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The Superconducting Super Collider 
(SSC) project was to be the largest and 
most powerful particle accelerator in 

the world. Once it was completed, the SSC 
would have been the premier high energy 
physics laboratory anywhere. The original cost 
of the SSC was approximately $6 billion (later 
increased to $8 billion). The SSC was under 
construction 32 kilometers south of Dallas, 
Texas, until funding for the project was can
celed by Congress in 1993 as part of an effort to 
reduce the budget deficit. This action took 
place approximately three years into the pro
ject. Several of the physical facilities for the 

project had already been constructed (see Fig
ure 1) and several others were in various stages 
of design. Of the approximately $1.2 billion 
allocated for conventional facilities $300 mil
lion were spent prior to project termination. It 
is projected that the cost of environmental work 
to restore the site and settle claims with contrac
tors and with the state of Texas will signifi
cantly reduce, if not nullify, any anticipated 
federal budget savings. 

The SSC was designed to push two counter
rotating beams of protons to nearly the speed 
of light and then collide them at an energy of 
40 trillion electron volts (20 times more energy · 
than possible today). These collisions would 
have recreated conditions that existed follow
ing the "Big Bang" when the universe was less 
than a trillionth of a second old. At that mo
ment, several different types of subatomic par
ticles called quarks existed as individual entities 
for a few nanoseconds before combining with 
other particles to form the protons, neutrons 
and electrons that eventually combined to form 
the elements identified on the periodic table. 
Proving the existence of these particles will 
help scientists better understand how the uni-
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FIGURE 1. Hammerhead adit of the personneVutility shaft at N25. (Photo courtesy of Ben
jamin Rodriguez.) 

verse was formed, how it evolved, and how 
gravity and magnetism work. 

In simplest terms, the SSC comprised two 
stainless steel pipes 87 kilometers in circumfer
ence. Each pipe was to contain a beam of pro
tons the thickness of a pencil lead, speeding in 
opposite directions around the main collider 
tunnel at about 3,400 revolutions per second 
(near the speed of light). Coils of niobium tita
nium alloy wire were located outside the 100-
millimeter diameter stainless steel pipes. At 
temperatures just above absolute zero, the wire 
was to have acted as a superconductor - car
rying a high current with near zero resistance. 
This superconductivity would have allowed 
the coils to form extremely powerful magnets 
to guide the proton beams around their oval 
circuit. The beams would have collided in in
teraction halls housing special detectors weigh
ing over 30,000 tonnes. These detectors were to 
use ultra-high-speed computers to sift through 
the collision debris to detect subatomic parti-
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des that exist for less than a billionth of a sec
ond. At the time of cancellation, working pro
totypes of the magnets had been produced and 
successfully tested. In addition, the design of 
the detectors was well under way. 

The process of acceleration was to begin at a 
point where the protons were stripped from 
hydrogen atoms, focused and accelerated in a 
256-meter-long linear accelerator (Linac). The 
protons would then be accelerated further by 
the low energy booster (LEB), a small horizon
tal circular accelerator with a diameter of 180 
meters. The speed of the protons would be 
further increased as they traveled through a 
straight connecting tunnel and around a larger 
circular accelerator ring, the 1.25-kilometer di
ameter medium energy booster (MEB). 

The Linac, LEB and MEB were to use non
superconducting (warm) magnets to accelerate 
and guide the proton beams. From the MEB, 
the protons were to travel through another 
straight tunnel into the high energy booster 



(HEB), which would 
have accelerated, them 
further as they traveled 
around its 3.5-kilometer 
diameter ring. The pro
tons would finally enter 
the main collider ring, 
where they would be ac
celerated to near the 
speed of light. The pro
ton beams would collide 
inside the detectors in 
the interaction halls. The 
interaction halls were to 
be located on the East 
and West Campuses. 
The different compo
nents of the SSC are 
shown in Figure 2. 

The Linaci LEB, MEB, . 
HEB, main collider ring 
and interaction halls 
were to be constructed 
underground in tunnels 
and caverns in order to 
provide a stable base for 
the equipment and to 
shield the accelerated 
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particles. The SSC pro-
ject represented over 112 FIGURE 2. Components of the SSC. 
kilometers of tunnels, 60 
vertical shafts and four underground interac- Site Geology 
tion halls (two halls at each campus) each the 
size of a football field. The tunnels, shafts and 
halls were to be constructed at depths ranging 
from four to 70 meters below the surface. 

To accomplish the anticipated construction 
would have required the excavation of over 5.5 
million cubic meters of rock and the placement 
of almost one million cubic meters of concrete 
and shotcrete. In addition, over 150 kilometers 
of rock bolts and over 100,000 tonnes of struc
tural and reinforcing steel were to be used. 

Construction of the underground structures 
was broken into two distinct contract types: 

• Basic contracts, which included excava
tion and initial ground stabilization; and, 

• Finish contracts, which added final lin
ings, placed utilities and constructed sur
face support buildings. 

The site south of Dallas was chosen over sev
eral other sites based on search criteria that 
included: 

• The estimated cost of construction/ op
eration; 

• Proximity to major universities; 
• Available multiple modes of transporta-

tion; 
• Minimal environmental impacts; 
• Stable geology; and, 
• Proximity to a major manufacturing center. 

At first glance, the geology of the Dallas site 
offered a massive formation of Austin Chalk 
(AC) and Taylor Marl (TM) in which to con
struct the project's tunnels and underground 
experimental halls. Historically, the area also 
had a very low probability of earthquakes. The 
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FIGURE 3. Geological cross section of the main collider tunnel and shafts. 

marl, while weaker than the chalk, was thought 
to be an adequate material in which to con
struct the work. 

After the site selection was made, further 
investigations revealed that not all of the tun
nels and halls could be contained in the two 
formations. A small portion of the tunnel and 
several shaft bottoms would extend into a for
mation known as Eagle Ford Shale (EFS). This 
shale is quite different from the marl or chalk. 
It has much lower compressive strength and a 
tendency to expand (swell) and crumble (slake) 
in the presence of water or humidity. These 
characteristics posed a difficult challenge to the 
designers of the underground structures. 

