backhoe JD 455 Loader
Yutani Backhoe Case Bobcat Loader
Takeuchi TB-45 Cat IT-28
(with hydraulic ram) Mitsubishi Backhoe
Cranes

Manitowoc 4600

Northwest 5045

Manitowoc 3900

American 165 ton

Linkbelt 170 ton

P&H 90 ton

Grove 35 ton

Linkbelt 20 ton

Gallion 18 ton

Clark 15 ton

Drott Deck Crane

b. Tunnel Boring Machine (TBM). The entire tunnel was excavated

with a modified Robbins Model 243-217 tunnel boring machine (TBM). The
machine had been originally designed for hard rock tunneling and had
been previously used to excavate the Kerckhoff 2 Tunnel in the Sierra
Nevadas near Fresno, California. Ohbayashi engaged Boretec, Inc., of
Scvlon, Chio, to renovate and modify the machine for the soft rock
tunneling in San Antonio.

The TBM was converted from an open-faced hard rock machine to a
fully closed soft rock machine with articulating shield. A new main
beam was installed to shorten the machine and to help moderate the
machine weight. The front support shoe was tripled in length to better
distribute the machine weight which increased from 380 tons in the
original machine to 550 tons with the Boretec modifications. The
cutterhead was enlarged from a diameter of 24 feet, 1 inch, to 26 feet,
11 inches; this gave an annular space behind the liner of 3.5 inches.
The main bearing was replaced, providing an increase in cutterhead
thrust capacity from 1,166 tons to 1,547 tons. The side-gripper shoes
were enlarged to 36 inches by 138 inches for a better Jispersing of
forces exerted on the tunnel sides. As an auxiliary propulsion system,
12 thrust cylinders were added with thruster shoes for pushing off of
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the liner segments; these thrusters could also be used to hold the
precast segments during the liner erection. A ring-type segmental liner
erector was added within the back of the tail shield. The back 57
inches of the lower 120° section of the tail shield was cut away to
allow the placement of the invert segment on a bed of pea gravel.

Although a complete description of the TBM would be too voluminous
for this report, there are several additional features which should be
noted. When fully operational in the San Antonio River Tunnel, the TBM
and its trailing gear was 500 feet long; the length from cutterhead to
end of tail shield was 38 feet. The cutterhead contained 57 disc
cutters of 15.5-inch diameter. The outermost seven discs were the gauge
cutters which determined the final sizing of the tunnel bore. The outer
perimeter of the cutterhead contained 12 bucket scoops which collected
the muck and dropped it into the conveyor system within the cutterhead
support. The drive torque for the cutterhead assembly was provided by
10 single speed, 3-phase, AC electric motors, producing 200 HP (149 KW)
each. These motors rotated the cutterhead clockwise at 5.75 RPM. The
four main propulsion cylinders, hydraulic jacks, generated horizontal
thrusts at 7.5° outward from the tunnel'’'s longitudinal axis, resulting
in a forward machine thrust and a side thrust on the gripper pads. This
system could generate a total thrust force of 2.64 X 10% lbs.

Two methods of TBM propulsion were provided since it was
anticipated that some of the ground would be too soft, or weak, to
withstand the thrust and shear forces exerted through the side grippers.
In the stronger, stable ground, the four main propulsion cylinders could
propel the machine by pushing the side grippers against the tunnel wall.
This method does not interfere with preparations for segmental liner
erection in the invert area at the back of the tail shield. 1In ground
too weak to withstand propulsion through the side grippers, the machine
could be propelled by 12 auxiliary jacks shoving against the segmental
liner. However, the shove jacks in this method obstruct the working
area at the back of the tail shield and often break or crack liner.

5-03. Precast Tunnel Liner. The tunnel liner, which also provided the
initial support, consisted of precast concrete segments installed within
the protective covering of the TBM tail shield. There were six segments
in each complete ring of liner, forming an inside diameter of 24 feet 4
inches. Each segment was 4 feet wide by 1 foot thick, weighed 8800
pounds, and extended 13.78 feet along a 60° degree arc on the outside of
the liner. The bottom three segments were identical in shape. The top
three segments were skewed 7° off longitudinal at the two upper joints
to accommodate a trapezoidal "key" segment in the crown. The segments
were cast of 6000 psi reinforced concrete, and contained two, 2-inch
diameter grout holes positioned 4.0 feet lengthwise to each side of the
center. These grout holes were also used for erector handling and for
injecting pea gravel into the annular space.

Two types of joints were formed by the segment rings.
Circumferential joints divided the rings at 4-foot intervals along the
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tunnel alignment. Longitudinal or radial joints were formed where the
segments joined at each 60° arc of the ring. These longitudinal joints
were a tongue and groove type, designed by the contractor rather than
the specified knuckle type. All of the joints contained a 3/4-inch deep
by 1/4-inch wide groove on the inside liner surface for sealant

application. The sealant used by the contractor was Sikaflex-lA rather *
than the specified Hornseal.

The segment rings were aligned and locked together at the
circumferential joints with "fast-lock dowels" patented by the segment
manufacturer, Sehulster Company, Inc. These dowels were intended to
prevent joint spreading and to make the segment rings free-standing.
Each circumferential joint contained 18 equally spaced dowels, 3 per
segment.

The segmental liner was installed with a circular erector arm at o
the back of the tail shield. The erector picked each segment up at the
invert and rotated it to its proper position within the ring. As the
TBM excavated forward, exposing 4 feet of invert rock in the cutaway
section of the tail shield, a 3-inch thick piece of flexible styrofoam
was set on the invert about 3 feet, 9 inches in front of the previous
ring. Normally, a bed of pea gravel was placed and graded behind the L
styrofoam barrier in preparation for the invert segment. At times,
however, when the tunnel bore was too high, the invert rock was
excavated to grade-cut with pneumatic spades, and no pea gravel was
required. The invert segment would then be placed with the erector and
pushed onto the dowels of the previous ring by the auxiliary propel
jacks. This was followed by the placement of each of the two lower rib ¢ ‘
segments, which were backed by the styrofoam barrier and supported by
wood blocking at springline. The upper two rib segments would then be
placed, followed by the installation of the key segment in the crown.
No styrofoam barrier was placed above springline. After the full ring
was erected, pea gravel was blown over and around the back of the
segments or through the grout holes. The pea gravel was intended to ®
provide the primary positive structural support. However, final
stabilization of the liner was provided with backpack grouting after the
trailing gear had cleared the segments. Complete grouting of the full
annular space was generally achieved at about 200 to 250 feet behind the
trailing gear (700 feet from heading), although this fluctuated
considerably. e

5-04. Foundation Preparation. The contract requirements for foundation

preparation were specified for the most part under technical provisions

for placing cast-in-place structural concrete. Of course this did not

apply in the tunnel because precast concrete segments were installed

immediately behind the TBM tail shield, rather than lining the tunnel °
with cast-in-place concrete. Neither did it specifically apply to the

large dianeter shafts (outlet, inlet, and maintenance shafts) because

the rock was initially supported with shotcrete long before the

structural concrete was placed. Nevertheless, the specifications state

that "Shale or clay shale surfaces upon which concrete is to be placed
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shall be clean, free from oil, standing or running water, ice, mud,
drummy rock, coatings, debris, and loose semi-detached or unsound
fragments."

Actually, these conditions were generally met before shotcrete
applications, largely due to practical workmanship. The excavation and
support procedures in the large diameter shafts consisted of shotcrete
applications after every 5 to 8 feet of vertical excavation. This
procedure prevented long-term exposure and corresponding deterioration
of the rock. The rock was massive beyond station 30+94, giving a smooth
roadheader excavation to station 31489, and demonstrating the lack of
loose blocks or drummy areas in the Taylor. Shafts in the Taylor
required little or no foundation preparation. However, the outlet shaft
was in blocky Navarro ground and required some scaling along the shaft
walls before shotcreting. Since it was imperative to provide full
contact between the initial support and the surrounding rock, all over-
excavations were fully backfilled with shotcrete as required by the
specifications.

The specifications also required that the excavated surfaces of
the shafts be protected immediately upon exposure with a polyvinyl
acetate emulsion resin containing at least 60 percent (:) total solids
by weight. Some effort was necessary in enforcing this requirement as
well as assuring beneficial applications. Aerospray 70 (or an approved
equal product) produced by American Cyanamid Company was specified, but
no water dilution mixture was stipulated. The only application
requirements were given under the specification section on preparation
for cast-in-place concrete placements. An "expert" with the supplier
reportedly recommended a sealer to water ratio of 1:20 with an
application rate of 1/4 gallon per square yard. However, this mixture
appeared too watery with inadequate results, and the contractor
eventually increased the ratio to 1:10. Where the material was more
limy and less susceptible to air slaking, the contractor was allowed to
omit the resin application if shotcreting was conducted expeditiously.

5-05. OQutlet Shaft Excavation. The outlet shaft was excavated and
supported according to the contractor’s approved design submittals. The
150-foot deep shaft is boot-shaped consisting of an initial vertical
section, an intermediate upstream undercut, and finally a tapering 60-
foot lateral transition to the tunnel. The entire shaft was excavated
by backhoe and roadheader with no blasting required, although the
specifications provided for that option. The backhoe was generally used
in the vertical excavations, whereas the roadheader was used for
undercutting or lateral excavations. The initial support was designed
by the contractor for a specified rock pressure of 5 kips.

Prior to the excavation, a shaft collar of interlocking soldier
piers was constructed by augering a ring of 36-inch diameter holes to a
depth of 49 feet and backfilling with 3000 psi concrete. The ring
consisted of 47 piers overlapping each other by 2 inches to form a solid
46.5-foot diameter collar. The interior of the collar was excavated by
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backhoe, and supported by 10, 8 X 48 steel circular ribs installed
horizontally on 5-foot centers.

The next 19 feet of shaft, from the bottom of the collar at
elevation 574, was excavated to a diameter of 42 feet 4 inches, and was
supported with shotcrete and wire mesh. Generally, an 8-inch thickness
of 3500 psi shotcrete was applied below the 49-foot depth with the
reinforcement of two layers of 6 X 6 - W6 X W6 welded wire fabric. At
elevation 554.56, the shaft excavation began to widen and undercut
upstream toward the tunnel portal. As the shaft was progressively
widened with depth, its cross-section in plan view became increasingly
egg-shaped. 1In plan view, the downstream half of the shaft remained
circular, whereas the upstream portion elongated to form an elliptical
curve. In longitudinal cross-sections, this intermediate undercutting
between the vertical shaft and the horizontal transition had the shape
of an elbow flexure, and thus was called the shaft elbow. The elbow
curvature continued to the crown elevation of the transition, 516.59, or
a depth of 106.4 feet. Below this depth, the shaft was excavated
vertically to invert with a continuous longitudinal diameter of 70 feet
11 inches, and a continuous transverse diameter of 49 feet 6 inches.

The initial support below elevation 55%4.56 consisted of a 12-inch
thickness of 3500 psi shotcrete reinforced with two layers of 4 X 4 -
Wa.7 X W4.7 welded wire fabric. Also, 18- to 21-foot long rock anchors
were installed, generally on 4- to 5-foot centers and predominantly in
the upstream elongated portion of the shaft. These anchors were No. 10
Dywidag threadbars, cement grouted into 5-inch diameter holes. The
stress lock off loads were 72 to 88 kips. They were the primary support
where the¢ radius of curvature exceeded 30 feet, or where the excavation
had no curvature. The contractor decided to install 30 additional
anchors below the 108-foot depth due to extensometer movements in the
northeast quadrant in April 1989. Due to shotcrete bulging and cracking
at about the 100-foot depth in the northeast quadrant, 60 additional
rock anchors were installed between 26 September and 15 October 1989, by
contract modification as discussed in para 7-02.

The lateral transition excavation extended 60 feet upstream from
the vertical shaft at station 9+96.31 to the tunnel portal at station
10+56.31. The transition crown and invert elevations at station 9+96.31
were 516.59 and 476.34, respectively. The transition crown and invert
elevations at station 10+56.31 were 506.04 and 476.46, respectively.
Thus, the diameter of the transition tapered from approximately 40 feet
at the shaft to about 30 feet at the tunnel portal.

The transition was excavated in three benches in conjunction with
the lower 40 feet of vertical shaft excavation. Each of the upper two
10- to 7.5-foot high benches were cut when the vertical shaft had been
excavated to the bottom of that respective level. After the full 60-
foot length of the transition was excavated and supported for the first
bench, the vertical shaft was taken down another 10 feet to the bottom
of the second bench, which was at springline. After completing the
shaft excavation, the third bench of the transition was excavated from
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springline to invert.

The transition excavation was supported with W10 X 49 steel ribs
and 12 inches of 3500 psi shotcrete. Wood blocking was used to ensure
that the ribs were making full contact with the surrounding ground; all
other gaps between the ribs and the ground were filled with shotcrete.
There were 16 of the steel ribs labeled A through P, with Rib A set in
the first 1.5 feet of the transition, Ribs B and C set on 3-foot
centers, and the remaining ribs set on 4-foot centers.

The shaft collar was constructed between elevation 623 and 574
from 12 July to 1 September 1988. Thereafter, the excavation proceeded
in 4- to 8-foot vertical tiers, and reached the bottom elevation of
473.0 on 3 May 1989. The lateral transition excavation was completed 12
days later on 15 May 1989. See Plates 5 through 9 for as-built outlet
shaft and transition geology.

5-06. Inlet Shaft Excavation. The inlet shaft excavation followed
lines and grades similar to those presented in the contract drawings,
except that adjustments were made to allow for a 4-inch enlargement of
the final inside diameter. The inside diameter of both the inlet shaft
and the tunnel were changed from 24 feet to 24 feet 4 inches. The shaft
was excavated by backhoe in 4- to 13-foot deep tiers. A hydraulic ram
was attached to the backhoe, when necessary, to break through layers of
harder limy clay shale. The primary support was according to the
contractor’'s approved design, which allowed for a specified rock
pressure of 5 kips. Although the inlet shaft was located on the east
bank of the San Antonio River, the first work required was the
establishment of a water-free working environment for the shaft
excavation. To provide ample working space, the river was diverted
about 50 feet to the south, and the north bank was extended southward on
a 2:1 slope to build a working surface at elevation 658, 18 feet above
the river level at elevation 640. The south slope was protected with a
2-foot thick rip rap layer. To prevent ground-water seepage, a circular
cell of interlocking concrete soldier piers was constructed around the
working area. The piers were formed by augering 3-foot diameter borings
to a depth of 36 feet, which was 5 feet into unweathered clay shale, and
backfilling with 4000 psi concrete. Each of the 79 piers overlapped
each other by 3 inches, and formed an oversized protective wall around
the work area, having an inside diameter of 76 feet. A 3.5-foot high
concrete wall was constructed as a barricade on top of the piers at
ground surface; this wall reached 1.5 feet above the 100-year flood
elevation of 660. Once the interior of the piers was excavated by
dozers and backhoe to the top of unweathered shale, elevation 627, the
actual shaft excavation was ready to begin,

The next step was to excavate from the intercell surface elevation
of 627 to elevation 608, providing a 3-inch thickness of 3500 psi
protective shotcrete, and pouring a 4.5- to 7.0-foot thick concrete
lining which would serve as a footing for the upper inlet structure.

