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ABSTRACT

Pre-excavation grouting is a predictable and r@diédchnique performed to prevent or minimize
settlement in advance of, or during the tunnelbpgration. It safeguards the infrastructure
above the tunnel alignment. Cement based suspegsiats and sodium silicate based grouts
are frequently injected to consolidate and stremgthe formation and create a reinforced
canopy above the tunnel trajectory. Grouting pdglly performed through permeation and
permeation in conjunction with hydrofracturing. Miple injection passes through steel sleeve
pipes are ideal, since they create an effectivesfating system to facilitate tunnelling without
causing unacceptable settlement, even with mingwatburden thickness. Ten pre-excavation
grouting projects performed in the North America discussed in this paper.

GENERAL APPROACHES FOR PRE-EXCAVATION GROUTING PRIO RTO
TUNNELLING

In order to protect structures and minimize or pre\settlement, grouting the soils prior to
tunnelling has been a classic and proven concephdoe than 5 decades.

The following pro-active grouting techniques andtsyns are typically used:
- Permeation grouting single pass
- Permeation grouting multiple passes and more thgpelof grout
- Hydrofracture grouting
- Permeation grouting in conjunction with hydrofraatg
- Jet-grouting

A commonly used reactive grouting system to atteamgk achieve the same, is compensation
grouting. The latter can be used in conjunctiaih wome of the pro-active techniques, for soils
that cannot be adequately treated prior to tungelli

Permeation grouting and permeation grouting inwoction with hydrofracturing -provided the
soils have a hydraulic conductivity (permeabiliiue) greater than 0.0005 cm/s - remain the
least intrusive, clean, predictable grouting systéortreat the soils prior to tunnelling. In order
to be successful it is absolutely necessary tslesve pipes and to perform multiple grout
passes, via the same sleeve pipes with reasonaifaild grouts.
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Sleeve pipes can be installed vertically or (pedigr and where possible) horizontally to create
an arch of grouted soil covering at least the upyadirof the future tunnel. The advantage of
horizontal sleeve pipes (whether steel or plagidhat they can be transformed into a grouted
forespiling system, a continuous, reinforced grdwarth, whereby only a short span at the time
is unsupported during tunnelling.

The grouts selected for permeation grouting musiuit@ble for the encountered soils.

In general, properly formulated, stable cement th@sspension grouts are only suitable for the
grouting of soils with a k-value (permeability va)un excess of 0.08 cm/s. Stable, microfine
cement based grouts are typically suitable to patensoils with a k-value greater than 0.001
cm/s, provided the silt content is less than 1B6th these 2 types of grouts however can be
used for “permeation grouting in conjunction witpdnofracturing” when the soils have a k-
value which is one order lower.

Solution grouts can typically be used for permeagmuting as long as k is greater than 0.0005
cm/s. The layer thickness and the silt percengdg®play an important role in the injectability
of the soils and the permeability limits are therefonly indicative.

It is a proven concept to perform grouting in salgrout passes, alternating between solution
grout (typically sodium silicate based grout) aedient based grout, to create grout cylinders
with a predictable diameter and mechanical chanattes.

Because of the high pH of the cement based grodiyush silicate based solution grouts tend to
be considerably more durable than if only sodiulmate based grouts are used.

During the first grouting pass, grout will predomimly permeate the most pervious layers in the
pressurized grout zones. Once the first groutesgps finished, solution grout will sag, under
gravity. It should be noted that all solution gioare exothermic reactions. The soil dissipates
the heat and hence it will take considerably lorfigethe grout to cure than what the pot-life
indicates. As a result there is grout migratiaerathe grouting pass is finished, in pervious
soils. During the second grout pass, the layabswiere originally the most pervious are now the
least pervious, hence grout will permeate moreileado these layers during the second grout
pass.

By alternating solution grouts with suspension ¢gpthe suspension grouts will hydrofracture
through the untreated or partly treated soil layénom the grout “wings” grout will permeate a
nominal distance into the soil on both sides ofititeiced fractures.