From a tunneling point of view, the geologic 
conditions at the site are relatively straight-

forward: three rock types prevail along the en
tire length of tunnel, each of them relatively 
uniform in character. From the top, the TM, the 
AC and the EFS-all Cretaceous formations
underlie the site. The layers dip slightly to the 
southeast. The TM outcrops in the east and is 
the tunneling medium in the southeast. The AC 
outcrops over the rest of the site, and most of 
the tunnel is in the AC. In the west, the under
lying EFS forms the tunneling medium; Figure 
3 shows the SSC ring tunnel alignment with 
respect to the geologic strata. Table 1 shows the 
length and depth of tunnel in each stratum. 

Bedrock was generally covered by a thin 
layer of residual soil that did not enter into 
design considerations. Note that the plane of 
the tunnel was dipped slightly to take advan-

TABLE 1 
Breakdown of Collider Tunnel in Each Geologic Stratum 

Geolo~ic Stratum len~th of Tunnel (km) % of Total Tunnel Deoth to Crown (m) 

AC 50.5 56.6 10-65 
TM 27.7 31.6 35-75 
EFS 6.6 7.6 40-75 
Mixed Face (EF5/AC) 3.0 3.4 20-65 
Mixed Face (AC/TM) 0.7 0.8 30-35 
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tage of the geology and maximize the length of 
the tunnel in the chalk. 

The site landscape is of low relief, with a 
slope to the southeast toward the Gulf of Mex
ico. Several river channels cross the site, and 
Chambers Creek in the southwest (between S40 
and S45 on Figure 2) cuts as close as 10 meters 
to the tunnel crown. In the southeast, Lake 
Bardwell, a reservoir on the Waxahachie Creek, 
overlies the tunnel by over 30 meters in the TM. 
Weathering reaches a depth of up to seven 
meters in the AC and up to 12 meters or more 
in the TM. A few faults in the AC are associated 
with shear zones that carry weathering down 
to 20 meters or more. The tunnel was to inter
cept one or more of these weathered shear · 
zones. 

The EFS is a weak shale with a compressive 
strength of about 1.2 MPa at the top, increasing 
with depth to over 2.4 MP a at the deepest tun
nel elevations. Compared to the compressive 
strength, the tensile strength (as determined by 
the Brazilian method) is abnormally high-0.7 
to 1.1 MPa. Soil-type laboratory tests were per
formed on this material, and it was found that 
it reasonably obeys the laws of soil mechanics 
(effective stress theory, consolidation and 
strength characteristics). It was also found that 
it slakes badly upon exposure. After it has been 
air dried, it decomposes completely and 
quickly when immersed in water. On the other 
hand, it decomposes only partly (some 20 per
cent) when immersed fresh and not dried. 

This fact, together with the finding that some 
consolidation samples, when exposed to high 
strains, rebounded to a volume much greater 
than the initial volume, led to the. conclusion 
that the in-situ material properties are very 
much affected by cementation. The approxi
mate five percent calcite content suggested that 
the cementation is by calcite. The cementation 
appears to be destroyed by excessive deforma
tion or by drying and other exposure. 

When exposed at a typical tunnel depth of 70 
meters, the EFS would theoretically be over
stressed and subject to plastic behavior. The na
ture of such behavior for this material was very 
much in doubt, and it was. decided to conduct 
in-situ experiments in an exploratory shaft. 

The AC has the characteristics of weak con
crete (unconfined compressive strength of 14 to 

20 MPa) and does not appear to be affected by 
long-term displacements or creep. It would 
generally not be overstressed. The AC is lay
ered, with frequent, thin shaley layers and oc
casional bentonitic seams over 30 centimeters 
in thickness. It has few discontinuous joints and 
is described, in spite of the layering, as a mas
sive rock. Most people would consider it an 
ideal tunnel medium. 

The TM is a calcareous shale with a range of 
compressive strength from 1.5 to 5 MPa. It is 
generally massive and would be generally not 
overstressed during construction, when the 
"undrained" behavior has to be considered. 
Again, soil-type tests suggested that the long
term strength would be lower and could result 
in local overstress and plastic displacement. A 
utility shaft was instrumented to assess both 
the short-term modulus of deformation and the 
long-term effects. 

Exploration Program 
Initial exploratory borings were made during 
the time the site selection process was being 
conducted. These borings were supplemented 
by additional location-specific borings carried 
out before the design/ construction contract 
was awarded. During the detailed design 
phase, the design/ construction team con
ducted further design-specific explorations. A 
number of exploratory tools were employed 
during the course of the work. 

Seismic profiles were run in areas of specific 
interest, such as in the Chambers Creek area, 
where determining the top of the rock was essen
tial. This method was generally unsuccessful in 
determining fault locations and stratigraphic ho
rizons, largely because the velocity contrast 
across the boundaries was too small. However, it 
was useful in determining the top-of-rock 
depths below the relatively thin surface soil. 

Downhole geophysical surveys were con
ducted in a number of boreholes. These surveys 
were successful in determining the signatures 
of strata sequences in the AC. They also helped 
correlate data between boreholes (which is not 
possible by core examination alone) and thus 
indicated potential fault locations. In particu
lar, electric resistivity and natural gamma sur
veys clearly marked the clay mineral content of 

1
the strata. 
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Numerous near-surface borings were 
drilled to determine the characteristics of resid
ual soils, weathered rock and alluvium for sur
face structure foundations and infrastructure 
(roads, utilities, etc.). These borings had no im
pact on the design of the underground struc
tures. 

The greatest effort was expended on core 
borings. NX-size as well as three-inch and 
Pitcher barrel cores of several diameters: were 
recovered. At the outset, it was thought that 
Pitcher barrel sampling would be the best 
method to recover undisturbed EFS and TM 
samples for testing, largely because the friction 
between samples and core barrel is greatly re
duced. The Pitcher barrel is designed to cut a 
sample slightly smaller in diameter than the 
inside of the core barrel. 