The concrete upper structure was then constructed from elevation 627 to
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elevation 664, which was 2.5 feet above the concrete barricade circling
the top of the soldier piers.

This upper concrete structure was rectangular in profile, with the
longitudinal axis trending N.58°E, and forming a 42° angle with the
tunnel alignment trending N.16°E. The northeast end was square, but the
southwest end was circular, having an outside radius of 17.0 feet and an
inside radius of 12.5 feet. 1n plan view, the structure was about 65
feet long and 40 feet wide at the squared end. A plunging concrete
spillway sloped downward from the squared end to direct water into the
inlet shaft beneath the rounded end.

The next section of shaft excavation from elevation 608 to
elevation 584 was a transition in shape from a half rectangular and half
circular shaft of 34 feet excavated diameter (25 feet 1.D.) to an all
circuiar shaft of 27 feet 4 inches excavated diameter (24 reet 4 inches
I.D.). This section of shaft was supported with a 7-inch thickness of
3500 psi shotcrete, reinforced with a layer of 6 X 6 - W2.9 X W2.9
welded wire fabric. Type I rock anchors, consisting of 18 feet long,
No. 10 Dywidag threadbars, were installed on 5-foot centers along the
non-circular walls as follows: 12 anchors at elevation 606, 11 anchors
at elevation 601, 8 anchors at elevation 596, 5 anchors at elevation
591, and 1 anchor at elevation 586,

From elevation 584 to elevation 559.38, the shaft was excavated in
a 27-foot 4-inch diameter circular section. This section was supported
by a 5-inch thickness of 3500 psi shotcrete reinforced with a layer of
6 X 6 - W2.9 X W2.9 welded wire fabric. No rock anchors were required.

Below elevation 559.38, the elbow curvature of the shaft began to
undercut toward the tunnel portal. Unlike the outlet shaft, this shaft
was the same diameter as the tunnel, and required no transitional
tapering between the elbow section and the tunnel portal. The shaft
excavation continued to elevation 516, which left only 6.6 feet for the
TBM to excavate when it holed through into the shaft at invert elevation
509.4.

The elbow excavation was supported with shotcrete and rock
anchors. The shotcrete was 8 inches thick and reinforczd with one layer
of 4 X 4 - W4.7 X Wa.7 welded wire fabric. In the downstream section of
the shaft where the radius of curvature exceeded 15 feet, rock anchors
were used for added support. These were 15-foot long, No. 10 Dywidag
threadbars, cement grouted into 5-inch diameter holes. The anchors were
generally spaced on 4- to 5-foot centers and perpendicular to the
shotcreted wall. However, along the edge of the elbow curvature they
were inclined upward at 37°.

Construction of the San Antonio River Inlet Shaft began at
elevation 658 with the drilling of the soldier piers on 15 June 1989.
The structure supporting the upper portion of the excavation was
completed to elevation 608 on 14 September 1989. The concrete surface
structure was then constructed after which the shaft excavation resumed
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on 26 March 1990. The next section, which was a transition to a fully
circular shape, was completed at elevation 584 on 19 April 1990. The
shaft excavation was finished at elevation 516, 6.6 feet above the

invert on 21 June 1990. The TBM hole-through was on 16 March 1992. See ®
Plate 4 for as-built geology of the inlet shaft. *
5-07. Maintenance Shaft Excavations. The two maintenance shaft

excavations were performed according to the contractor’s approved

submittal. The excavations were accomplished primarily by two drilling
subcontractors between 23 May and 30 November 1988. One shaft was ®
located at station 65+89.5 on Water Street, and the other at station

124+435.9 on Brooklyn Avenue. Construction procedures were the same for

both shafts.

Cato Electric and Drilling began the work on each shaft by
drilling a ring of 27 concrete soldier piers around the shaft ()
circumference. These 36-inch diameter piers were intended to provide
initial support through the alluvial overburden into the underlying
weathered, but impervious clay shale. At Ohbayashi’s field discretion,
however, the piers were extended through the weathered clay shale into
the underlying unweathered formation at depths of 36 to 42 feet. The
procedure was to auger every other pier, and backfill it with 3000 psi ®
concrete. The intermediate piers were then augered with a minimum of 1-
inch overlap on the adjacent piers, and likewise, backfilled with 3000
psi concrete. This overlapping established an 8-inch bearing surface
from pier to pier, and provided a ground-water barrier through the
alluvium. +

The 21.5-foot wide interior of the soldier pier ring was then
excavated by Ohbayashi with a backhoe. To prevent any possible inward
movement of the piers, W8 X 35 steel rings were installed at ground
surface, at about the 15-foot depth, and at about the 30-foot depth.
The backhoe excavation continued for 5 to 8 feet below the piers,
enlarging the diameter to 22 feet. Below the piers, the excavation was ®
supported with a 6-inch nominal thickness of shotcrete.

Beck Foundation Company drilled the remainder of both shafts with
a Northwest 5045 crane-type rotary drilling rig. A 3-foot diameter
pilot boring was first drilled to the 122-foot total depth. Then
progressively larger bores of 4 feet, 6 feet, and 8 feet were drilled to ®
various depths. After reaching an 8-foot diameter, the shafts were
enlarged by progressively reaming to diameters of 11 feet, 16 feet, 19
feet, and finally to 22 feet 4 inches. The 6 inches of shotcrete
support was generally applied when a 7-foot deep tier had been reamed to
the final diameter. The pilot bore served as a catchment for the drill
cuttings, and was cleaned out periodically with an auger. Each shaft ®
was augered to 7.5 feet below the crown elevation of the unexcavated
tunnel.

The intersection of the maintenance shafts with the tunnel was
then excavated to tunnel springline for approximately 16 feet to each
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backhoe, and pneumatic spaders in advance of the TBM tunneling. It was

supported with W8 X 48 steel ribs set on 4-foot centers, shotcrete as

needed, and wooden lagging. The lower half of the tunnel was supported

by the precast concrete liner as the TBM completed the excavation below PY
springline. Finally, the upper half of the tunnel and the shaft

intersection were formed and cast with 4000 psi reinforced concrete. i

side of the shaft centerline. The excavation was done by roadheader, ‘

Detailed data for these shaft excavations are recorded on boring
logs for Hole No. SA-3 and SA-5 (see Appendix C).

5-08. Vent Shaft Excavations. The vent shafts were excavated and

supported according to the contractor’'s approved submittal. Three 6-

foot diameter drilled vent shafts were specified for the San Antonio

Tunnel, and were to be lined with a 4-foot inside diameter precast

concrete pipe. However, to connect the tongue and groove pipe joints

with 0-ring gaskets would have been somewhat difficult, as would the °
inspection in these deep, narrow shafts. Therefore, the Government

approved the contractor’'s proposal to install a 4-foot inside diameter,

3/8-inch thick, steel casing from the ground surface. The general shaft

dimensions were not changed.

In May and June 1988, Beck Foundation Company augered all three
vent shafts using a Northwest 5045 crane-type rotary drill rig. The ¢
first vent shaft was located just east of St Mary's Street at tunnel
station 51+82.31 and was drilled to the 131.0-foot depth. The second
vent shaft was located on Broadway Street just north of the downtown
area at tunnel station 108+88.28, and drilled to the 131.0 foot depth.
The third vent shaft was located on the east side of the San Antonio
River just south of the Camden Street bridge at tunnel station
152+28.50, and was drilled to the 122.0-foot depth.

The general construction procedure for each shaft was to auger an
oversized bore through the alluvial overburden and set a temporary
surface casing into the impermeable clay shale. The remainder of the
shaft was then augered to a minimal 6-foot diameter, and backfilled with
drill cuttings to the permanent casing depth, about 5 inches above the
projected tunnel bore. The 4.0-foot inside diameter steel casing was
installed with the 1.0-foot wide annular space backfilled with 3000 psi
concrete. The temporary casing was removed as the concrete backfill
approached the ground surface.

No further excavation was required for the intersection of the
vent shafts and the tunnel other than minor spading for a concrete ring
beam at the junctions. The TBM excavated through the bottom of the
shafts removing the backfill cuttings through the mucking system. As
the precast segmental liner was erected through the shaft area, the
crown key segments were omitted and replaced by W6 X 20 steel sets and
wood lagging. See Appendix C for detailed logs of the vent shaft
borings.




5-09. Hydraulic Instrumentation Shaft Excavations. The two hydraulic
instrumentation shafts for San Antonio River Tunnel were constructed
according to the contractor's approved submittal. The submittal
provided for a 12-inch inside diameter, Schedule 40 steel-cased shaft as
specified.

Both of these shafts were drilled in May 1988 by Beck Foundation
Company, using a Northwest 5045 crane-type rotary drill rig. One shaft
was located near the outlet shaft at tunnel station 10+73.0. It was
drilled to the 120.0-foot depth, and was backfilled with 1.5 feet of
drill cuttings to provide the permanent casing seating at the 118.5-foot
depth. The other shaft was located near the inlet shaft at station
171+22.5. 1Its drilled depth was 122.0 feet with permanent casing set a
foot higher on backfilled drill cuttings.

The general construction procedure was first to drill an oversized
hole through the overburden and set temporary casing into the impervious
clay shale. The remainder of the shaft was then augered at a 24-inch
diameter to the total depth. The lower portion of the hole was
backfilled with drill cuttings to provide a casing seating about 5
inches above the projected tunnel bore. This was followed by the
installation of the 12-inch diameter, Schedule 40 steel, permanent
casing. The annular space was backfilled with sand-cement grout, and
the temporary casing was removed as the grout approached the ground
surface.

No further excavation was required for the intersection of the
shafts and tunnel. The TBM cut through the lower portion of the shaft
and removed the backfill cuttings. A 12-inch diameter hole was cut
through the precast tunnel liner to access the bottom of the shaft. A
sona tube form was secured between the tunnel liner and the shaft
casing. The annular space behind the tunnel liner was then filled with
pea gravel, and finally grouted around the sona tube. See Appendix C
for detailed log of instrumentation shaft borings.

5-10. Tunnel Excavation. As discussed in preceding paragraphs, the
tunnel was excavated by a modified Robins TBM and supported with a
precast concrete segmental liner. The TBM excavated the 16,200-foot
long tunnel to a diameter of 26 feet 11 inches. The precast liner,
consisting of six segments per ring, was installed within the TBM tail
shield by a circular erector arm located about 38 feet behind the
heading. The liner segments were 4 feet wide and 1 foot thick, giving
the tunnel an inside diameter of 24 feet 4 inches, with an outside
annular space of 3.5 inches. The liner was primarily supported with pea
gravel blown into the annular space and later grouted with 1:1 cement
grout (water-cement ratio by volume) about 500 feet or more behind the
heading. The specified lines and grades of the excavation were
controlled by laser beam instrumentation.

The tunnel excavation experienced great difficulties for the first
2000 linear feet from the outlet shaft. This section was ultimately
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completed by top heading excavation with a roadheader as discussed in
detail in PART VI, "CHARACTER OF FOUNDATION OR TUNNELING MEDIUM."

After completion of the first 2000-foot section, the remaining
excavation was in competent rock and the contractor achieved a very good
rate of advance. The work schedule consisted of two 10-hour shifts per
day which usually included Saturdays. The largest advance in 1 day was
184 feet on 18 November 1991, which included setting of precast liner.
The contractor's average rate of advance in the competent material was
approximately 105 feet per day.

The backpacking of pea gravel and grout was the primary means of
providing positive structural support for the precast segmental liner.
It was essential to provide a stable circular liner and to secure that
liner with a solid, uniformly grouted contact with the surrounding rock.
The circularity of the liner had to be preserved to prevent differential
pressures developing around the tunnel. The annular void behind the
liner had to be completely filled to prevent deterioration of the
surrounding clay shale and to create a uniform structural contact.
Therefore, a timely and thorough placement of the pea gravel and grout
were crucial not only as initial liner support, but also as final liner
stabitization. In the San Antonio River Tunnel, the contractor’'s
backpacking procedures were very good and placement was well within the
specified time constraint., The pea gravel was blown through two pipes
near the crown, resulting in full circumference placement four segment
rings back from last segment placed. Grout placement was maintained
approximately 200 feet from end of trailing gear.

The tunnel excavation began on 19 October 1989, and was completed
on 16 March 1992. See Appendix E for tunneling progress data.
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PART VI
CHARACTER OF FOUNDATION OR TUNNELING MEDIUM

6-01. General. The tunneling medium for the San Antonio River
excavations involved two differing ground conditions. Soft, weak,
unstable, blocky clay shale of the Navarro Formation was encountered
from the tail tunnel of the outlet shaft to station 30+94 on the tunnel
alignment. Stronger, competent, massive, soft to moderately hard clay
shale of the Taylor Formation was encountered in all excavations north
of the station 30494 fault. Tunneling in the unstable Navarro material
presented a challenge of properly supporting the ground while overcoming
the raveling and fallout of stress relief. In contrast, tunneling in
the structurally competent Taylor material was accomplished with
comparative ease. The Navarro and Taylor were lithologically similar,
and yet, drastically different in ground response to underground
excavation.

6-02. Tunneling in the Navarro Formation.

a. Character of the Navarro Tunneling Medium. The Navarro
material encountered by the San Antonio River Tunnel is a soft, weak,
clay-based rock generally referred to as clay shale. It is interbedded
with thin, usually 1/16-inch to l-inch thick, discontinuous layers of
silty sand to sandy silt. These thin, weak, incompetent beds create
horizontal planes of weakness which are crisscrossed by joints and minor
slickensided faults at various orientations. The resulting blocky
ground is susceptible to loosening and fallout due to stress relief
around underground openings. In places, particularly where the
overburden pressure exceeds the shear strength, the material has a
stand-up time of minutes and will ravel if not quickly supported. The
rubble formed by gravity falls and raveling will then "run" into
unsupported excavations or accumulate in rock loads upon unrestraining
(passive) support systems.