By executing 3-4 grout passes, the formation getgtéd more uniformly and grout cylinders

with a predictable size are formed. The grout spthat can be obtained with the equation of
Cambefort-Naudts
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Where:

k =hydraulic conductivity herizon for the injection product in cm/fs
v = kinematic viscosity of water

F_; = effective injection pressure in cm water column

t.ot = pump time of the grout in seconds

u = kinematic viscosity of the grout

& = specific grawity of the grout

E = distance from the middle of the sleeve pipe to where the influence of the grouting
pressure 12 not being felt in centimeters

r, = radius of the borehole 1n centimeters

1y = accessible porosity by the grout

One of the most infamous pre-excavation groutirag@ms in history took place during the
mid-seventies in Nurnberg (Germany). A permeagjauting program, whereby sodium
silicate, injected via sleeve pipes failed to prévaettlement of buildings during the tunnelling
operation. The sodium silicate had been neutr@lviéh ethylacetate, which, similar to the
diabese esters and inorganic acids only resulis@mporary soil modification. Because of
delays with the tunnelling operation, the reactiand been reversed and the benefits of the soill
grouting were gone at the time of tunnelling, cagsiatastrophic settlements and lead to the
bankruptcy of the leading German contractor.

Especially when grouting below the ground-watetegabtlassic sodium silicate based grouts are
quickly disappearing, even when neutralized moaa $0%. If a higher degree of neutralization
is used, the set time of these evolutive solutimuts are too short to obtain adequate
permeation. For the longest time, the alternativihe “unstable” sodium silicate based grouts
were water-reactive polyurethane grouts and acigamrouts. The latter are non-evolutive
solution grouts and have a viscosity equal to waBome formidable soil grouting projects have
been performed with both polyurethane and acrylamgiduts.

There are however permanent, inexpensive, non-gvelsodium silicate grouts, even when

injected below the water table but they are notelyidised, since the main grouting contractors

are not familiar with them. Very few grouting ptiéioners appear to be knowledgeable on how

to determine/calculate the degree of neutralizatidence sodium silicate based grouts have a
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dismal record in North America for application iater saturated soils. In relatively dry soils,
proper neutralization of the sodium silicate islestical, which explains the success enjoyed by
the unsophisticated grouting contractors.

Jet grouting has been used for the treatmentarfge lvariety of soils. Whilst it is technically
feasible to use jet-grouting in soils that canreated with permeation grouting, preferably, it
should only be used in soils with low hydraulic dantivity. Because of its perceived

simplicity and in spite of the mess (spoils) tisatieated, it appears to be the technique of choice
for some grouting contractors. Heaving and setl&nof the structures to be protected has been
a problem. Executing a horizontal jet grout curt@mains a major challenge with this

technique.

CASE HISTORIES

The following case histories illustrate that a pogpproach to pre-excavation grouting
invariably lead to a successful outcome, in spitdne many challenges.

1. Chaska West Interceptor, 2005

Project specifics.A 1.9 meter (76 inch) diameter tunnel bore habde@onstructed below US 41
Highway as part of the West Interceptors infragtireebeing constructed in Chaska, Minnesota.
The tunnel trajectory was scheduled to be constdlapproximately 4.2 meters (14 feet) below
an important road artery, through a fine grainetidarmation for a distance of 60 meters (200
feet). In order to protect the road artery and3an@eter (12 inch) diameter clay sanitary sewer
located 2 meters (6.5 feet) above the tunnel cravgwil grouting program was designed and
implemented prior to the tunnel construction tosmidate the soils above the planned tunnel
trajectory.

The grouting program. The grouting program consisted of installing 2irantal steel sleeve
pipes 0.6 meters (2 feet) above the tunnel croigarch sleeve pipe was off set 0.9 meters (3 feet)
off center line of the tunnel alignment and ingdllsing directional drilling techniques.

A multiple injection pass grouting program was paried to inject regular cement based
suspension grout and sodium silicate based gratdrieolidate the fine grained sand formation.
Since the in-situ k-value of the soil formationbi® treated was lower than46m/s, the soils
were predominantly injected through hydrofracturimgonjunction with permeation grouting
technigues. Not only did the low permeability loé formation made it difficult to treat, but an
existing leaking clay sanitary sewer line, locdtst than 1.5 meters above the sleeve pipe,
provided a number of preferential flow paths fag trout to travel. After injecting a total of
12757.5 liters (3375 gallons) of grout via the gkepipes and based on the presence of the
leaking sewer pipe above the tunnel, a compensgtimuting program was contemplated as an
additional safety measure during the pipe jackictgygies to further ensure that no settlement to
the infrastructures above would take place. Dutivegpipe jacking operations and after
“fracturing” the sleeves, each sleeve pipe wassomezed to 100 psi with a very slow curing
grout. The intent of this operation was that if &0yl disturbance occurred around the sleeve
pipes, the soil disturbance would be detected siyydalen grout take at which time the tunnelling
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operation would have been halted, while compensafiouting operations would reverse the
disturbance.