As it turned out, initial testing indicated ab
normally low strength and modulus of the EFS 
when Pitcher barrel samples were tested. It was 
concluded that the small space between barrel 
and core permitted softening of the core by 
water trapped in the space, resulting in low 
strength data. These tests were discarded and 
Pitcher barrel sampling discontinued. 

Pressuremeter tests were conducted in two 
borings with doubtful results. On the other 
hand, hydrofracturing tests were apparently 
successful in determining the in-situ stress re
gime. It was concluded that the horizontal 
stress in the AC is up to about twice the over
burden pressure, while in the EFS the horizon
tal stress is up to about 1.5 times the overbur
den. By conjecture, it was assumed that the TM 
horizontal stress fell within the same range. 

In-situ packer tests using an instrumented 
packer ( electronic pressure measurement in the 
packer interval and below) were conducted in 
many boreholes to assess the permeability of 
the rock. For the most part, the permeability 
was near the lower limit of the. accuracy of 
measurement (some 10·8 cm/sec). 

At the outset, boring spacings of about 600 
meters, with secondary borings cutting the 
spacing to 300 meters or less depending on the 
results of the primary borings, were planned 
for most of the underground structures. One 
boring was placed at each shaft. As time went 
on, however, the budget tightened and at the 
same time the designers' confidence increased. 
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Therefore, the last stretches were explored 
with boring spacings greater than one kilome
ter. 

One exception was the Chambers Creek 
area, where borings were about 50 meters 
apart, drilled to ascertain the top of rock and 
depth of weathered rock in this area of very 
shallow tunnel. Another exception was the 
western region, where injector tunnels from 
the HEB were to join the main collider tunnel 
from above and at a low angle. These com'
plex intersections are found in the EFS with 
some parts in the AC. 

In increasing the spacing of borings, it was 
recognized that the knowledge of the geologic 
conditions in situ became more uncertain, 
which was likely to result in greater contin
gency in contractors' bids and greater risk of 
claims for differing site conditions. · 

Special Tests in the 
Exploratpry Shaft 
While the AC forms a benign environment for 
underground works, the EFS is potentially 
treacherous. With a strength near the AC/EFS 
interface as low as 1.4 MPa and an overburden 
pressure in the deeper portions of the collider 
tunnel exceeding 1.4 MPa, stress concentra
tions around underground openings (shafts, 
tunnels) would cause significant overstress. 

The behavior of a soft shale under these 
overstress conditions is not readily predictable 
based on theory and laboratory tests. In the 
laboratory, this material appeared to behave 
more like a soil than a rock, obeying laws of 
consolidation and swell, and effective stress 
and strength theory. It was judged that the only 
way to assess actual, in-situ behavior of the EFS 
was to perform full-scale in-situ tests in an 
exploratory shaft. 

The exploratory shaft was completed by 
early 1992 at a location on the west side where 
the depth to the AC/EFS interface was about 
65 meters. The five-meter-diameter shaft was 
drilled to a depth of 60 meters. Drilling was 
stopped at that point to permit the installation 
of instruments in the EFS below, including in
clinometer casings to permit measurement of 
lateral displacement as well as piezometers to 
measure pore water pressures in the EFS. Then, 
drilling was continued at three meters in di-



ameter for another 20 meters (about 16 meters 
into the EFS). 

Shaft drilling was performed using a con
verted off-shore oil derrick with a substructure 
that permitted inserting large drill tools. These 
drill tools included a 75-centimeter auger to 
drill a pilot hole, followed by a 2.5-meter bucket 
excavator following the pilot, then a bucket 
with reamer arms to enlarge the hole to at first 
five meters and later to three meters in diame
ter. Ground support in the top 10 meters of the 
AC consisted of shotcrete and wire mesh an
chored with BS-centimeter dowels. After exam
ining the excellent quality of the AC, it was 
decided to eliminate the shotcrete and a two
part latex epoxy sealant was used in the lower 
part of the AC. · 

To permit observing how the EFS was per
forming, it was planned to apply only a coating 
of the epoxy sealant to the EFS (safety would 
be assured by a steel cage inside the shaft). The 
EFS began to spall and slake badly only a few 
hours after exposure, requiring the application 
of shotcrete for support. It appeared that stress 
concentrations around the shaft in the EFS, 
theoretically up to 2.8 MPa, resulted in the 
gradual formation of shear fractures beneath 
and parallel to the wall. 

Water seeping in through fractures in the AC 
and then down the shaft wall undoubtedly 
contributed to the deterioration of the EFS shaft 
wall. The rate and timing of seepage appeared 
to correspond to rainfall in the area and the 
source of water was thought to be surface run
off rather than groundwater. 

Confirmation of the stress effects came when 
horizontal instrumentation boreholes were 
drilled into the side walls. The double stress 
concentrations at the top and bottom of these 
boreholes resulted in rapid spalling, and the 
shape of the boreholes rapidly resembled a 
vertical oval, arrested at the top and bottom by 
horizontal partings in the shale. 

Shaft wall movements in the EFS, as ob
served in the inclinometer casings, followed 
quickly upon excavation. The maximum move
ment occurred near the top of the EFS, where 
the shale is the softest and where instability 
problems caused considerable deterioration 
before being checked. The long-term lateral 
displacement rates (after the application of 10 

to 15 centimeters of shotcrete) are negligible. 
On the basis of these data, the elastic modulus 
of the EFS in the horizontal direction was 
judged to be at least 1,000 MPa, or about three 
times the laboratory value. 

Engineering Properties 
of the Site Geology 
As stated earlier, the AC is comparable to a 
low-strength concrete while the TM and EFS 
are much weaker materials. If an underground 
structure at a depth of 65 meters is considered 
(with a typical stress concentration factor of 
two to three), it can be seen that the stresses 
around an underground opening would be ap
proximately 3.5 MPa. This stress level would 
indicate overstressing at structures in the EFS, 
but not in the TM or AC. Stress in the TM could 
exceed compressive strengths at connections 
between tunnels and adits where stress multi
pliers are greater. Thus, the ground around 
openings in the EFS or TM could experience the 
formation of plastic or fractured zones as the 
rock' attempted, over time, to accommodate the 
induced stresses that exceeded its strength. 