These ground characteristics required a rapidly installed and
uniformly tight support system. The contractor’'s difficulty in
providing such a system, and the grounds drastic response to those
difficulties, will be described in the following paragraphs. However,
the unforeseen severity of ground behavior, such as fallout above and in
advance of the cutterhead, and the formation of 20- to 30-foot high
fallout chambers, obliged the Government to acknowledge a differing site
condition.

b. Full-Face Tunnel - TBM Excavation. The Navarro'’'s response to
the TBM excavations was not fully anticipated, and yet, in retrospect,
is understandable from a working knowledge of the materials in situ
behavior. For one reason or another, the progress of the TBM through
this material was always too slow, usually about 8 to 12 feet per 20-
hour workday. The material excavated in front of the TBM could not be
tightly supported until it reached the back of the tail shield, a
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distance of about 38 feet. This roughly 4-day period between excavation
and support allowed uncontrolled stress relief and raveling to create
cavities to as high as 30 feet above and 10 to 15 feet in front of the
TBM. The resulting rubble clogged the cutterhead and ran into the work
area at the back of the TBM, where the tail shield was cut out below
springline for liner erection. The rubble in the cutter head and at the
back of the TBM had to be removed by hand. This slowed work progress
tremendously, and allowed time for the propagation of ground relaxation.
Thus, an unending cycle formed of slow progress, relaxing ground,
impeding rubble, which once again produced slow progress.

Of course, there were other factors that also slowed the progress
and, thereby, frustrated the effort to provide tight expeditious support
against the inevitable stress relief. Factors such as mechanical
malfunctions, difficulties in concrete liner erection, operator errors,
and other work problems were generally attributed to an initial learning
curve. However, all of these provided time for the ground Lo relax.

The Government acknowledged a differing site condition and met with the
contractor and advisors to develop a method of overcoming the stress
relief problem. A method was needed to hold the material together in
front of the TBM and give the excavation enough momentum to keep the
liner support ahead of the relaxing ground. The differing site
condition was acknowledged when the TBM was halted by a 30-foot high
fallout at station 11+86 just before crossing beneath the San Antonio
River floodplain. The floodplain provided a 150-foot stretch of open
land before the tunnel would extend beneath the restricted surface area
of Brezckenridge High School. The excavation and support operation
needed to reach an estimated rate of 30 to 40 feet per day in order to
proceed ahead of stress relief affects which could create fallouts
beneath the high school buildings.

A method of crown support from the ground surface could be
employed only across the open floodplain, but if the momentum of the
operation could stay ahead of stress relief, surface access would once
again be available beyond the school buildings.

The relatively low cost method of ground support piers was chosen.
The pier borings were drilled to just above the tunnel crown, a depth of
approximately 100 feet. There were 63 piers drilled on 8-foot centers,
having diameters of 18 inches with 54-inch underreamed bells. The lower
50 feet of the piers was 4000 psi concrete, reinforced with a No. 8
rebar cage, having a spiral bar wrapped around four longitudinal bars.
The upper portion of the piers was merely backfill concrete. There were
18 rows on 8-foot spacing alternately containing 3 piers or 4 piers.
The rows extended from station 11496 to station 13+52, and all of the
piers were installed before tunneling was resumed.

The method proved effective to a point, to station 14+10. As the
piers supported the ground with only minor fallouts, the TBM operation
gained momentum. By the time the tunnel reached the end of the pier
installations, the operation was making about 30 feet per day. However,
a mechanical failure beneath the first high school building, a large
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' gymnasium, broke the momentum. After about 1-1/2 days of downtime,
fallout began with rubble running into the tail shield invert. This
caused additional delay and stress relief gained predominance once !
again. After several days, a fallout cavity in front of the TBM e
enlarged to about 21 feet above the crown and to about 10 feet up the
alignment. The full-face tunneling operation was halted at this point 1
(station 14+10). The fallback was a top heading (springline to crown)
relief tunnel excavated back to the TBM from an upstream access shaft.
This will be discussed in Section 6-02.c.

The following is a brief chronicle of the full-face tunneling in
Navarro ground:

On 19 October 1989, the TBM excavated the first 8 feet of the San
Antonio River Tunnel beginning at station 10+56.

On 21 October, the TBM advance was blocked by fallout after
excavating 32 feet to station 10+88. The contractor stopped the TBM at
station 10+88 because it was veering considerably off alignment to the
northeast. As an attempt was made to withdraw the TBM enough for
alignment correction, blocks of rock fell around the cutterhead to about
springline, obstructing its ability to rotate. The cutterhead was being °
driven by only 6 of its 10 200 HP engines.

Since the cutterhead was blocked, the contractor decided to
withdraw the TBM completely from the excavation. Concrete gripping pads
had to be constructed along the sides of the outlet transition in order
for the TBM to grip its walls in withdrawing from the tunnel. There ° ‘
were several days of delay while the gripping pads were constructed.

On 27 October, the TBM had been withdrawn 12 feet from the face-
cut at station 10+88. A fallout chamber had developed in front of the
TBM and extended upward in a dome shape to a white bentonite layer at
elevations 522 to 523, 15 feet above the TBM. °

On 29 October, the TBM was fully withdrawn into the outlet shaft
transition. More of the crown fell away and enlarged the dome-shaped
chamber to a more stable limy clay shale about 5 feet above the white
bentonite layer. This chamber, extending from the outlet transition to
the face-cut, was about 47 feet high by 32 feet wide bty 32 feet long.

On 30 October, the contractor had bulkheaded the tunnel portal and
backfilled the fallout chamber through a 10-inch 0.D. boring drilled
from the ground surface. An 8-inch 0.D. steel casing was installed
through the boring into the fallout chamber and 2500 psi concrete was
backfilled over the fallout rubble.

TBM tunneling was then resumed through the concrete backfill and
rubble. By 8 November, enough advancement had been made to set the
first precast liner ring at the back of the TEM tail shield.

There was a problem with side fallout from the rubble beneath thc
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concrete backfill and overbreak in the deteriorating formation. On
14 November, a shotcrete mix was pumped behind the tunnel liner to
stabilize the first seven precast liner rings.

On 16 November, a fallout area developed to an estimated distance
of 15 to 20 feet into the east tunnel wall between liner rings No. 7 and
No. 10. Also, at this time, a fallout chamber developed in front of the
TBM to a height of about 15 feet and extending about 10 feet upstream.
Its western wall was formed by a slickensided shear plane dipping at
about 55°NW.

On 21 November, a wet shotcrete mix was pumped behind liner ring
No. 10 for stabilization.

On Friday, 24 November, the day following a Thanksgiving shut-
down, the TBM cutterhead was stuck at about station 11+462. Fallout had
blocked the cuc.terhead and formed another cavity in front of the TBM.
This cavity reached a height of 12 feet above the TBM and extended 6.5
feet upstream.

On Monday. 27 November, after the Thanksgiving weekena, the
fallout chamber at station 11+62 had enlarged to about 15 feet above the
TBM a:d to about 10 feet upstream. Crown material was resting directly
on the TBM behind the cutterhead. Fallout blocks were cleared from the
cutterhead scoop buckets and tunneling resumed before noon.

On the morning of 29 November, a considerable amount of rubble ran
into the invert as liner ring No. 23 was being installed. The fallout
rubble entered the tunnel on the east side beneath the TBM shield,
although most of the rock below springline stood well. An inspection
through the TBM cutterhead revealed a fallout chamber extending about 15
feet upstream and reaching a height of about 15 feet above the TBM.
Adjoining this 15-foot high chamber, to the east and back over the TBM,
was a chimney-type chamber extending upward for at least another 15
feet. This was a total fallout height of 30 feet or more above the 27-
foot high TBM. The TBM cutterhead was at station 11+86, or about 45
linear feet south of the San Antonio River.

On 30 November, the contractor proceeded to backfill the fallout
chamber with pea gravel, followed by lean concrete through a surface
boring. Pea gravel was also placed behind the tunnel liner and grouted
until everything was stabilized downstream from liner ring No. 23.
Tunneling was otherwise halted until a meeting was held with the
contractor and advisors in early December to decide on how to proceed in
the difficult ground.

On 8 December, managers and consultants from both the Government
and the contractor met at the resident construction office to select a
mutually agreeable plan for continuation of the Navarro tunneling. The
concrete pelled piers described in previous paragraphs evolved from this
meeting. The piers were the most economical plan with merit. The
contractor proposed a top headirng tunnel from an upstream shaft back to
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the TBM and also up the alignment until it crossed the Navarro/Taylor
fault. This was chosen as an alternative procedure in the event that
the ground support piers did not work. The top heading tunnel would
form a steel rib and shotcrete canopy in the upper half of the tunnel
and, thereby, allow the TBM to excavate the lower half without fallout
from overhead.

On 22 December, the "Notice to Proceed" for Modification No.
PO0039 the mod to construct the ground support piers above the tunnel
crown between stations 11496 and 13+32 was issued. The pier
installations were completed on 13 January 1990.

On 18 January, TBM excavation was resumed. There was some initial
fallout around the first two rows of piers due to loosened rock adjacent
to the fallout chamber at station 11+86. Fallout loading accumulated on
the tunnel liner and crown segments suffered considerable cracking,
especially in liner rings No. 31 through No. 34. Steel ribs and plates
were used to provide additional support to the liner segments above
springline. By 23 January, the TBM was beneath pier row No. 5 and the
ground was standing well.

On 31 January, a 12-foot high fallout chamber developed in front
of the TBM between stations 13+09 and 13+25. Portions of the overhead
belled piers were exposed, but tunneling continued without much
hinderance.

On 3 February, the TBM had progressed past the last support piers
and was located at station 13+85 beneath the boy's gymnasium of
Brackenridge High School. The liner erection rate had increased to as
much as seven or eight rings per day, which represented about 28 to 32
feet of tunneling per day. Although the piers did not totallv prevent
fallout, they appeared to limit the propagation of fallout where it
occurred. The TBM operation had apparently gained enough momentum to
stay ahead of the relaxing ground. However, mechanical problems caused
an unfortunate delay at station 13+485.

On 4 February, stress relief activity in the ground once again
started fallout problems. As the side grippers on the TBM were released
to set liner ring No. 74, 24 cubic yards of material ran into the tail
shield invert. This caused hours of additional delay.

On 5 February, a 16-foot high fallout chamber had developed in
front of the TBM. It reached the white bentonite layer at elevation 522
and extended 15 feet up the alignment to station 14+04.

From 6 through 8 February, the fallout continued to propagate up
the alignment as tunneling proceeded slowly from station 13+89 to
station 14+10. With the TBM cutterhead at station 14+10, the fallout
chamber extended to station 14+20 and reached a height of about 21 feet
above the crown. When additional fallout covered the TMB cutterhead, it
was decided to backfill the chamber with concrete.
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On 10 February, an angle boring was drilled beneath the high
school gymnasium and the fallout chamber was backfilled with pea gravel
followed by 4000 psi concrete.

Between 10 February and 22 February, the fallout rubble was
cleared away beneath the concrete backfill to free the TBM cutterhead.
This left a void in front of the TBM which extended about 10 feet up the
alignment and about 8 feet above the crown. The view provided by this
void revealed that the ground was still loosening with overbreak
occurring on the sides around the concrete backfill. The contractor
stabilized the exposed ground with shotcrete.

With these renewed fallout problems, it was apparent that an
alternative tunneling method was needed, and on 23 February, the
Govermment issued the contractor a "Request for Proposal” top heading.
On 27 February, Modification P00043 was issued to cease work until a new
method could be employed. On 28 February 1990, the contractor subumitted
his proposal to design and construct the top heading relief tunnel as
discussed in the 8 December consultant/managers meeting. See Plate 3
for profile of fallout chambers between tunnel stations 10+59 and 14+00.

c¢. Top Heading Tunnel - Roadheader Excavation. Ground behavior
in the Navarro continued with the top heading as had been experienced in
previous excavations in the outlet shaft, tail tunnel, and TBM tunnel.
Blocks slid inward along slickensided joints, slabs broke off along
silty sand layers, and raveling continued from place to place. If not
quickly supported, loosening ground would work upward in this manner
until it reached the elevation 522 bentonite or the overlying limy clay
shale, respective heights of 11 and 18 feet above the crown. Fallout
chambers developed similar to those experienced in the downstream
excavations. The smaller chambers developed along perimeters set by
slickensided joints. If not controlled, they could form a large arching
dome as experienced in the initial TBM boring and beneath the high
school gymnasium. Such a domed chamber developed in the top heading at
downstream Rib No. 8. Photographs of the domed fallout chambers at
these three locations are difficult to distinguish from one another.
The character and behavior of the material remained unchanged throughout
the Navarro fault block.

The ground had controlled the TBM excavations, but the top heading
approach with the roadheader was intended to allow the contractor to
control the ground. The top heading excavation had the advantage of
giving the miner direct access to the ground, whereas nothing could be
done to control the unsupported ground in front of the TBM. The direct
access of the top heading allowed the miners to respond appropriately to
observed ground behavior; this was not possible in front of the TBM
cutterhead. When unfavorable ground conditions developed in the top
heading, wary miners could quickly apply controlling measures such as
shotcrete, rock bolts, steel ribs, etc. Neither would fallouts block
the roadheader as it had with the TBM, and rubble could be quickly
removed with machinery rather than by hand. However, to control the
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ground required an active support system that tightly restrained ground
movement and restricted the three dimensional effects of stress relief
loosening. It was not only important to control fallouts in the face
excavations, but tight, expeditious support was necessary to control
ground relaxation and the development of gravity loads above the tunnel.

The contractor was not effective in controlling Navarro ground
until after a total collapse in the initial top heading excavations.
The top heading support failed on 30 July 1990, between Rib No. 24 and
No. 49, downstream from the access shaft at station 23+63. The major
deformation was between Ribs No. 39 and No. 49, with the most distortion
in Ribs No. 42 through No. 46. The collapse is discussed more fully in
Section 6-02.d.

The following are major chronological events of the top heading
excavations in the Navarro:

Between 22 March and 30 April 1990, Beck Foundation Company
drilled a 22-foot diameter, 136-foot deep shaft at tunnel station
23+462.9 in front of Brackenridge High School. The shaft was drilled 953
feet upstream from the TBM to provide access for the top heading tunnel
construction. It was also 731 feet downstream from the Navarro/Taylor
fault contact at station 30+94. The top heading excavations were to
proceed downstream and upstream from this shaft throughout the Navarro
section of the alignment.

In early May, the bottom of the access shaft was excavated to the
top heading diameter of 32 feet and extended to the 138-foot depth.
Rock anchors were grouted into this enlarged section of the shaft.

A construction staging chamber was the first excavation from the
bottom of the access shaft. The chamber extended 32.7 feet upstream and
24.7 feet downstream. It was excavated in two stages with a small
Mitsui roadheader. The upper half was excavated and supported with nine
steel ribs upstream and seven steel ribs downstream. The lower half was
then excavated and supported with the lower post of each rib. Wooden
lagging and shotcrete provided support between the ribs. The staging
chamber was completed by mid-June 1990.

On 22 May 1990, there was fallout in the crown just beyond
upstream Rib No. 4; no crown spilings had been installed to this date.
The fallout extended about 8 to 10 feet above the crouwn to the white
bentonite layer at elevation 522. The fallout area was stabilized with
wooden cribbing and later backfilled with a shotcrete mix. Crown
spilings were used after this fallout.

On 18 June, the top heading excavation proceeded downstream from
Rib No. 7 of the staging chamber. This was the first use of the larger
§-90 Mitsui roadheader which excavated to a full radius of 16 feet.

On 19 June 1990, fallout began in the face-cut just beyond
downstream Rib No. 8. The fallout soon undermined the l4-foot long
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spilings which fell inward with loosened blocks of rock. A fallout
chamber initially developed to 14 feet above Rib No. 8 and to
approximately 15 feet downstream. This was a height of 4 feet above the
elevation 522 bentonite. The dome of the chamber eventually raveled out
to the harder limy beds at a height of 17 feet above the crown.

The period 19-21 June was spent in removing fallout rubble and
backfilling the chamber. The lower portion of the fallout chamber was
first filled with sand to act as a bulkhead. Then the remaining void
was backfilled with concrete by pumping through pipes installed in the
sand.

On 19 July 1990, Dr. Ralph Peck, the government's geotechnical
consultant, visited the top heading excavation which was at Rib No. 36
downstream from the access shaft. Dr. Peck reported "... that each rib,
when erected, was blocked against the shotcrete (a thin flash-coat) with
timber, and that timber lagging was inserted intermittently between
ribs. Subsequently, shotcrete was placed around the blocking and
through the lagging. In our discussion I suggested that it would be
desirable, if possible, to eliminate the timber lagging and blocking, or
at least to reduce it substantially, and to use shotcrete for blocking
the ribs... This procedure would have the highly desirable effect of
eliminating timber, which is not only subject to deterioration, bLut
which obstructs final shotcreting in the spaces behind the lagging."

Dr. Peck suggested secoundly "... to grout the spiling in the pre-drilled
holes. Spiling is notoriously inefficient in bending. It provides its
most beneficial effects by furnishing tensile resistance developed as a
result of the bond due to friction and adhesion between the rock and the
spiling. This bond can be achieved only if the spiling is grouted in-
place..."

On 30 July 1990, the top heading excavation collapsed with total
failure of the 8-inch steel ribs between downstream Ribs No. 35 and No.
49. Resident Engineer, Keith Allen, and Geologist, Roy Crutchfield,
were in the top heading just before the collapse. They noticed chunks
of shotcrete falling from the crown at a slow but steadily increasing
rate. On closer inspection, Mr. Allen noticed cracks developing in the
shotcrete support and then bits of rock beginning to fall through the
open cracks. He informed the tunnel supervisor and they stopped all
work to remove the workers from the face-area just before shotcrete
started crumbling and falling on a large scale. Within a few minutes,
the ribs begin to fail and depress inward from the crown. The drilling
jumbo was crushed at the face where it had been drilling spiling borings
beyond Rib No. 49, the last rib. No one was injured.

On 31 July, remedial work on the top heading was underway. Sand
had been pushed into the fallout area to act as a bulkhead for concrete
backfill. The drilling of backfill borings began on the ground surface.
Stabilization work began within the top heading which would consist of
rock bolting, shotcreting, and grouting. Preparations were made to
construct a reinforcement collar at downstream Rib No. 25 to ensure that
the rock loosening did not propagate back to the access shaft.
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On 31 July, and 1 August, three holes were drilled from the ground
surface to backfill the collapsed area. The first two holes were
drilled on 31 July and the last on 1 August. These were 8-inch diameter
borings with 6-inch, ungrouted casings. The ground surface elevation
was 633, and the top heading ribs normally crowned at elevation 510.

The borings were designated as numbers 1 through 3, successively, from
the upstream direction, and were located respectively at stations 22+17
(between Ribs No. 34 and No. 35), 21+89 (between Ribs No. 42 and No.
43), and 21+60 (between Ribs No. 48 and No. 49). The borings
encountered the top of the fallout chamber at respective depths of 97.7
feet (elev 535.3), 99.0 feet (elev 534.0), and 105.0 feet (elev 528.0).
The limy clay shale layers that usually disrupted the upward propagation
of fallout were located between depths of 89.0 feet and 104.0 feet (elev
544.0 and 529.0).

Also, on 1 August, water was discovered flowing into the top
heading excavation from behind the sand and muck bulkhead placed against
the collapsed ribs. Water was flowing through the bulkhead at a few
gallons per minute with an accumulation of 5 inches of water in the
invert. The water level behind the bulkhead was measured through
backfill borings No. 1 and No. 2. The water was at the top of the
fallout void at elevation 534, the 99-foot depth. Running water could
be heard through the open ungrouted casings of these borings. This was
2 days after the top heading collapse, and the day after the first two
backfill borings had been drilled through an upper alluvial aquifer.

On 3 August 1990, a construction management meeting was held
between the Government and the contractor at the Resident Office.
Mr. Al Mathews attended as consultant for the Government, and Mr. James
Wilton of Jacob’s Associates attended as the contractor’s consultant.
Mr. Mathews advised that methods of active support be used in all
further work rather than the passive support procedures of the previous
work. It was agreed that the contractor would submit their proposed
plans for the remedial work and resume excavations.

On 24 August 1990, a management and consultants meeting was held
at the Resident Office to discuss proposed plans for the top heading
remedial work and future tunneling. The Government's consultants were
Dr. Ralph Peck, Dr. Ed Cording, and Mr. Al Mathews. Mr. James Wilton
was present as the contractor's consultant. Also, Mr. Begnt Stillborg,
a representative of Atlas Copco, attended to suggest a small diameter
pilot drift, using their product, Swellex Rockbolts (water expanded
hollow bolts). There was agreement among Government consultants that an
active support system, using proper shotcreting and rockbolts, was
needed, regardless of the future tunneling method chosen. Several such
methods were discussed. A decision on the best method would be made at
a later date by the Contracting Officer.

On 4 October 1990, the remining of the collapsed top heading was
completed to downstream Rib No. 51. This was two ribs, or 8 feet,
beyond the collapsed section, which ended at Rib No. 49.
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On 9 October 1990, the top heading excavation was resumed in the
upstream direction from Rib No. 9 of the staging chamber. The
contractor was now using a modified “New Austrian" method of tunneling.
His new method blocked the ground to the steel ribs with shotcrete
rather than extensive wooden lagging. Spilings were drilled and grouted
ahead of each rib, and approximately 18 rockbolts were installed in the
crown between ribs.

On 16 October, fallout occurred to about 6 feet above the crown,
and about 12 feet beyond upstream Rib No. 14, on the east side of the
excavation. An extra rib was installed between Ribs No. 14 and No. 15,
and the fallout cavity was backfilled with shotcrete.

On 1 November, a fallout chamber developed above and forward of
upstream Rib No. 24, extending above the bentonite layer at elevation
522. Fallout blocks slid into the excavation along a slickensided
plane, dipping at about 50° downstream. The resulting cavity extended
to 12 feet above the crown and 13.5 feet up the alignment. The cavity
was backfilled with a shotcrete mix.

On 16 November 1990, the top heading had been extended upstream
from the access shaft to Rib No. 35. The excavation was then resumed
beyond downstream Rib No. 51, toward the TBM.

At the end of December 1990, the top heading had been extended to
Rib No. 107 downstream with no large fallouts or serious problems.

On 24 January 1991, fallout occurred during the excavation beyond
downstream Rib No. 150. The ground fell inward along slickensided joint
planes leaving a void which extended to a height of 5 feet above the
crown and about 15 feet downstream. The contractor's prompt and much
improved shotcreting procedures (which included a shotcreting robot)
stabilized the loosening ground and prevented further fallout.

On 20 February, there was fallout along an inward dipping
slickensided joint at Rib No. 208 downstream. The resulting cavity
extended to 4.5 feet above the crown and about 18 feet downstream.
Further fallout was prevented by prompt shotcreting with the robot.

The top heading excavation reached the TBM at downstream Rib No.
236 on 8 March 1991. The ground stood relatively well as the TBM was
approached. There were no signs of previous stress relief to within
about 30 feet of the fallout cavity in front of the TBM. A small
portion of rubble from this fallout cavity was first encountered at Rib
No. 231, but the rubble had been well grouted through pilot borings. No
problems occurred in this reach of the excavation.

Between 12-19 March 1991, a staging chamber was excavated in front
of the TBM to the full tunnel diameter. The chamber was about 40 feet
long between Ribs No. 226 and 236. It was supported with steel ribs and
shotcrete. A concrete mud slab poured in the invert also acted as a
strut between the base of the ribs.
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During the last of March, the TBM was slowly moved forward onto
steel cradle beams installed in the mud slab of the staging chamber.
Once on the beams, refurbishing began on the TBM in preparation for the
upstream excavation of the lower half of the tunnel.

On 28 March 1991, the top heading excavation started upstream once
again from where it had left off at Rib No. 35.

On 11 May, fallout occurred in the excavation beyond upstream Rib
No. 134, The fallout chamber extended about 7 feet above the crown and
about 8 feet up the alignment. Shotcreting was effective, and the
ground was stabilized.

On 24 May, fallout occurred along converging slickensides, dipping
inward at about 50° during the excavation to set upstream Rib No. 163.
The resulting fallout chamber extended an estimated 20 feet above the
crown and about 20 feet upstream. The void was backfilled with a
shotcrete mix.

On the evening of 6 June 1991, the major fault separating Navarro
and Taylor ground was encountered during the excavation to set upstream
Rib No. 182. A slickensided fault plane extended across the face-cut at
station 30+90 and dipped downstream into the excavation. The altitude
of the fault was N.72°E.57°SE. There were 4 feet of fault breccia
between this slickenside and a parallel slickenside on the upstream
(Taylor) side. The Taylor slickenside had the same strike of N.72°E,
but dipped at 59°SE. Although the fault breccia tended to run into the
excavation, it was effectively controlled with shotcrete and grout.

On 11 June, after grouting the breccia, the excavation advanced
beyond the fault intercept in the crown at station 31404, Rib No. 185.
The Taylor clay shale on the upstream side of the fault was soft, but it
was massive and firmly stable. As expected, there were no silty sand
seams as in the Navarro, and only one joint was noted on the Taylor side
of the fault. The Taylor clay shale was so firm that excavation with a
hydraulic spade was too difficult to be practical, as it had been in the
blocky Navarro. In the Taylor, the spade only bounced on the rock
surface with negligible penetration, whereas the Navarro had broken
apart easily. However, the Taylor material was easily cut by the
roadheader and stood without even minor fallouts.

On 18 June 1991, the last rib in the upstream top heading, Rib No.
200, was set at tunnel station 31+64. The excavation continued upstream
for 25 more feet to observe ground stability in the Taylor clay shale.
The first 17 feet beyond Rib No. 200 was supported with only 3 or 4
inches of shotcrete, and the final 8 feet was not supported in any
manner. The 8-foot length of unsupported ground was reduced by about 3
feet in excavated radius to 13 feet. This unsupported section was left
open for 6 days before it was shotcreted. There was no fallout and no
obvious desiccation fractures. The rock surface showed only minor
drying.

41

Al il




On 24 June 1991, the TBM began excavating the lower half of the
tunnel with no significant problems. See Plates 10 through 15 for as-
built geology of the top heading excavation.

d. Collapse of the Top Heading. As described in the foregoing
section, a 100-foot long reach of the top heading tunnel collapsed
between downstream Ribs No. 24 and No. 49 on 30 July 1990. The major
failure occurred between Ribs No. 39 and No. 49 where the rib supports
separated at the crown and squatted downward about 12 feet, crushing the
drill jumbo at the face. Some of the rib footings were actually pushed
several feet into the ground. Ribs No. 42 through No. 49 were forced
backward in the downstream direction, and Ribs No. 41 through No. 39
were forced upstream in the opposite direction. As would be expected,
the greatest rock deformation was also in this area. Remining at Ribs
No. 45 and No. 46 revealed that the normally horizontal bentonite bed at
elevation 522-523 was now located in the remined face and distorted into
a "vee" shape. Backfill boring No. 1 (above Rib No. 34) encountered the
resulting fallout void at the 97.7-foot depth; this would be about 25
feet above the top heading crown, about 14 feet above the elevation 523
bentonite, and about 6 feet into the overlying limy zone. The fallout
void was 24 feet above the crown in backfill boring No. 2 (above Rib No.
42), and 18 feet above the crown in backfill boring No. 3 (above Rib No.
49).

The hands-on approach of the top heading procedure was intended to
control the characteristic Navarro behavior which had previously
dominated the TBM tunneling methods, and yet, the ground prevailed. The
top heading collapse was obviously a failure to control the Navarro
ground.

The control of stress relief in weak blocky ground requires
relentless vigilance and aggressive ground restraint measures. A
passive support method was employed in the top heading construction.
This method primarily involved compressible wooden lagging placed
randomly, as needed, between 8-inch wide steel ribs erected on 4-foot
centers; little to no shotcrete was used in the initial support. Such a
passive method, rather than exerting an active, uniform, outward force
to restrain ground relaxation, allows the rock to settle onto the
support system. Wooden lagging and cribbing makes the support itself
somewhat compressible. 1Initial settlement onto the support actually
induces stress relief movements which can propagate further, if an
equilibrium is not achieved.

The top heading collapse occurred when the upward and outward
propagation of loosening rock created excessive gravity loading upon the
support system. Random, non-uniform direction of these loads, through
excessive wooden lagging, may have created bending moments which would
reduce the load capacity of the ribs. In any case, as the gravity loads
became excessive, it is certain that bearing failure occurred in the rib
foundations. The foundation bench upon which the ribs sat consisted of
inherently weak material (5 TSF to 20 TSF). Unfortunately, this bench
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of material was allowed to deteriorate with desiccation; it was
overexcavated, and it was not protected from machinery damage. Also,
the top heading was designed to be a composite shell of ribs and
shotcrete with continuous 1.5-foot wide strip footings in the wall
plate; the contractor delayed the shotcrete, resulting in individual rib
footings which proved inadequate.

A number of the construction procedures in the top heading may
have ultimately contributed to the collapse. The effects of stress
relief are three dimensional in the ground mass; therefore, every
stimulus to ground relaxation may contribute to the overall loosening of
rock loads upon the support system. Spilings were ungrouted and
provided no tensional support to the rock. As mentioned above, large
amounts of irregularly placed wooden lagging was used, and it was of
itself compressible enough to allow some support deflection with a
corresponding loosening of the rock. The physical placement of wooden
lagging and cribbing was relatively slow, allowing more time for stress
relief. Overexcavations, overbreaks, and fallouts required stacking of
the lagging and cribbing which created a jumbled barrier to the small
amount of shotcrete being used. The light shotcreting over this jumbled
lagging was improperly applied by personnel standing or sitting in the
invert. Shotcreting response to fallouts during excavation was
notoriously slow due to mechanical and mixture problems; this
contributed to larger fallouts. (A shotcreting robot and improved
mixture design during later excavations showed marked improvement in
fallout control.) A substantial portion of the designed shotcreting was
delayed by the contractor in the interest of production rate.