In contrast, for structures in the AC, the 
stresses were comfortably below its compres
sive strength, and the behavior around under
ground openings in the AC is expected to be 
well within the elastic range. Table 2 shows 
the engineering properties used in the analy
sis and design of underground structures for 
the SSC. 

Types of Underground Structures 
The Linac and LEB tunnels were to be con
structed using the cut-and-cover technique to 
depths of 10 to 15 meters and consist of cast-in
place reinforced concrete boxes measuring four 
by three meters with a wall thickness of 300 
millimeters. These excavations would occur ex
clusively in the AC and would require no brac
ing during excavation. 

The MEB had two shapes of tunnels: a three
by four-meter horseshoe shape that was to be 
mined with a roadheader and a 4.25-meter di
ameter circular shape to be bored with a tunnel 
boring machine (TBM). The tunnel depth 
ranged from 15 to 20 meters. 

The HEB tunnel was designed to be circular 
and be bored using a TBM with a diameter of 
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Desi~n Parameter 

Saturated Weight (llsatl 

Compressive Strength (U) 
Cohesion (c) 
Friction Angle ((I>) 
Deformation Modulus (E) 
Permeability 
In-Situ Stress Ratio (Ko) 

Poisson's Ratio (u) 

TABLE 2 
Geotechnical Design Parameters 

Units TM AC 

kg/m3 2,000 2,200 
MPa 0.06Z+ 1.2* 15 
MPa 0.7-1.7 4.4 
Degrees 10-20 30 
MPa 830 3,500 
cm/sec 5 X 10"7 5 X 10"7 

1.4 2.0 
0.3 

• Z is the depth below fresh TM (usually 10 to 20 meters below surface) 

EFS 

2,250 
2 
1.4 
0 
830 
1 X 10"7 

1.5 
0.2 

five meters. Depth ranged from 20 to 55 meters. 
The HEB tunnel was to be cut exclusively in the 
AC and unlined. 

The main collider tunnel was being mined 
using various TBMs with diameters ranging 
from five to 5.5 meters, depending on whether 

FIGURE 4. TBM used to mine the tunnel from N25 to N35. (Photo courtesy of Benjamin 
Rodriguez.) 
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a lining was required. Fig-
ure 4 shows the TBM used 
to bore the N25 to N35 tun
nel. Depths of tunnel 
ranged from 25 to 70 me
ters. Approximately 25 
kilometers of the tunnel 
were bored before the pro
ject was canceled. 

Tunnels in the EFS and 
TM were lined with precast 
concrete segments placed 
in the tail of a shielded TBM 
and then grouted. Tunnels 
bored in the AC were un
lined but had two rock bolts 
in the crown, as shown in 
Figure 5. Additional bolts 
in the crown and a thin 
layer of shotcrete were used 
to control unstable rock ex
isting in isolated locations 
along the alignment. 

The construction sched
ule for the shafts and tun
nels was very tight and re-
quired several TBMs to 
operate simultaneously. 
This approach required a 

FIGURE 5. Finished collider tunnel in the AC. 

satellite-based global geodetic control system 
to ensure that not only tunnel segments lined 
up with each other, but that all segments across 
a 1,300-square-kilometer area lay in the same 
spatial plane when tunneling had been com
pleted. The contractors were given a 250~milli
meter diameter bullseye for alignment toler
ance. Boring rates ranged from 30 to 145 meters 
per day. Alignment of the more than 25 kilome
ters of tunnel bored before project cancellation 
was generally within a 100-millimeter diame
ter bullseye. The alignment exceeded the bull
seye in a few isolated locations which required 
minor excavation to correct the fault. 

Four main types of shafts were to be used to 
connect the LEB, MEB, HEB and main collider 
tunnels with the surface. These shafts were to be 
constructed to depths ranging from 10 to 70 meters. 
Each type of shaft serves a specific purpose. Person
nel shafts were to house elevators and emergency 
stairs. Ventilation shafts were to supply fresh air to 
the tunnel and, also, to house staircases. The utility 

shafts were to contain cryogenic pipes, high 
voltage cables and other utilities. 

The personnel and utility shafts g~nerally 
shared a common adit (parallel to the tunnel), 
which was joined in the middle with another 
adit connected to the main collider tunnel. All 
three shafts were circular in cross section with 
diameters ranging from five to seven meters. In 
· addition, these shafts were offset to the inside 
of the tunnel by 20 to 50 meters, depending on 
surface site constraints. They were connected 
to the tunnel by 10-meter diameter adits. A 
typical ventilation shaft is shown in Figure 6. 

The shaft adits and alcoves were to house 
cryogenic equipment used to support the cold 
magnets. A few shafts had diameters of eight 
meters to permit movement of the TBMs from 
the surface. In general, the TBMs entered 
through magnet delivery shafts. 

In addition to the three types of circular 
shafts, there were five in-line elliptical magnet 
delivery shafts that were going to be used to 
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FIGURE 6. Collider ventilation shaft. 

lower the cryogenic magnets to the main col
lider tunnel. These shafts had excavations with 
a major radius of 20 meters and a minor radius 
of five to 11 meters. The basic excavation of the 
magnet shafts at the Nl5, N40, N55 and S40 
sites (see Figures 2 and 3) was complete at the 
time the project was canceled. 

Across section of the magnet delivery shaft 
at N15 is shown in Figure 7. This shaft was over 
65 meters deep and bedded in the EFS. This 
shaft was the first constructed (after the ex
ploratory shaft) and required extensive rock 
bolting to stabilize the shale. A massive finish 
liner of reinforced concrete was to have been 
placed to resist the anticipated long-term swell 
pressure of the shale. 

The underground interaction halls that were 
to house the particle detectors were to have been 
excavated to a depth of 67 meters using a cut-and
cover method. These halls' floor dimensions 
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FIGURE 7. Magnet delivery shaft. 

were to be 33 by 110 meters. Drilled caissons 
and permanent cable tiebacks up to 50 meters 
long were designed to support the vertical 
sides of the excavation. A reinforced cast-in
place concrete floor slab three meters thick and 
steel roof trusses 15 meters deep were to be 
added before backfilling 10 meters of rock over 
the roof. A preliminary design of one of the 
interaction halls is shown in Figure 8. Several 
shafts were to provide access to the interaction 
halls for personnel, equipment and utilities. 

Analysis Techniques 
Analyses of the stresses in the rock and struc
tural liners of the shafts at the various stages of 
construction and life cyle of the structure were 
needed to develop economical designs· and as
sure the stability of the excavations. These 
analyses needed to consider both in-situ rock 
conditions at the various strata and the antici-



FIGURE 8. Preliminary design of the interaction hall for the gluon-electron-muon detector. 

pated construction sequence. Since the under
ground structures were being constructed in 
three geologic strata, unique consideration and 
design assumptions were required. 

While traditional closed form solutions were 
used to check the reasonableness of the design 
approach, it was felt that state-of-the-art finite 
element computer models were needed to ana
lyze the rock-structure interaction since plastic 
be~avior was expected. This interaction was 
complicated by both the geometry of the exca
vations and the three distinctly different geo
logic strata. The closed form solutions were 
primarily used to check the results of finite 
difference and finite element models. 

Two different computer analysis software 
programs were used: 

• A personal-computer-based two~dimen
sional finite difference program; and, 

• A minicomputer-based three-dimen-
sional finite element program. 

Both programs had non-linear analysis capa
bilities. The results of the two programs were 
compared and closely agreed on predicted 
stresses and deformations of the circular shafts 
and tunnels. 

The three-dimensional program was used 
to analyze the more complicated geometry 
and excavation of the shaft bottoms and ad
.its. The three-dimensional finite element 
mesh for the analysis of the shaft and adit 
liners at the NlS utility shaft is shown in 
Figure 9. The basic excavation of this shaft 
was completed before project cancellation. 
This shaft was bedded in the EFS and excava
tion caused stresses that exceeded its elastic 
strength. The program took into account the 
effect of the plastic zones on stress redistribu-
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shotcrete and a more extensive use of 
dowels. 

A precast invert segment was de
signed and used to transfer construction 
loads due to the movement of equip
ment and materials prior to placement 
of the final cast-in-place invert slab. 

As previously stated, the AC is ex
pected to behave in an elastic manner, 
allowing the use of closed form solu
tions or simplified computer models. 
The closed form equation for radial 
displacement of an unlined tunnel in 
ah elastic-plastic frictionless medium 
in which a plastic zone may develop is 
given by:1 

o,/r = c[(1 + u)/E] effP/c) -JJ 

where: 
6,. = Change in radius 
r = Excavated radius 
c = Cohesion 

FIGURE 9. Finite element model of the utility shaft 
liner at N15. 

u = Poisson's Ratio· 
E = Mod~lus of deformation 
P = Pressure in soil 

tion and the excavated shaft performed as ex
pected with the analysis results being used to 
locate additional rockbolts and· shotcrete in 
high-stress areas. 

Tunnel Analysis. The Linac, LEB and portions 
of the MEB tunnels were constructed using the 
cut-and-cover excavation technique. Excava
tion loads due to surface alluvial soils were 
considered. However, due to the strength of the 
AC, the structures did not require a structural 
support system to resist horizontal earth loads. 
The structural box sections were analyzed, us
ing a traditional approach, for vertical earth 
pressure and hydrostatic loads. 

The HEB and portions of the main collider 
tunnel to be bored in the AC did not require a 
. structural support system due to the strength 
of the rock and the fact that no long-term defor
mation was anticipated. It was expected that 
some loosening of the AC in the tunnel walls 
and crown (particularly at shaley seams) might 
take place. Therefore, a local support system 
consisting of cemented dowels was used. In 
locations where even greater local instability 
might be encountered, it was thought to use 
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The closed form equations for radial dis
placement of an unlined. tunnel in an elastic
plastic medium with friction and in which a 
plastic zone develops is given by:1 

o,/r = [(1 + u)/E]sinq,(Pz + c cotq,)[(1 - sinip) 
(Pz + c cotq,)/(Pi + c cotq,) J eW - sinq,)/sinq,J 

where: 
Pz = Pressure in soil 
Pi = Pressure inside tunnel 
q, = Angle of friction of medium 

The portions of the collider tunnel bored in 
the EFS and TM, as well as the mixed face with 
the AC, required more sophisticated analysis 
techniques that accounted for the formation of 
plastic zones in the ground surrounding the 
tunnel excavation. After excavation, the EFS 
would not be strong enough to support ground 
pressures and a support system would be re
quired to ensure stability and to control long
term deformation. The support system was to 
be carried through the entire tunnel length to 



allow the TBM to shove off the lining 
and advance. In addition, it was antici
pated that the EFS and TM would ex
hibit creep behavior over time. 

This phenomenon was also consid
ered in the analysis. The tunnel liner 
segments were analyzed for loads due 
to material handling, erection, TBM 
jacking, and initial and long-term soil 
pressures. The closed form solutions 
did not account for the in-situ stress 
ratio, K0, being greater than 1.0, but 
were used to check the order of magni
tude of the results of the general com
puter models. 

The two-dimensional analysis soft
ware was used to develop a model of 
the tunnel and surrounding medium. 
The model represented a tunnel trans
verse cross section. Since most finite 
element codes are sensitive to bound
ary conditions, the model represented 

I 

the EFS surrounding the tunnel to a dis
tance of five tunnel diameters. Bounda
ries were fixed, an in-situ soil pressure 
was applied that represented a gravity 

FIGURE 10. Typical two-dimensional analysis mesh 
of the tunnel. 

load parallel to the vertical axis, and a gravity 
load multiplied by Ko was applied parallel to the 
horizontal axis. A typical mesh used to analyze 
the tunnel excavation is shown in Figure 10. 