Dr. Edward Cording, a Government consultant for the tunnel,
concluded in his report (see Appendix D) "Collapse of the top heading
occurred because the support system installed allowed loosening of the
rock and did not have the stiffness or capacity to carry the loosened
loads and prevent bending and bearing failure of the ribs."™ Dr. Cording
also reported that "The use of shotcrete of adequate thickness, in
contact with the rock and blocked to the ribs would have minimized the
initial loosening that allowed the rock loads to develop. Blocking of
the rock to the rib with shotcrete would have also increased both normal
and shear stiffness acting on the steel ribs, thus reducing bending
stresses and the thrust transmitted to the footings. Filling of
shotcrete around and between the ribs would have allowed the shotcrete
to become a part of the structural support and carry a major portion of
the moments and thrusts; it would also have increased the bearing area
at the base of the arch. These conditions would have allowed the ribs
to remain stable, even if rock loads had developed."

Dr. Ralph Peck, also a Government consultant on the tunnel, stated
in a letter dated 25 February 1991, that he thought it "likely that the
collapse was a direct consequence of relaxation and consequent
deterioration of the rock resulting from the lack of prompt shotcrete
support and excessive use of timber cribbing and lagging..."
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e. Lower-Face Tunnel - Resumed TBM Excavation. The resumed full-
face TBM excavation was quite successful, and no significant problems
developed. The TBM excavation of the lower half of the tunnel began at
station 14+60 on 24 June 1991. The tunneling rate quickly accelerated
to 40 feet per day and reached as high as 60 feet per day. The
accelerated advancement reduced the required stand-up time for the
material and allowed the tunneling operation to stay ahead of stress
relief problems. Of course, the overhead canopy of shotcrete and steel
ribs eliminated fallouts above springline, but there was still the
possibility of material sliding into the excavation on the sides.

There had been some concern about failure of the clay shale bench
beneath the steel ribs. Therefore, as a precaution, the contractor had
constructed a reinforced shotcrete wall plate along the lower portion of
the ribs. The purpose of the wall plate was to help cantilever loads
upstream as the TBM excavated beneath the top heading canopy. However,
the ground stood well even though fractures and slickensided joints
persisted below springline.

(]

a month from m

=
"
=

The TBM excavation was stopped for ahou nth from mid-July to
mid-August at station 21478, downstream Rib No. 44; this delay was to
allow for the installation of the trailing gear. The TBM then continued
to the access shaft at station 23+63, where the tail shield was replaced
before proceeding upstream. The tail shield had been removed during the
TBM refurbishing and had not been required beneath the top heading

canopy.

Another concern was that the TBM would have difficulty excavating
through wet ground along a 550-foot stretch of the upstream top heading.
On 12 July 1991, a waterline had broken and completely inundated this
stretch of ground. The water had filled foundation fractures and joints
opened by stress relief and the disturbance of tunneling machinery,
especially the loaded S10 mucking vehicles. Some of this water migrated
downstream through open fractures to the TBM setting at station 21+78.
On 1-2 August, seven shallow borings were drilled in the top heading
invert to evaluate the water migration and then to pump the water out of
the ground. Afterward, the ground had approximately a month to dry
before the TBM excavation reached the inundated area. Also, the water
had only seeped along joint and fracture conduits with little
penetration into the clayey material itself. As a result, the TBM
actually had no problems through the wetted area.

Some precautionary thought was given to grouting the 4-foot wide
breccia zone between station 30490 and station 30+94. However, it was
decided that the TBM would span over this relatively narrow zone, and
have no problems such as nose diving into the weaker ground. Such was
the case, and the TBM crossed into stable Taylor ground with no
problems. On 12 September 1991, the TBM once again began full-face
tunnel excavation at station 31+89.

f. Outlet Shaft Tail Tunnel - Roadheader Excavation. The 14.8-
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foot diameter tail tunnel extended 147 feet S.13°W. from the south or
backside of the outlet shaft. It was, therefore, the furthest of the
tunnel excavations to the south, and remained totally in characteristic
Navarro material. The formation consisted of gray to dark gray clay
shale, with interbedded thin, 1/16-inch to l-inch thick layers of
grayish white silty sand to sandy silt. The weak horizontal silt and
sand layers were crisscrossed by fractures and joints which were
frequently slickensided. The l-inch thick white bentonite layer at
elevation 492 in the outlet shaft also extended along most of the tail
tunnel. However, it was faulted upward in several places until it
vanished above the crown at 111.5 feet into the tunnel. Most of the
major joints dipped southward, although a few were northward. The
average dip of the joints was about 43° which was slightly less than the
usual 45° to 75° dip of the outlet shaft.

Since the tail tunnel was only about half the size of the main
tunnel, the effects of stress relief were less and more easily
controlled. The occasional small fallouts hardly presented an obstacle
to work progress. The largest fallout occurred 100 feet into the
tunnel; it was only about 5 feet in length and extended about 4.5 feet
above the crown. Other fallouts were little more than overbreak in the
excavation and were controlled with shotcrete. The hands-on approach of
roadheader tunneling allowed the miners to quickly respond to ground
conditions. Also, daily excavations of about 5-foot lengths were fully
supported with wire mesh and 5 inches of shotcrete before quitting.
Therefore, the ground was tightly supported in a timely manner, and
relaxation was not allowed to propagate. The Navarro was effectively
controlled in the smaller tail tunnel.

6-03. Tunneling in the Taylor Formation. The Taylor Formation provided
a more suitable tunneling medium for the TBM operations. This had been
anticipated, although there was moderate trepidation as to the extent of
structural deformation and ground stress beyond the Navarro fault block.
The Taylor’s persistent massive stability had been experienced
throughout project explorations in all of the San Antonio River shafts
which had been excavated before tunneling, and in the previously
constructed San Pedro Creek Tunnel. The San Pedro Creek Tunnel had been
excavated through the same sequence of Taylor materials only about a 1/2
mile away. When the TBM crossed out of the Navarro fault block into the
Taylor Formation at station 30+94, it was excavating just above the M-1
marker bed at nearly the same horizon as the initial San Pedro Creek
Tunneling. The massive character of the Taylor was not even affected by
over 150 feet of displacement along the Navarro fault contact.
Therefore, as in the San Pedro Creek Tunnel, the Taylor provided a
stable tunneling medium.

North of station 30494, the massive Taylor strata was the only
formation encountered. The material was soft enough to be readily
excavated by mechanical means, and yet stable enough to stand well.
Only occasional minor crown fallouts or ravelings occurred before the
liner support could be provided at the back of the tail shield; these
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were indeed minor and of little construction consequence. Stress relief
fracturing was inevitable to some degree, but proved rather sparse. The
Taylor Formation was consistently massive and stable throughout the
remaining 14,175 feet of tunnel.

It should be mentioned, however, that some change occurred when
the TBM crossed out of the upper M-2 stratum into the lower M-3 stratum
at the station 98+15 fault. As discussed previously in Part III, the
M-1 and M-2 materials are more clayey and not as strong as the better
indurated limy materials of the M-3 through M-5 strata. The
stratigraphic changes in the clay to calcium carbonate ratio presented a
rather pronounced contrast across the fault at station 98+15, as it did
across the same fault at station 171450 in the San Pedro Creek Tunnel.
The M-1 and M-2 strata, downstream of the fault, were dark gray,
unctuous, massive, soft to moderately soft, weak clayey material having
unconfined compressive strengths normally around 25 TSF (only slightly
stronger than the M-O material of the Navarro). The M-3 through M-5
strata, upstream of the fault, were gray to light gray, earthy, massive,
moderately soft to moderately hard with occasional hard lenses, limy,
well indurated, having unconfined compressive strengths averaging about
43 TSF and reaching as high as 77.7 TSF. Actually, much of this lower
Taylor has the high carbonate/clay mixture of an indurated marl and
could be classified as a marlstone, or an argillaceous limestone where
the calcium carbonate predominates. This is the strongest material of
the formation.

These material descriptions on each side of the station 98+15
fault give the predominant characteristics of the strata. It should be
noted that stringers of limy shale occur occasionally in the upper
strata, and occasional clayey shale layers occur in the lower strata.
However, throughout the upper and lower Taylor, the formation was
persistently massive and structurally stable.

6-04. Outlet Shaft Foundation. The 150-foot deep outlet shaft was
excavated through 21.5 feet of overburden, 26 feet of weathered Navarro
Formation, 12 feet of moderately weathered Navarro, and 90.5 feet of
unweathered Navarro. Ground surface was at elevation 623.

The overburden soils varied around the shaft. The overburden on
the east side of the shaft was entirely a gravelly clay fill which
formed a man-made terrace adjacent to the San Antonio River. Refuse,
such as glass, metal, brick, and wood, were scattered throughout this
gravelly clay, which extended westward to also form the upper 7 to 11
feet of overburden on the other side of the shaft. Beneath the fill
material on the west side were intertonguing lenses of silty sand and
gravelly sand overlying a clayey gravel containing numerous calcareous
concretions. This lowermost layer of clayey gravel is a locally
widespread alluvial aquifer which produced 200 GPM of water in the San
Pedro Creek Outlet Shaft. However, the aquifer was very clayey at this
location and produced only trickling flows. The gravelly clay fill of
the man-made terrace varied from dry to moist with no water flows. No
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ground water was encountered in either of the sand lenses.

Two stages of weathering were observed in the upper rock
formation. From the top of rock at the 21.5-foot depth to the 47.5-foot
depth, the Navarro was a soft, weathered, tan clay shale with gray
mottling. It had a blocky structure with numerous joints and fractures.
However, there was a transition from weathered to unweathered clay shale
between depths of 47.5 feet and 59.5 feet. This was a zone of
moderately weathered, soft, gray clay shale, having frequent iron-
stained joints and fractures.

For the most part, the unweathered Navarro in the outlet shaft was
a gray to dark gray, predominantly soft clay shale. An exception was a
lighter gray, moderately soft to moderately hard limy clay shale bel.reen
depths of 77 and 95 feet, elevations 546 and 528, respectively. The
formation appeared generally massive to the base of this limy zone.
Below the limy zone, fractures, joints, and slickensided planes were
encountered. Some of the slickensides occurred along extensive linear
planes, having minor fault displacements of several inches. Other
slickensides were short, irregular, discontinuous, shear surfaces.
Scattered concentrations of greenish gray to brownish grav bentonitic
clay shale underlay the limy zone to a nearly l-foot thick. white
bentonite layer at elevation 523. There was also a l-inch thick white
bentonite layer at elevation 492, which extended just below springline
through the transition and just below the crown in the tail tunnel.
Below the elevation 523 bentonite, the clay shale was interbedded with
thin, 1/16 to 1l-inch thick layers of grayish white silty sand to sandy
silt layers. These silty and sandy layers created herizontal planes of
weakness which were crisscrossed by fractures, joints, and slickensides
to form blocky ground below the 100-foot depth.

The blocky ground did not appear to be controlled by particular
joint sets, but rather was truly crisscrossed with joints of a wide
variation in attitude. Although there were equal variations in strike,
there were 48 percent more southward dips. About 70 percent of the
joints were high angle, above 45°, but they were also generally less
than 75°. See Plates 5 through 9 for as-built gc¢ology of the outlet
shaft and transition.

6-05. 1Inlet Shaft Foundation. The 149-foot deep inlet shaft was
excavated through 25 feet of overburden, 6 feet of weathered Taylor
Formation, and 118 feet of unweathered Taylor Formation. The ground
surface was at elevation 658.

The overburden from ground surface downward consisted of 9 fec*t of
brown sandy clay, 14 feet of gray to buff fat clay, and 2 fec* of
saturated clayey gravel. Ground water was encountered at elevation 644
in the fat clay due largely to secondary permeability of blocky
structure.

The weathered Taylor Formation was at the 25-foot depth. It was a
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soft, blocky, tan clay shale with some buff and gray mottling. Frequent
joints and fractures formed the blocky structure, and were often iron
stained. Healed fractures or joints were noted in places. Some
moisture was noted, but no free water was apparent.

The unweathered Taylor was predominantly gray to light gray,
moderately soft to occasionally hard, limy, ~'ay shale, or marlstone
that possibly graded to argillaceous limestor in places. There was a
softer, less calcareous clay shale in the upper 5 feet between
elevations 627 and 622, and a similar 12-foot thick layer about 5 feet
below it. Otherwise, the material was the hardest and most stable of

the project.

Being on the upthrown side of the mid-alignment fault at station
98+15, the inlet shaft was excavated through the lower and more limy
strata of the Taylor. The top of the unweathered formation was only 5
feet above the M-3 marker bed at e'!evation 622, The M-4 and M-5 marker
beds were not perceptible i.i the excavation, but correlated to
approximate clevations of 565 and 5335, rcspectively. The increased
carbonate to clay ratio of these strata made the rock harder and more
brittle, but also less susceptible to desiccation, air slaking, and
sloughing. Percussion excavation by hydraulic ram was the preferred
method in this harder material. Although the excavation was controlled
somewhat by indistinct horizontal bedding, the material would often tend
to break in conchoidal, angular pnatterns. Tight, discontinuous
fractures developed along horizontal bedding planes be~ween elevations
613 and 615, at elevation 605, and between elevations 560 and 570.
However, the formation was persistently massive throughout the shaft.
Except for the two soft more clayey layers above the 53-foot depth, the
unweathered formation was the massive, limy, well indurated rock typical
of the lower Taylor. See Plate 4 for -built geology of the inlet
shaft.

6-06. Maintenance Shaft Foundations. The two maintenance shafts for
the San Antonio River Tunnel were drilled on each side of the mid-
alignment fault at station 98+15. The shaft on Water Street at station
65+90 is on the downthrown side of the fault and in the soft clayey
upper Taylor Formation. Thc top of the M-1 strata is at elrvation
514.5, the 131.5-foot depth, or 3.5 feet above the bottom of the shaft
excavation. The Brooklyn Avenue shaft at station 124+36 is on the
upthrown side of the fault and extends through the softer, clayey

M-2 materials into the harder, limy M-3 and M-4 strata. The contact
between the M-2 and M-3 strata is at elevation 580, the /1-foot depth,
and the M-4 correlates to elevation 535, the 116-foot depth, or 12 feet
above the bottom of the excavation.

The Water Street maintenance shaft at station 65+90 extends
through 15.0 feet of overburden, 22.0 feet of weathered Taylor
Formation, and 98.0 feet of unweathered Taylor Formation. Progressively
downward, the overburden includes 1.0 foot of street materials, 4.0 feet
of gravelly clay, and 10.0 feet of clayey gravel. The weathereu Taylor
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consists of tan and gray, soft, fractured clay shale. The unweathered
Taylor is gray to dark gray, soft to moderately soft to occasionally
moderately hard, massive, variably calcareous clay shale. The formation
stood well with no sloughing during the shaft sinking. No free water
was encountered in the overburden or rock formation.

The Brooklyn Avenue maintenance shaft at station 124+36 extends
through 24.0 feet of overburden, 11.0 feet of weathered Taylor
Formation, and 93.0 feet of unweathered Taylor Formation. From ground
surface downward, the overburden consists of 2.5 feet of clay fill, 2.5
feet of organic clay fill, 5.0 feet of sandy clay, 8.0 feet of lean to
fat clay, and 6.0 feet of gravelly clay. Free water was encountered at
the 18.0-foot depth, at the top of the gravelly clay. The weathered
Taylor is tan and gray, soft, fractured clay shale. The upper 36 feet
of the unweathered Taylor is gray to dark gray, soft to moderately soft
clay shale with the remainder of the formation being light gray,
moderately soft to moderately hard, limy clay shale. The formation was
massive throughout, and stood well without sloughing. See Appendix C
for detailed geologic log of the maintenance shaft excavations.

6-07. Vent Shaft Foundations. Of the three vent shafts for the San
Antonio River Tunnel, one was drilled downstream and two were drilled
upstream of the mid-alignment fault at station 98+15. The shaft at
station 51482 on St Mary's Street, is on the downthrown side of the
fault, placing it in the soft, clayey, upper Taylor Formation. The top
of the M-1 strata correlates to elevation 527, the 116.8-foot depth, or
14.2 feet above the bottom of the excavation. The shaft at station
108+88 on Broadway Street is on the upstream side of the fault, and
extends through the softer, clayey M-1 and M-2 strata into the harder,
more calcareous M-3 strata. The contact between the M-1 and M-2 strata
is at elevation 605.8, the 47.8-foot depth, and the top of the M-3
correlates to elevation 570, the 83.6-foot depth. The Camden Street
shaft at station 152429 is also on the upthrown side of the fault and
considerably updip from the Broadway Street shaft. Therefore, nearly
all of the shaft is in the harder, limy clay shale of the M-3 and M-4
strata. The top of the M-3 is at about elevation 610, the 43-foot
depth, or just 5.3 feet into the unweathered formation. The top of the
M-4 correlates to elevation 543, the 110-foot depth, or 12 feet from the
bottom of the excavation.

The St Mary's Street vent shaft at station 51+82 extends through
23.0 feet of overburden, 23.0 feet of weathered Taylor Formation, and
85.0 feet of unweathered Taylor Formation. From ground surface
downward, the overburden includes 1.0 foot of pavement materials, 3.0
feet of lean clay, and 19.0 feet of clayey gravel. Free water was
encountered in the clayey gravel at the 17.0-foot depth. The weathered
Taylor consists of buff and gray, soft, fractured clay shale. The
unweathered Taylor is gray to dark gray, soft to moderately soft to
occasionally moderately hard, massive, variably calcareous clay shale.
The formation stood well with no sloughing during the shaft sinking.
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The Broadway Street vent shaft at station 108+88 extends through
14.0 feet of overburden, 32.0 feet of weathered Taylor Formation, and
85.0 feet of unweathered Taylor Formation. The overburden consists of a
foot of pavement materials overlying 13.0 feet of clay and sandy clay.
The weathered Taylor is tan and gray, soft, fractured clay shale. The
unweathered Taylor is gray to dark gray, soft to moderately soft to
occasionally moderately hard, massive, variably calcareous clay shale in
the upper third. The lower two thirds is light gray, predominantly
moderately hard, massive, limy clay shale. No free water was
encountered in the overburden or rock formation. The formation stood
well without sloughing.

The Camden Street vent shaft at station 152+29 extends through
17.0 feet of overburden, 20.7 feet of weathered Taylor Formation, and
84.3 feet of unweathered Taylor Formation. Progressively downward, the
overburden consists of 4.0 feet of clay fill, 2.0 feet of gravelly clay,
and 11.0 feet of lean to fat clay. A trickling flow of free water was
noted in the overburden at the 16.2-foot depth. The weathered Taylor
consists of tan and gray, soft, fractured clay shale. The unweathered
Taylor, being in the M-3 and M-4 strata, is light gray, moderately hard,
massive, well indurated, limy clay shale throughout. The material
excavated at this shaft was very similar to that at the inlet shaft; it
stood exceptionally well. See Appendix C for detailed geologic log of
the vent shaft borings.

6-08. Hydraulic Instrumentation Shaft Foundations. The two hydraulic
instrumentation shafts for the San Antonio River Tunnel were drilled on
each end of the alignment. Therefore, the shaft near the outlet is in
the Navarro Formation south of the fault at station 30494, and the shaft
near the inlet is in the lower Taylor Formation. In the shaft near the
outlet, the top of the M-0 strata of the Navarro is at elevation 546,
the 77.1-foot depth, or 42.9 feet from the bottom of the shaft. 1In the
shaft near the inlet, the top of the M-3 strata of the Taylor is at
elevation 621, the 37-foot depth; the M-4, though not distinguished in
drill cuttings, correlates to about elevation 564, the 94-foot depth;
and the M-5 correlates to elevation 534, or about 2 feet below the
bottom of the shaft.

The hydraulic instrumentation shaft at station 10+73, near the
outlet, extends through 26.0 feet of overburden, 22.0 feet of weathered
Navarro Formation, and 98.0 feet of unweathered Navarro Formation. From
ground surface downward, the overburden consists of 15.0 feet of clay
fill, 6.0 feet of fat clay, and 5.0 feet of clayey gravel. Free water
was encountered at the 21.0-foot depth at the top of the clayey gravel.
The weathered Navarro is tan and gray, soft, fractured clay shale with
occasional sandy layers. The unweathered Navarro is light gray to dark
gray, soft to moderately soft, and becoming moderately hard where limy,
between depths of 77.1 and 95.1 feet, massive above the 95.1-foot depth,
and jointed with slickensides below the 95.1-foot depth. A white
bentonite layer was present at the 100-foot depth.
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The hydraulic instrumentation shaft at station 171+23, near the
inlet, extends through 26.0 feet of overburden, 6.0 feet of weathered
Taylor Formation, and 90 feet of unweathered Taylor Formation. The 26.0
feet of overburden consists of lean to fat clay, and contained a trace
of free water at the contact with the underlying clay shale. The
weathered Taylor consists of tan and gray, soft, fractured clay shale.
The unweathered Taylor is light gray to gray, soft to moderately hard,
massive, well indurated, limy clay shale. See Appendix C for detailed
geologic log of the instrumentation shaft borings.

6-09. Top Heading Access Shaft Foundation. The access shaft for the
top heading was excavated in the Navarro Formation at station 23+63, or
731 feet south of the fault at station 30+94. The limy clay shale of
the M-0 stratigraphic marker occurred between elevations 544 and 529,
respective depths of 90 and 105 feet. This limy zone was encountered
between elevations 546 and 528 in the outlet shaft. The white bentonite
layer between elevations 523 and 522 in the outlet shaft occurred
between elevations 522.4 and 522.0 in this shaft, at respective depths
of 111.6 feet and 112.0 feet. These prominent strata correlate well
horizontally in the 1300 feet between the two shafts.

The access shaft extended through 27.0 feet of overburden, 35.5
feet of weathered Navarro Formation, and 75.0 feet of unweathered
Navarro Formation. Progressively downward, the overburden consisted of
1.5 feet of gravel, 17.5 feet of gravelly clay, and 8.0 feet of fat
clay. The weathered Navarro was tan and gray, soft, fractured clay
shale. The unweathered Navarro was gray to dark gray clay shale which
was mostly soft to moderately soft. However, it became light gray and
moderately hard in the limy M-0 marker bed. 1t was massive in the upper
shaft, but became frequently fractured and jointed with slickensides
below the base of the limy strata at the 105-foot depth. Below the
elevation 522 bentonite, it contained numerous thin whitish gray silty
sand to sandy silt seams along horizontal bedding planes. No free water
was encountered in the overburden or rock formation. There was some
overbreak in the lower shaft excavations, but these were relatively
small. The ground stood suitably, and there were no significant
construction problems.

6-10. Top Heading Alignment Shaft Foundation. This 24-inch 0.D., 12-
inch I.D. shaft was drilled at station 21+55 by the contractor to help
align the top heading excavation. It was located 208 feet downstream
from the access shaft and 939 feet south of the fault at station 30+494.
The limy M-O was encountered between elevations 543.7 and 528.7,
respective depths of 89.0 and 104.0 feet. The white bentonite layer
occurred between elevations 521.7 and 521.1, respective depths of 111.0
and 111.6 feet. The elevations of these beds in the alignment shaft
correlate with those in both the access shaft and the outlet shaft.

This alignment shaft extended through 26.0 feet of overburden,
28.5 feet of weathered Navarro Formation, and 68.5 feet of unweathered
Navarro Formation. Progressively downward, the overburden consisted of
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0.2 foot of lean clay, 5.8 feet of gravel, 8.0 feet of silty sand, 4.0
feet of gravelly clay, and 8.0 feet of fat clay. The weathered Navarro
was tan and gray, soft, fractured clay shale. The unweathered Navarro
was mostly gray to dark gray, soft to moderately soft clay shale. It
became light gray and moderately hard in the limy M-0 marker bed. It
appeared massive to the white bentonite layer at the 111.0-foot depth,
after which slickensided drill cuttings indicated frequent fractures.
Also, silty sand to sandy silt partings were noted in the cuttings below
the bentonite layer. No free water was encountered throughout the
shaft, and the ground stood suitably for the installation of the 12-inch
diameter steel casing.

52

a4

°
!
d
°
4
°
°
)




PART VII
FOUNDATION TREATMENT

7-01. General. Contractually, there was no major foundation treatment
required for the tunnel or shafts. However, two of the support
procedures may also be considered methods of foundation treatment.

These two operations were the rock anchor installations in the shafts
and the grouting of the tunnel liner. Although both the rock anchors
and the grouting were required as part of the excavation support, they
may also be considered foundation treatment in that they enhanced the in
situ stability of the rock formation. This is also true of the rock
anchors, spilings, and grouting used as remedial measures in the top
heading construction. These operations have been described as support
procedures in Parts V and VI, but are further discussed in this section.

7-02. Rock Anchors. There were four general types of rock anchors used
on the San Antonio River project. Type I and Type II rock anchors were
used in the outlet shaft. Type I and Type III rock anchors were used in
the inlet shaft. Type V rock anchors were used in the top heading
construction. (Type IV rock anchors were used on San Pedro Creek
project.) The type differences consisted of variations in length and
corresponding bonding capacities. The rock anchors were normally
stressed to design loads and then locked off at 80 percent of that load
which varied with the length of the rock anchor. Type I rock anchors
were 18 feet long, had a design load of 90 kips, and a lock-off load of
72 kips. Type II rock anchors were 21 feet long, had a design load of
110 kips, and a lock-off load of 88 kips. Type III rock anchors were 15
feet long, had a design load of 100 kips, and a lock-off load of 80
kips. The Type II1 anchors were used exclusively in the better
indurated rock at the inlet shaft, and thus had a higher bonding
capacity for the shorter length of anchor. Type V rock anchors were 14
feet long, had a design load of 28 kips, and a lock-off load of 20 kips.

All four types of rock anchors were similar in materials and
construction. The first three were No. 10 Dywidag threadbars, and were
cement grouted into 5-inch diameter holes. The anchor grout was a non-
corrosive expansive admixture with a minimum 28-day compressive strength
of 3000 psi. The recommended pumping pressure for the grout was 30 psi.
PVC spacers were used at equal distances along the boring to keep the
anchor in the center of the hole. A 2-inch thick, 5-inch diameter
styrofoam donut was placed around the anchors at the 1.0 to 1.5-foot
depth to act as a grout barrier; the styrofoam was also supposed to
provide a compressible cushion which would allow the anchor bar to move
if the bonding capacity was exceeded during the stress loading. The
outer foot or so of hole beyond the styrofoam donut was backfilled with
dry-pack cement around a PVC bond breaker covering the anchor bar. An
8- to 10-inch square, 1.5-inch thick Dywidag bearing plate was installed
against the shotcreted shaft surface at the outer end of the anchor bar.
Type V anchors were No. 8 Dywidag threadbars, cement grouted into 3-inch
diameter holes, but were otherwise similar to Types I through III.
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The design of these rock anchors provided a support effect similar
in principal to "soil nails" rather than typical rock bolts. Soil nails
are normally relatively short steel bars of a fully bonded length
installed as reinforcing inclusions to the in situ ground. Usually
closely spaced, they produce a zone of reinforced ground which performs
in a manner similar to a retaining wall. Soil nails are not stressed,
although it is common to apply a small seating load. Unlike soil nails,
rock bolts are stressed after installation, with the load transferred
along a distal, fixed anchorage length; this distal anchorage binds the
unbonded outer rock to the more stable ground mass at depth. These rock
anchors were stressed like rock bolts, and yet, like soil nails, they
were bonded for nearly their entire length. Only the outer 1.0 to 1.5
feet of bar length was unbonded. Considering the thickness of
shotcrete, this left only the outer few inches to 1.0 foot of rock
unbonded, and the stressing load was distributed along the rest of the
bar. Therefore, the rock anchors .cted as stress loaded soil nails
rather than bolts anchored at depth.

In any case, these rock anchor "nails" apparently provided an
effective reinforcement in the massive rock of the inlet and upper
outlet shafts and no support problems developed. However, in jointed,
more thinly stratified, blocky ground in the lower elevations of the San
Antonio River Outlet shaft, these anchor nails possibly were less
effective than longer typical rock bolts having a distal anchorage at
depth. Apparent block movements occurred below the 100-foot depth in
the northeast quadrant, bulging and cracking the shotcrete lining, and
requiring 60 additional 40-foot long anchors. These anchors were
installed by contract modification and consisted of 40-foot long, No. 1lI
rebar grouted in a 5-inch diameter drilled boring. The anchors were
installed perpendicular to the shaft face. The anchors were installed
in the northeast quadrant of the shaft on approximate 10-foot centers
between existing rock anchors and between elevations 500 and 528. 1In
addition to the rock anchors, the modification provided for removal of
spalled shotcrete and repair with epoxy grout and grouting of existing
cracks. The modification also provided for installation of two
additional 3-position MPBXs at elvation 518, and one rock bolt load cell
at elevation 523. Upon completion of the above modification, no further
cracking was noted in the shotcrete, and no unusual rock movement was
detected bv the instrumentation. It is significant to mention that
random failure and creep tests performed on Type I rock anchors in the
lower outlet revealed load capacities of only 16 to 38 kips in the soft
blocky rock.