The three-dimensional software was used to 
check the two-dimensional software results. 
The three-dimensional software is based on a 
sophisticated algorithm that permits generat
ing complicated models that incorporate cou
pled pore water pressures and the adjustment 
of the dilatency angle. This code was used for 
the analysis of shafts and adits, where compli
cated geometry required use of three-dimen
sional analysis. 

To test the validity of the tunnel models, an 
initial value for K0 equal to 1.0 was used. The 
predicted deformation values were compared 
to the closed form solutions for an unlined 
tunnel at a depth of 70 meters. Table 3 shows 
that these values compared closely. The ,differ
ence in results of the solutions for the drained 
case (as shown in Table 3) is due to limitations 
in the closed form solution that do not account 
for volume change in the plastic zone sur
rounding the excavation. These: limitations re
sulted in a smaller predicted deformation. 

Shaft Analysis. The analyses of the shafts in 
the different geologic strata, the varying depths 

TABLE 3 
Comparison of Tunnel Analysis Results 

Radial Deformation of Unlined Tunnel (5 m Diameter) 
State I Closed Form I Two-Dimensional I Three-Dimensional 

Undrained 12.3 cm 12.4 cm 12.4 cm 
Drained 16.6 cm 17.1 cm 17.2 cm 
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ground elements were removed as the 
excavation progressed and the prob
lem was solved again. This time both 
stress distribution in the ground, as 
well as the liner, was calculated. 

In analyzing the combined person
· nel/ utility shaft configuration (see 
Figure 11), over 35 steps were used to 
excavate the rock and place sections of 
unstressed liner as the sequence pro
gressed from the shaft top to the far 
end of the connecting adit. With over 
5,000 elements and 24,000 degrees of 
freedom, this model was one of the 
largest non-linear analyses run in the 
United States. This technique called for 
computing stress and displacement at 
each excavation stage and each liner 
placement step (35 times). The huge 
amount of computations required the 
use of a high-speed minicomputer 
(with 256 megabytes of RAM and a 
six-gigabyte hard disk) usually run
ning 12 to 24 hours to complete all 35 

FIGURE 11. Finite element model for the liner of the steps. 
combined personnel/utility shafts. Since the analysis followed the ex-

of the shafts and different shaft/ adit configura
tions represented a significant design chal
lenge. State-of-the-art analysis techniques in
cluded use of a high-speed minicomputer in 
conjunction with the three-dimensional soft
ware and a graphical pre- and post-processor 
used to develop and mesh complicated three
dimensional geometry. This combination of 
software allowed the development of new 
modeling techniques that accounted for stress 
introduction and distribution at each step of 
sequential excavation and support. 

A typical model that was analyzed repre
sented a 65-meter cube of rock. Computer pro
grams were developed that automatically 
stepped the analysis software through the exca
vation sequence required to construct a shaft and 
adit. The problem was solved for each stage of 
construction. Beginning with an in-situ stress 
state, ground elements were removed from the 
model (simulating excavation) and the resulting 
stress state around the opening was calculated. 

The liner elements were then added around 
the opening (in an unstressed state), more 
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cavation and construction sequence, 
the stress distribution during and after each 
excavation is much more representative than 
that resulting from traditional analysis. Since 
this technique accounted for the sharing of load 
between the liner and surrounding rock and 
load redistribution at each step of excavation, 
the stresses in the liner were generally lower 
than those predicted by a simple one-step finite 
element solution. This model justified the use 

· of a thinner liner and translated into substantial 
savings in construction costs. 

The step-by-step simulation of the sequen
tial excavation and lining of the shafts was 
made possible through the extensive use of 
multi-point constraints (MPC) in the finite ele
ment models. The MPCs allowed the computer 
model to simulate the excavation of a section of 
ground, elastic/plastic reaction of the ground, 
and the placement of shotcrete lining in an 
unstressed state. 

A typical shaft model was constructed by 
first creating a three-dimensional geometric 
outline of the rock to be excavated using the 
graphical processing software. Care was taken 



in setting up the mesh to account for 
interfaces between the geologic 
strata and distances between the ex
cavation and lining steps so that the 
construction was accurately mod
eled. The maximum depth of exca
vation before placing support was a 
function of depth and geometry. 
Since keeping the excavation below 
this maximum depth was critical to 
stability and safety, the contractor 
was limited by the contract specifi
cations to a maximum distance as 
dictated by the analysis. 

Once the rock to be excavated 
was meshed, the structural liner 

. was added on the outside using a 
unique set of nodes separate from 
the nodes of the ground mesh, but 
corresponding one to one. Each 
node of the thin-shell-element struc
tural liner was attached to the corre-
sponding node of the ground using 
an MPC link. The three-dimensional 
analysis software allowed for the in- FIGURE 12. Cross section of the three-dimensional fi
dividual programming of the stiff- nite element model of the magnet delivery shaft. 
ness of each link for six degrees of 
freedom. The ground· surrounding the shaft 
excavation was next meshed directly on top of 
the liner elements out to the boundary of the 
model. Figure 12 shows a cross section of the 
model used to analyze a magnet delivery shaft. 

The links permitted the ground surrounding 
the shaft to respond to the shaft excavation by 
deforming without transferring any loadto the 
liner. Initially, the liner elements were turned 
off and the stiffness of the links was set to zero. 
In the first step of excavation, rock elements 
were removed and a solution calculated for the 
stress in the surrounding ground. Next, the 
links in the vicinity of the first excavation were 
turned on so that ground movement due to 
subsequent excavation steps would load the 
liner placed in the first step. This process was 
repeated through as many steps as needed to 
complete the excavation and lining of the shaft. 

The process described above required the 
reprogramming of literally hundreds of links 
each time an excavation step was completed. 
This task, which could have required hours of 
manual manipulation, was automated by a cus-

tom program that modified the input file at the 
end of each step. 

The results of the analysis were saved after 
each step, thereby allowing the ground and 
liner stress to be known at each step of the 
excavation. The graphical processing software 
was used to display stress and displacement (in 
three dimensions) using color bands directly on 
the model. The stress or displacement at each 
step could be played back by the processing 
software so that stress and displacement could 
be viewed as if it were a movie - showing how 
each excavation step affected the model. This 
mode of presentation was especially helpful in 
identifying critical steps. It also contributed to 
better overall understanding of how the 
ground responded to the excavation of compli
cated shaft and adit configurations (as shown 
in Figures 9 and 11). 

Prior to the construction of the NlS magnet 
delivery shaft, extensive instrumentation was 
installed and deformation was monitored dur-
ing excavation. The instrumentation data were 
used to check the validity of the computer mod-
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FIGURE 13. Precast segmental tunnel lining system. 

els and calculated deformations. Field observa
tion and computer simulations agreed within 
20 percent, even before calibrating the com
puter model. 

Structural Design 
Tunnel Lining. Computer analysis of the tunnel 
in the AC verified early design assumptions 
that no lining would be required immediately 
or in the long term. Computer analyses of the 
tunnel in the EFS and TM also confirmed that 
a liner would be needed immediately follow
ing the excavation in the EFS and for the 
long term in the TM. A precast concrete 
four-segment liner was designed for both 
strata. The dimensions were kept constant to 
allow contractors to reuse forms, but concrete 
strength was varied to meet the specific needs 
of the geologic strata and tunnel depths. 

The liner shown in Figure 13 is composed of 
four identical segments that were assembled 
inside the tail of the shield and expanded when 
clear of the shield. A closure strip was then 
filled with concrete. The liner thickness was 230 
millimeters. The width of the liner, measured 
along the axis of tunnel, was 1.5 meters. The 
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segments and closure strips formed a ring with 
an inside diameter of 4.25 meters. 

The four segments used in forming the ring 
were approximately 86 degrees each. When 
assembled, there would be two gaps of ap
proximately 300 millimeters on either side of 
the crown segment that would then be filled 
with concrete. The four segments were un
bolted and ungasketed. 

Structural materials were chosen based on 
considerations of strength, cost and quality 
control. The design of the reinforcement for the 
liner segments was based on individual Grade 
60 bars. However, welded wire reinforcement 
could have been used if an equivalent area of 
steel were provided. The str~ctural charac
teristics of the materials assumed for the tunnel 
lining were: 

• Precast concrete strength of 55 MPa (EFS) 
and 40 MPa (TM) 

• Young's modulus, concrete at 27,600 MPa 
(initial) and 13,800 MPa (long term) 

• Cement grout strength of 15 MPa 
• Yield strength of reinforcing at 400 MPa 
• Young's modulus for steel at 200,000 MPa 



FIGURE 14. Surface collar of the magnet delivery shaft located at N40. (Photo courtesy of 
Benjamin Rodriguez.) 

Concrete strengths of 55 MPa in the EFS and 
40 MP a in the TM were used to resist long-term 
creep as well as jacking loads from the TBM. 
Some of the TBMs used to bore the tunnels 
were equipped with both hydraulic jacks and 
side grippers (inchworm machines). The rein
forcement of the liners was dictated by han
dling loads, which included an impact factor of 
200 percent to account for transportation from 
the precasting yard to the tunnel face. This 
factor was not required by the ACI code, but 
past experience has shown it to be a realistic 
value. 

Shaft and Adit Lining. An initial lining of the 
circular shafts and adits was not expected to be 
required in the AC except at adit breakouts. The 
contractors were required provide a 100-milli
meter layer of shotcrete for safety and to sup
port softer layers of AC or bentonite seams. 

The magnet delivery shafts and the circular 
shafts in the EFS and TM were initially sup
ported with dowels and shotcrete. The thick-

ness of the shotcrete varied with depth from 
100 to 400 millimeters. Dowels were #9 or #11 
bars, which would have been normally two to 
four meters long, cement grouted (full length). 
Dowels in the magnet delivery shaft were 
longer in order to extend beyond an assumed 
plastic zone adjacent to the large radius sides of 
these shafts. During excavation of the N15 
magnet delivery shaft, which was excavated in 
the AC near the surface and bedded in EFS, 
15-meter-long dowels were placed prior to ex
cavation to keep the invert from heaving. Ra
dially, five- to 10-meter.;.long dowels were used. 

All shafts were designed with collars at the 
surface (see Figure 14). Those shafts bedded in 
the EFS also had an additional collar in the AC 
just above the EFS to aid in construction and to 
resist. the anticipated differential horizontal 
pressures between the EFS and AC. 

The final linings in circular shafts in the AC 
were to be cast-in-place concrete with mini
mum reinforcement and a strength of.35 MPa. 
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The purpose of these linings was to provide a 
smooth finish to mount utilities, staircases and 
ducts. Considering these requirements, a 250-
millimeter wall thickness for shafts with a five
to eight-meter internal diameter in the AC was 
called for. These linings were designed to resist 
the long-term horizontal earth loads as well as 
vertical loads due to equipment and personnel. 

Observations From Excavations 
S30 Ventilation Shaft in the TM. The S30 shaft (see 
Figure 2) was 65 meters deep, entirely in the 
TM, and had an excavated diameter of six me
ters. The examination of the behavior of the TM 
was particularly important because the two 
large experimental halls on the east side of the 
collider ring were, for the most part, in the TM. 
Fifty-five-meter-high vertical walls, supported 
by tiebacks, were excavated in the TM, bottom
ing out in the AC. A number of vertical incli
nometers 1.5 and 3.0 meters from the edge of 
the hole were installed to determine the lateral 
displacement due to the excavation and, hence, 
deduce the modulus of the material and the 
long-term creep (if any) of the marl. In addition, 
several piezometers were installed to record 
the groundwater response to the excavation. 