In the top heading construction, rock anchors, and spilings as
well, appeared effective in controlling weak, blocky ground when used
with proper shotcreting techniques. It was found that expeditious,
knowledgeable, coordinated applications of these measures, created an
active support system that restrained the propagation of ground
movements, and helped the ground itself to maintain a supportive
equilibrium. However, efficient shotcreting in time and methodology was
crucial.
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7-03. Tunnel Liner Grouting. Grouting of the annular space between the
tunnel liner and the surrounding rock was primarily to establish a solid
contact between the liner and the rock, but it also consolidated the
surrounding rock by filling open fractures, joints, and occasional
elongated voids left by block settlements in the crown. Grouting behind
tunnel liners is usually called backpack grouting, and is largely for
support. The grouting of fissures and voids in the loosened rock
surrounding tunnels is referred to as consolidation grouting, and is
predominantly a stabilization treatment. Consolidation grouting often
requires the drilling of grout holes to the depth of formation
disturbance, and this was done in the San Antonio River Tunnel where
substantial ground movements occurred in the blocky Navarro material.
However, the backpack grouting also provided ground consolidation.
Therefore, backpack grouting and consolidation grouting were effectively
accomplished in the same operation as the grout pumped behind the liner
penetrated well into the adjoining joints and fractures. Further
consolidation was required only in fallout zones.

The grouting procedure proved to be reasonably thorough, although
it was done in patchwork fashion. The procedure was to grout in
horizontal strips at various locations with a general upward progression
from the invert holes. Two, 2-inch diameter grout holes were precast
into each liner segment which allowed the upper holes to provide venting
and observation ports. Injection holes were moved vertically and
horizontally beyond holes which were plugged due to previous grout
flows. Adjoining grout sections would overlap previous grouting, or
upstream grouting sections would merge with advancing downstream
sections. Grouting at the crown flowed ahead and required sustainad
pumping at gravity flow until pressure could be obtained. In some areas
a secondary grouting which could maintain pressure was required. This
method eventually produced a forward slope of grout from a downstream
injection point in the crown to an upstream edge in the invert, covering
approximately 200 feet of alignment. The grout was a l:1 cement to
water ratio by volume, and was pumped at a maximum pressure of 28 psi.

Quantitative data on the pea gravel and grout placement show that
the primary backfilling extended well around the liner into the crown
annular space. The volume of the 3.5-inch wide annular space was
calculated to be 98 cubic feet per &4-foot liner ring; however, it should
be noted that part of this void was no doubt filled with rock cuttings
or rubble in places. A pea gravel density of 95 pounds per cubic foot
was used to compute the amount of pea gravel backfilled behind the
rings, which averaged 46 cubic feet per ring. The average placement of
grout per ring was estimated at 55 cubic feet. The pea gravel volume
included approximately 40 percent voids which would consume part of the
grout placement. Therefore, of the 98 cubic feet of annulus behind each
ring, 46 cubic feet were filled with pea gravel and 37 cubic feet were
filled with grout. This gave an average of 83 cubic feet of backfilled
pea gravel and grout which was 85 percent of the annular space. Since
much of the invert liner was placed directly on the excavated surface,
most of the void was in the crown rather than arranged concentrically
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into a 3.5-inch wide annular space. Thus, the 85 percent backfill would
extend well into the crown area after the primary pass of grouting.

The 85 percent backfill estimate may be considered a best case
scenario since it is based on bulk placement quantities and ignores
material wastage. On the other hand, this wastage would be partially
offset or possibly exceeded in places by the volume of rock settlement
and ravelings. Also, the amount of grout required to fill the pea
gravel voids is somewhat speculative and subject to variables such as
the presence of extraneous moisture and granular fines. In any case,
the remaining annular space was filled by secondary pressure grouting
conducted in crown borings spaced on 50-foot centers along the entire
tunnel alignment. When the TBM resumed full-face excavation after
crossing the fault at station 30+90, placement of pea gravel and liner
grouting progressed very well with full circumference grouting completed
within 200 feet of the TBM trailing gear.

As discussed in previous sections of this report, considerable
remedial drilling and grouting were done between stations 10+60 and
14+10 where numerous fallouts were experienced in the soft Navarro
Formation. Grout/exploratory holes were drilled through the liner,
primarily in areas of major fallouts, and encountered pea gravel
backpacking, mass concrete used to fill the fallout void, and then
penetrated from 2 inches to 10 feet into the clay shale. A pattern of
six holes spaced evenly around the upper third of the lining was drilled
in designated liner segments. Moderate to high grout takes were
experienced in the following liner segments:

Segment No. Cubic Feet of Grout Placed
2 405
3 127
4 405

10 1,747
1. 157
17 283
19 154
20 834
27 432
29 780
30 141
33 251
34 2,161
47 845
55 307
61 320
62 155
73 698
75 274
78 190
82 353
88 197
56




See Plate 3 for location of above liner segments in relation to the
excavation fallouts/overbreak.

Grouting and concrete filling of fallouts in the top heading reach
are discussed in detail in PART VI, "CHARACTER OF FOUNDATION OR
TUNNELING MEDIUM.*"

On 4 February 1992, the tunnel excavation encountered a heavy
ground-water inflow at approximate station 144+20 (liner segment No.
3322). The flow was coming from an apparent artesian well and entered
the excavation on the right side above the springline. The flow was
estimated at :300 GPM. Excavation was halted and the Haliburton Company
was called in to construct a "bulkhead" behind liner segments No. 3322
and segment No. 3332 using a chemical grout. The chemical grouting met
with limited success. The contractor then managed to control the flow
with pipe headers and the water was discharged to the surface via the
Brooklyn Street maintenance shaft. The tunnel excavation continued on
12 February and the contractor eventually reduced the inflow through the
liner to less than 5 GPM by grouting through the pipe headers. In July
1992, the contractor performed systematic drilling and grouting on 4-
foot centers between liner segments 3325 and 3330 to completely seal
leakage through the concrete liner. Each grout ring consisted of eight
grout holes, two each in right and left segments below springline and
two each in right and left segments above springline. All holes were
drilled to a depth of 15 feet. The grout consisted of a 3:1 water-
cement ratio and was pumped at a maximum pressure of 50 psi. The grout
communicated through the segment joints, which were subsequently packed
off. Very little grout was placed behind the concrete liner. Upon
completion of grouting, leakage through the liner was reduced to a
"trickle" in one spot located in the tunnel invert.
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PART VIII
CONSTRUCTION MATERIALS

The earth materials used in the Phase II tunnel construction
consisted of pea gravel and concrete aggregate. These materials were
obtained from local San Antonio suppliers. The pea gravel used as
tunnel liner backfill was supplied by Capitol Aggregates, Inc., 11551
Nacogdoches. Cast-in-place and backfill concrete were obtained from
Pioneer Concrete of Texas, Inc., 15080 Tradesmen, and contained
aggregate supplied by Redland Worth Corporation, located at 17910 IH-10
West. The concrete for the precast liner segments, manufactured by
Sehulster Corporation, 7386 Grissom Road, was supplied by Meader
Construction Company, Inc., whose plant was nearby at 7510 Grissom Road.
Aggregate for the Meader concrete was provided at first by Redland Worth
Corporation, but later by Vulcan Materials Company. The Vulcan
Materials Office was located at 800 Isom Road, however, the aggregate
came from a limestone quarry on Huebner Road, relatively close to the
precast plant. Concrete aggregate analyses were included in the mix
design submittals which were reviewed and approved by the Government.
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PART IX
GEOTECHNICAL INSTRUMENTATION

9-01. General. The contract specifications provided for a geotechnical
instrumentation program to monitor ground behavior at the outlet shaft,
inlet shaft, and six designated stations in the San Antonio River
Tunnel. The Contractor, Ohbayashi Corporation, retained the services of
Woodward-Clyde Consultants to implement the program. The
instrumentation was designed to monitor any ground movements and/or
stress developments around the excavations with the intent to provide
data for safety observations, design verification, and future design
applications. Immediate notification of the Government was required
during construction when ground movements exceeded 0.25 inch, or when
stress exceeded 5 kips (34.7 psi) in the outlet and inlet shafts, or
when stresses greater than 5 tsf (69.4 psi) were indicated in the
tunnel. These parameters were not exceeded in the inlet shafc.

However, they were exceeded in the outlet shaft and in the tunnel. Due
to excessive extensometer movements with bulging and cracking shotcrete
lining in the northeast quadrant of the outlet shaft, 60 additional
rockbolts were installed and epoxy grouting was performed to repair the
shoterete cracks. Other than the obvious Navarro ground disturbances in
the lower reach of the tunnel, movements in tunnel instrumentation were
generally considered the localized effects of the tunneling operations.
A detailed discussion and interpretation of the instrumentation data can
be found in referenced Woodward Clyde report. The following paragraphs
describe each instrument installation.

9-02. Outlet Shaft Instrumentation. The outlet shaft instrumentation
consisted of 3-position extensometers and rockbolt load cells,
designated for installation at three elevations - 598 (25-foot depth),
557 (66-foot depth), and 523 (100-foot depth). However, since the shaft
collar of interlocking soldier piers extended to a depth of 49 feet, the
instrumentation planned for 598 elevation was eliminated.

Four multiple position borehole extensometers (MPBX) were
installed horizontally and 90° apart at a length of 26 feet at elevation
556 and at a length of 36 feet at elevation 523. These were 3-position
MPBXs having three measurement rods anchored successively at depths of 3
feet, 11 feet, and 26 feet or 5 feet, 11 feet and 36 feet. The rods
were cement grouted into 27 to 37-foot deep, 3-inch diameter boreholes.
The outer ends of the rods were encased in an electrical sensor head
installed in a 1-foot diameter by 2-foot long blockout in the shaft
wall. These instruments were designed to measure any horizontal
movements in the surrounding ground.

Four l-inch diameter rockbolts with load cells (RBLC) were
installed horizontally and 90° apart at a length of 39 feet at elevation
556 and at a length of 45 feet at elevation 523. These installations
were offset 45° from the MPBX locations. The back 15 to 25 feet of the
rockbolt was anchored with resin or cement grout, and the outer 20 to 24
feet of the bolt was unbonded in a 3 to 5-inch diameter boring; this
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part of the bolt was wrapped with two layers of bituminous tape and
covered with 2-inch diameter PVC pipe. The outer 6 inches of the bolt
extended through a 1-inch thick steel bearing plate into a 1 foot
diameter blockout cut into the outer foot of the shaft wall. This outer
end of the bolt was mounted with a load cell which was wired for
electronic readings and secured with an outer seating nut. The purpose
of the RBLCs was to detect rock loads or stresses developing in the
shaft walls.

Due to ground movements in the NE quadrant of the outlet shaft by
contract modification, two 3-position extensometers and one rockbolt
with load cell was installed at elevations 518 and 524, respectively.
These were 36-foot long extensometers and were installed in the NW and
NE quadrants of the shaft, on each side of the transition portal. The
rockbolt with load cell was 45 feet long in a 5-inch diameter boring,
and was installed on tunnel centerline above the shaft transition.

9-03. Inlet Shaft Instrumentation. - The inlet shaft instrumentation
consisted of three 3-position extensometers and three rockbolts with
load cells installed at approximate elevation 580.4 (77.6-foot depth).
Installation was in the same horizontal plane for both extensometers and
rockbolts, which were alternately positioned at 60° apart starting at
tunnel centerline.

The three extensometers were located 120° apart beginning on
tunnel centerline at the back of the shaft. They were 36 feet long with
anchors set with cement grout in a 3-inch diameter borehole at depths of
5, 11, and 36 feet. The installations were similar to those in the
outlet shaft.

The three rockbolts with load cells were also located 120° apart
beginning on tunnel centerline above the tunnel portal. They were 42-
foot long, l-inch diameter bolts installed in a 5-inch diameter boring.
The back 24.5 feet of the bolt was anchored and bonded with cement
grout; the forward 17.5 feet was unbonded and protected by two layers of
bituminous tape and a 2-inch diameter PVC sleeve. The installations
were similar to those in the outlet shaft.

9-04. Tunnel Instrumentation. The tunnel instrumentation was
designated for installation at Stations 10+50, 12+20, 23483, 82+16,
98+00, and 118+83. The instrumentation that was installed consisted of
a 6-position MPBX installed vertically from ground surface at each
station, one RBLC, at station 10450, three total pressure load cells at
station 12420, three reinforced concrete strain meters at station 12+20,
and six tape extensometer eye bolts at station 12+20. In addition, 12
survey reference/displacement markers were installed on the ground
surface between stations 10470 and 13423,

A 6-position MPBX was installed in a surface boring above the
tunnel at each of the six instrument stations. These MPBXs had six
measurement rods cement grouted into 3-inch diameter borings which
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extended to within 3 feet of the tunnel crown. The rods were anchored
at various depths in the lower half of the hole, and were spaced at
intervals of 5, 7, 10, 10, and 20 feet from the bottom anchor upward.
The upper ends of the rods were encased in an electrical sensor head
installed in a 10-inch diameter by 3.0-foot deep manhole. The purpose
of these MPBXs was to measure any vertical movements over the tunnel
excavation.

A l-inch diameter rockbolt with load cell was specified for each
tunnel instrumentation station; however, due to bad ground and difficult
working conditions, only one RBLC was installed at station 10+50. This
RBLC was constructed in the same manner as those described for the
outlet shaft. The RBLC was 45 feet long, and had a 5-inch diameter
boring with 25 feet of cement grout anchorage. The RBLC was instailed
through the tunnel liner at about 15°W. of the crown centerline. Like
those in the outlet shaft, this instrument was intended to detect rock
loads or stresses developing in the tunnel wall.

Three total pressure load cells and three reinforced concrete
strain meters were installed at tunnel station 12+20. These instruments
were installed on a 120° spacing around the tunnel liner with a 2-foot
offset from the centerline. At each location a total pressure load cell
was installed in a blockout at the back of the liner with a reinforced
concrete strain meter embedded within the liner concrete at the same
position. The purpose of these instruments was to detect load
distributions and stress developments on and within the liner.

Tape extensometer eye bolts were installed at tunnel station 12+20
for liner convergence measurements between opposing reference points.
There were six reference points at this station spaced from the center-
line at 45° intervals.

Although no measurable surface movements were anticipated or
actually occurred, survey reference points were established on the
ground surface above the tunnel to document that such expectations were
valid. There were 12 survey reference points established between
stations 10+70 and 13+423. Survey points consisted of a 3/4-inch bar, 4
feet long, driven flush with the ground surface.