The shaft was collared about 6.5 meters into 
the residual soil and weathered rock, using a 
circular secant-pile wall. Some six meters of 
additional weathered material were left before 
reaching unweathered TM. In this top zone, 
ground support was applied in the form of rock 
dowels 1.6 meters on center, and shotcrete. The 
remainder of the shaft was furnished with only . 
eight centimeters of initial shotcrete ground 
support. 

The shale stood up well, even when exposed 
unsupported for many hours at heights over 
three meters, and no signs of deterioration or 
distress were found. The maximum lateral dis
placement of the closest inclinometer casings at 
a 15-meter depth was between 0.25 and 0.40 
cehtimeters,which is about three meters below 
the lowest rock dowels and near the top of the 
unweathered TM. At elevations below the lat
eral displacement was generally 0.08 to 0.20 
centimeters. The deduced range of horizontal 
rock modulus is 700 to 1,400 Mpa. 

Shafts Bottoming in Eagle Ford Shale. A num
ber of shafts were constructed that penetrated 
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through the AC and bottomed in the EFS 
(shafts at the N15 and N20 sites - see Figure 
2). Shaft stations were excavated, and tunnel 
stubs were constructed that later met up with, 
or served as starter tunnels for, TBMs driving 
the collider tunnel. 

These shafts, shaft stations and tunnel stubs 
were instrumented to determine the response 
of the ground to excavation and ground sup
port activities. The instrumentation data and 
observations made were not trivial pursuits of 
scientific knowledge but served to calibrate the 
finite element models, to assess the safety and 
stability of these underground openings dur
ing construction, and to verify the magnitudes 
of loads or displacements that may be suffered 
by the permanent, cast-in-place concrete lin
ings. The higher the rate of displacement occur-

, ring at the time the final lining· is placed, the 
higher the loads eventually suffered by the fi
nal lining. 

The construction of these underground . 
openings was generally uneventful. For the 
most part, they were excavated using road
headers and occasionally with compressed-air 
power tools. The excavation and support were 
carefully staged to minimize the exposure of 
the EFS before applying ground support. In the 
shafts, only about 1.5 meters of ground was 
excavated before placing first a layer of shot
crete, then lattice girders, followed by an addi
tional layer of shotcrete completely embedding 
the lattice girders. 

A pattern of rock· dowels was also placed. 
The large, 10-by 20-meter oval magnet delivery 
shaft (N15) also was furnished with pre-in
stalled deep rock dowels in the shaft bottom. 
These dowels were installed when the shaft 
excavation reached a level just above the 
AC/EFS interface (see Figure 6). The smaller 
ventilation and utility shafts were not fur
nished with bottom dowels. 

The tunnel stubs were excavated in a piece
wise fashion called the sequential excavation and 
support method. On the European continent a 
variation of this method is referred to as the 
New Austrian Tunneling Method (NATM). A 1.5-
meter limit was put on the advance before 
ground support was applied, again in the form 
of shotcrete, lattice girders and dowels. This 
support was often combined with spiling, 



which consists of dowels driHed and grouted in 
place in a fan pattern above the crown of the 
advancing tunnel. 

The method succeeded in maintaining sta
bility of the tunnel and the advancing face. 
Examination of the face rock in between ad
vances disclosed the existence of latent, stress
induced fractures that were more or less paral
lel to the tunnel faces surf!').ce. These fractures 
permitted the removal of fairly large chunks of 
rock by hand. On two occasions, very large 
chunks of rock ( over 100 kilograms, up to three 
meters in dimension) fell from the crown, 
bounded by a near-horizontal shear surface 
and near vertical shears. 

Some of these shears may have been pre
existing, particularly near the AC/EFS inter
face, where the EFS was known to present a 
number of latent shears. Others were condi
tioned by the presence of horizontal bedding 
planes. The two falls occurred where excava
tion had, in fact, proceeded 2.5 to three meters 
ahead of the last installed lattice girder without 
shotcrete support or with only a thin coat of 
freshly placed shotcrete (not yet of sufficient 
strength). These events clearly demonstrated 
the value of treating the EFS with respect and 
minimizing the time and extent of unsup
ported exposure. 

In the NlS (the magnet delivery shaft), 
heave measurements were performed at the 
shaft bottom using a very sensitive, pre
installed instrument that permitted the meas
urement of vertical displacement at one-meter 
intervals. Dowels were pre-placed in this floor 
to a depth of 20 meters below the floor. The 
dowels were evidently effective in reducing 
shaft floor displacements and maintaining 
elastic and stable conditions a short distance 
below the floor since measured heave was 
greatly below the amount predicted if no rein
forcement had been used. 

Conclusions 
The size and scope of the SSC, as well as the 
variety of underground structures in the pro
ject, offered tremendous engineering chal
lenges. The excavation and lining of complex 
underground structures in distinctly different 
geologic strata offered the opportunity to de
velop sophisticated analysis techniques. 

Before analyses of the tunnels, shafts, adits 
and experimental · halls could take place, an 
in-depth exploration of the in-situ geology as 
well as the calibration of the material properties 
of each of the strata were required. The instru
mentation of excavations allowed the design
ers to both observe ground behavior during the 
various stages of construction and to calibrate 
their computer models used to predict design 
loads. 

The three-dimensional sequential finite ele
ment rock-structure interaction analysis tech
niques (developed by the authors and cali
brated during construction) provided valuable 
design information and insight into the devel
opment and distribution of stresses in the un
derground structures and surrounding rock at 
the various stages of construction and through
out the life of the structure. 

The design of the underground structures, 
while following proven methods, also incorpo
rated many state-of-the-art techniques. By ac
·counting for the sharing of load between the 
rock and liner, a much thinner tunnel liner was 
justified. This liner was thinner than would 
have been dictated by traditional analysis and 
it provided a substantial construction cost sav
ing. The cost savings over the entire project was 
far greater than the additional costs of analysis 
associated with the computer hardware and 
software required. 

If used in conjunction with field observa
tions, and with additional checks from classical 
analysis methods, the sequential interaction 
analysis technique can be a useful tool for eco
nomical and realistic design of underground 
structural systems. 
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