The contract allowed for borescope observation to be made in 8-
foot deep by 3-inch diameter core borings drilled at designated tunnel
stations; however, these were eliminated due to obvious ground
conditions. Reference Woodward Clyde's Final Instrumentation Report
dated June 1992 for detailed instrumentation data.
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PART X
FOUNDATION PTOBLEM AREAS

The foundation of the completed tunnel is stable and competent
ground which should present no future proble.s. Over 14,000 feet, or
7/8, of the tunnel was constructed in the Taylor Formation with relative
ease. The massive Taylor material was soft enough to excavate easily,
and yet, stood well throughout both tunnel and shaft excavations.
Altb-ngh the weak, blocky Navarro ground downstream from Station 30+90
presented construction probler.. it also induced massive reinforcement
of the tunnel structure as well as intensive ground stabilization
measures. Enormous amounts of steel, concrete, and cement grouting were
expended to establish the immediate safety of the working environment
and the long-term integrity of the structure. Extensive remedial
grouting consolidated the surrounding rock and pea gravel around the
tunnel liner. Thus, a solid, uniform radial contact was provided
between the groind and the tunnel liner to ensure that no differential
pressures develop and that the ground remains stable. Both Taylor and
Navarro clay shale are expansive in places, but the tunnel liner has
been designed for potentially high radial swell pressures. Therefore,
no foundation problems are anticipated.

Due to the variably expansive nature of the clay shale, an effort
was made to keep the excavated surfaces dry to prevent moisture induced
swelling. However, it was inevitable that some of the rock would be
exposed .o water from grout bleed-off or unforeseen sources. There
were, in fact, three particular places along the alignment where the
formation was notably wetted:

1. The top heading collapse - Water flowed into the top heading
from the overlying alluvium along t'.e annular space of three backfill
borings. Water was impounded in the collapse cavity behind the
emergency bulkhead between Stations 21+62 and 22+15.

2. Broken water line in top heading - A broken water line during
a night shift inundated about 550 feet of the top heading alignment
upstream from the access shaft. This water migrated through fractures
to cause seepage in the lower face cut of the TBM which was 185 feet
downstream. The ground was, therefore, wetted to some extent between
Stations 21478 and 29+13.

3. The excavation apparently encountered an artesian well at
approximately station 144+20 where :300 GPM flow entered the excavation
on the right side. The flow was controlled by header pipes and
subsequently grouted as described in PART VII, "FOUNDATION TREATMENT."

Even though these areas were substantially wetted, it is not
inevitable that high swell pressures will develop. High swell potential
occurs in these formations only where the content of expansive clay
minerals is high, which is not the case evervwhere. The wetting due to
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the well seepage is not expected to produce serious swelling because
that section of tunnel is in the lower more calcareous portion of the
Taylor; this usually means a correspondingly lower clay fraction with
less significant amounts of montmorillonite or other expansive clays.
Also, early swell pressures would be dissipated by expansion into stress
relief fractures, which is particularly true where the fractured Navarro
ground was wetted. In any case, the tunnel liner has been designed with
consideration for the swelling potential of these formations, and no
problems should develop.
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PART XI

RECORD OF FOUNDATION INSPECTIONS AND GEOLOGIC DOCUMENTATION

Rock exposures in all shaft excavations were inspected, mapped or

logged, and photographed by a geologist.

The excavated tunnel bore was

observed periodically by the geologist at the tail shield cut-away

section below springline.

However, no attempt was made to map the

tunnel from the tail shield due to incomplete exposure and congested

working area.

The roadheader excavations provided good exposures in the

tail tunnel and top heading which were also mapped and photographed.
The following is a list of mapping and logging dates during each

excavation.
Feature

Hydraulic Inst.
Shaft, SA-1

Hydraulic Inst.
Shaft, SA-7

Vent Shaft
SA-2

Vent Shaft
SA-4

Vent Shaft
SA-6

Maintenance
Shaft SA-5

Maintenance
Shaft 5A-3

Top Heading
Access Shaft
SA-8 (temporary)

Top Heading
Alignment Shaft
SA-9 (temporary)

Outlet Shaft
(Mapped)

__Nate

26-27 May 88

9-10 May 88

10-15 Jun 88

6-8 Jun 88

17-19 May 88

23 May 88 -

20 Sep 88

13 Jun 88 -
30 Nov 88

22 Mar 90 -
30 Apr 90

27 Apr 90

14-28 Jul 88
8 Sep 88
13 Sep 88
15 Sep 88
19 Sep 88
3 Oct 88

Depth Interval (ft)
Mapped or Logged
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Logged to 120.

Logged to 122.

Logged to 131.

Logged to 131.

Logged to 122.

logged to 128.

Logged to 135.

Logged to 137.

Logged to 123.

Logged to 50.0
50.0 to 56.5
56.5 to 61.0
61.0 to 65.0
65.0 to 70.0
70.0 to 74.0

0

Geologist
R. Burns
R. Burns
R. Burns
R. Burns

R. Crutchfield

R. Burns -

R. Crutchfield

R. Crutchfield

R. Crutchfield

R. Crutchfield

R. Crutchfield




®
Depth Interval (ft)
Feature Date Mapped or Logged Geologist
Outlet Shaft 10 Oct 88 74.0 to 79.0 All mapping by ®
(Mapped) 18 Oct 88 79.0 to 84.0 R. Crutchfield
27 Oct 88 84.0 to 89.0
9 Nov 88 29.0 to 95.0
22 Nov 88 95.0 to 101.0
6 Dec 88 101.0 to 106.0
20 Dec 88 106.0 to 112.0 ®
6 Jan 89 112.0 to 118.0
7 Mar 89 118.0 to 123.0
16 Mar 89 123.0 to 128.0
20 Apr 89 128.0 to 135.0
28 Apr 89 135.0 to 141.0
2 May 89 141.0 to 145.0 ®
15 May 89 Completed to 150.0
with transition
All mapping by
Tail Tunnel 1 Jun 89 0 to 6 R. Crutchfield
(Mapped) 2 Jun 89 6 to 13 ®
5 Jun 89 13 to 18
6 Jun 89 18 to 26
12 Jun 89 26 to 38
Not mapped 38 to 54
21 Jun 89 54 to 62
22 Jun 89 62 to 67 ® ‘
23 Jun 89 67 to 73
27 Jun 89 73 to 81
28 Jun 89 81 to 89
30 Jun 89 89 to 92
5 Jul 89 92 to 100
8 May 91 100 to 105 PY
9 May 91 105 to 110
13 May 91 110 to 116
15 May 91 116 to 120
16 May 91 120 to 124
17 May 91 124 to 128
20 May 91 128 to 132 'Y
21 May 91 132 to 136
23 May 91 Completed to 142
All mapping by
Inlet Shaft 1 Jun-31 Jul 89 Logged to 38 R. Crutchfield
(Mapped) 31 Aug 89 31 to 38
8 Sep 89 38 to 46 °
14 Sep 89 46 to 50
27 Mar 90 50 to 57
®
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Depth Interval (ft)

Feature Date Mapped or lLogged Geologist
All mapping by
5 Apr 90 57 to 63 R. Crutchfield
16 Apr 90 63 to 68
19 Apr 90 68 to 74
25 Apr 90 74 to 80
3 May 90 80 to 88
8 May 90 88 to 96
11 May 90 96 to 102
17 May 90 102 to 112
24 May 90 112 to 120
1 Jun 90 120 to 123
8 Jun 90 123 to 130
18 Jun 90 130 to 137
21 Jun 90 137 to 142
TBM 16 Mar 92 142 to 148.6 ----

Hole-Through

Interval Mapped
Between Ribs on
Feature Date 4-foot_ centers Geologist
All mapping by

Top Heading 17 May 90 to Rib 3 u/s of access shaft R. Crutchfield
Tunnel (upper 18 May 90 to Rib 2 d/s of access shaft
half of staging 22 May 90 to Rib 4 u/s of access shaft
chamber) 23 May 90 to Rib 5 u/s of access shaft
30 May 90 to Rib 4 d/s of access shaft
31 May 90 to Rib 5 d/s of access shaft
1 Jun 90 to Rib 6 d/s of access shaft
5 Jun 90 to Rib 8 u/s of access shaft
6 Jun 90 to Rib 9 u/s of access shaft
6 Jun 90 to Rib 7 d/s of access shaft
Top Heading 12 Jun 90 to Rib 8 u/s of access shaft
(lower half of 15 Jun 90 to Rib 9 u/s of access shaft
staging chamber) 15 Jun 90 to Rib 7 d/s of access shaft
Top Heading 19 Jun 90 to Rib 8 d/s of access shaft
(full face) 26 Jun 90 to Rib 11 d/s of access shaft
27 Jun 90 to Rib 12 d/s of access shaft
29 Jun 90 to Rib 16 d/s of access shaft
2 Jul 90 to Rib 18 d/s of access shaft
9 Jul 90 to Rib 22 d/s of access shaft
10 Jul 90 to Rib 24 d/s of access shaft
11 Jul 90 to Rib 26 d/s of access shaft
12 Jul 90 to Rib 28 d/s of access shaft
13 Jul 90 to Rib 30 d/s of access shaft
18 Jul 90 to Rib 34 d/s of access shaft
19 Jul 90 to Rib 36 d/s of access shaft
24 Jul 90 to Rib 40 d/s of access shaft
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Feature

Top Heading
(continued)

Date

25 Jul 90
26 Jul 90
30 Jul 90

4 Oct 90
9 Oct 90
12 Oct 90
15 Oct 90
17 Oct 90
18 Oct 90
19 Oct 90
22 Oct 90
24 Oct 90
25 Oct 90
1 Nov 90
2 Nov 90
9 Nov 90
13 Nov 90
14 Nov 90
15 Nov 90
27 Nov 90
28 Nov 90
30 Nov 90
3 Dec 90
4 Dec 90
5 Dec 90
6 Dec 90
10 Dec 90
11 Dec 90
12 Dec 90
13 Dec 90
18 Dec 90
19 Dec 90
20 Dec 90
21 Dec 90
27 Dec 90
28 Dec 90
2 Jan 91
3 Jan 91
4 Jan 91
8 Jan 91
9 Jan 91
10 Jan 91
11 Jan 91
14 Jan 91
15 Jan 91
16 Jan 91
17 Jan 91

Interval Mapped
Between Ribs on
4-foot centers

to Rib 42 d/s of access shaft
to Rib 45 d/s of access shaft
to Rib 49 d/s of access shaft
Top Heading Collapse
finished remining to Rib 51

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib
Rib

10
13
14
15
16
17
18
20
21
24
25
26
31
32
34
58
60
63
68
70
72
74
79
81
84
86
95
97
99
101
104
106
108
110
113
119
121
124
126
131
133
135
138
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u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
u/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s
d/s

of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of

access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
daccess
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access

shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft

Geologist

All mapping by
R. Crutchfield




Top Heading 18 Jan
(continued) 22 Jan
23 Jan
24 Jan
25 Jan
28 Jan
29 Jan
30 Jan
31 Jan
1 Feb
4 Feb
S Feb
6 Feb
7 Feb
8 Feb
12 Feb
13 Feb
14 Feb
15 Feb
19 Feb
20 Feb
21 Feb
25 Feb
26 Feb
27 Feb
28 Feb
5 Mar
6 Mar
7 Mar
8 Mar
1 Apr
2 Apr
3 Apr
4 Apr
5 Apr
8 Apr
9 Apr
10 Apr
11 Apr
15 Apr
16 Apr
17 Apr
18 Apr
19 Apr
22 Apr
24 Apr

Feature Date

91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91

Interval Mapped
Between Ribs on
4-foot centers

to Rib 140 d/s of
to Rib 145 d/s of
to Rib 147 d/s of
to Rib 151 d/s of
to Rib 153 d/s of
to Rib 156 d/s of
to Rib 158 d/s of
to Rib 160 d/s of
to Rib 163 d/s of
to Rib 166 d/s of
to Rib 171 d/s of
to Rib 174 d/s of
to Rib 177 d/s of
to Rib 180 d/s of
to Rib 183 d/s of
to Rib 191 d/s of
to Rib 194 d/s of
to Rib 197 d/s of
to Rib 200 d/s of
to Rib 204 d/s of
to Rib 208 d/s of
to Rib 210 d/s of
to Rib 217 d/s of
to Rib 220 d/s of
to Rib 223 d/s of
to Rib 225 d/s of
to Rib 229 d/s of
to Rib 231 d/s of
to Rib 233 d/s of
to Rib 235 d/s of
to Rib 40 u/s of
to Rib 42 u/s of
to Rib 45 u/s of
to Rib 47 u/s of
to Rib 50 u/s of
to Rib 54 u/s of
to Rib 57 u/s of
to Rib 59 u/s of
to Rib 61 u/s of
to Rib 68 u/s of
to Rib 71 u/s of
to Rib 74 u/s of
to Rib 77 u/s of
to Rib 80 u/s of
to Rib 82 u/s of
to Rib 85 u/s of
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access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access
access

shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft
shaft

Geologist
All mapping by
R. Crutchfield
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Interval Mapped
Between Ribs on

Feature Date 4-foot centers Geologist
All mapping by
Top Heading 25 Apr 91 to Rib 88 u/s of access shaft R. Crutchfield
(continued) 26 Apr 91 to Rib 92 u/s of access shaft
29 Apr 91 to Rib 95 u/s of access shaft
30 Apr 91 to Rib 101 u/s of access shaft
1 May 91 to Rib 103 u/s of access shaft
2 May 91 to Rib 106 u/s of access shaft
3 May 91 to Rib 109 u/s of access shaft
6 May 91 to Rib 112 u/s of access shaft
8 May 91 to Rib 118 u/s of access shaft
9 May 91 to Rib 124 u/s of access shaft
10 May 91 to Rib 127 u/s of access shaft
13 May 91 to Rib 130 u/s of access shaft °®
14 May 91 to Rib 135 u/s of access shaft
15 May 91 to Rib 137 u/s of access shaft
17 May 91 to Rib 140 u/s of access shaft
20 May 91 to Rib 151 u/s of access shaft
21 May 91 to Rib 154 u/s of access shaft
22 May 91 to Rib 157 u/s of access shaft ®
23 May 91 to Rib 160 u/s of access shaft
24 May 91 to Rib 162 u/s of access shaft
29 May 91 to Rib 164 u/s of access shaft
30 May 91 to Rib 167 u/s of access shaft
31 May 91 to Rib 169 u/s of access shaft
3 Jun 91 to Rib 174 u/s of access shafr ® ’
4 Jun 91 to Rib 176 u/s of access shaft
5 Jun 91 to Rib 179 u/s of access shaft
6 Jun 91 to Rib 182 (Sta 30+90 fault)
10 Jun 91 to Rib 183 u/s of access shaft
11 Jun 91 to Rib 184 u/s of access shaft
12 Jun 91 to Rib 186 u/s of access shaft °
17 Jun 91 to Rib 197 u/s of access shaft
18 Jun 91 to Rib 200 u/s of access shaft
19 Jun 91 to 16' beyond Rib 200
20 Jun 91 to 25' beyond Rib 200
®
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