Effect of treatment. Due to the successful pre-excavation grouting aogexecuted prior to
tunnelling and due to the diligence of the tunnelicrew, no soil disturbance was created. The
compensation grouting program therefore did noehawbe fully implemented. The tunnel was
mined in less than 48 hours, without causing attjeseent to the overlying structures.

2. CP & BNSF Railway Crossings, Newport, Minnesota

Project specifics. A 1.4 meter (4.5 feet) diameter tunnel, approxetya200 feet long, had to be
mined approximately 1.5 meters (5 feet) below Bvay tracks and 0.6 meter (2 feet) below
sensitive fiber optic cables without causing setdat to the infrastructure. Figure 1 provides a
plan view of the site and the infrastructures teguired protection during the tunnelling
operation. Based on the geotechnical informaticilable, the tunnel was expected to be mined
through a weak sandstone formation, however whefeitking pit was excavated, a fine sandy
soil formation was uncovered at the planned tuelelation. Additional geotechnical
investigations was performed along the tunnel atignt which confirmed that the sandstone
layer was actually deeper than anticipated. Thexpected situation posed great concern to all
parties involved, especially since the tunnel cawdtibe constructed at greater depth.

PLAN VIEW OF NEWPORT Il PROJECT SITE
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Figure 1: Plan view of the site

The grouting program. To ensure the integrity of the infrastructureidgrtunnelling, a
grouting program was implemented prior to tunnglliidue to the restrictions imposed by the
railway companies, no sleeve pipes could be irestatl the upper 3 feet of overburden below
the railway tracks. Eight horizontal sleeve pipese therefore installed around and outside of
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the perimeter of the planned tunnel trajectoryrémate a grouted soil conglomerate as depicted in
Figure 2. Steel sleeve pipes were selected iroliguastic pipes in order to create a reinforced
grouted soil conglomerate, acting as a forespgiygfem. Two injection passes of regular
cement based suspension grout and two injectiosepad sodium silicate based grout was
performed in each sleeve pipe in order to allowdast pervious soil layers to be treated
following the injection of the most pervious lay@ngrevious passes. To ensure that the
grouting pressures would not raise the railwaykisamonitoring points on the tracks were
surveyed frequently and the grouting operation masitored in real-time using the CAGES NS
system, which allowed to detect hydrofracturingrége Once the theoretical grout volume was
injected in all sleeve pipes and we had a recatttie adequate grout spread was achieved, the
grouting operation was concluded.

ACTIAL GROUT HOLE LAYOUT ACTUAL GROUT HOLE LAYOUT
FOR THE BNSF TUNNEL CROSSING FOR THE CP TUMMEL CROSSING
[CENTRE PIT) (JACKING PIT)

* PLANNED GROUT HOLE LOCATION
o ACTUAL GROUT HOLE LOCATION

Figure 2: Grout hole layout for the BNSF and CRway crossing

The challenges. The sleeve pipe installation turned out to b/ whallenging. The sleeve
pipes above the crown of the tunnel had to beliegtéelow fibre optic cables, which were
located approximately 0.6 meter (2 feet) aboveiheel. Since steel sleeve pipes were used,
these sleeve pipes could not be installed in thedutrajectory as it would hinder the
advancement of the tunnel, therefore these sleiges pad to be installed in a 0.6 meter (2 feet)
target zone. In addition to these restrictiongydaboulders (i.e. 0.5-1 meter diameter in size)
were encountered during the drilling and sleeve joigtallation, which caused the drilling head
to deviate more than 1.5 meter (5 feet) off targei.make the sleeve pipe installation easier, the
sleeve pipes had to be installed from a pit locaegtveen the BNSF and the CP railway.
Cutting the drilling distance in half, facilitatéide sleeve pipes to be installed within an
acceptable deviation from the target locations.

The limited thickness of overburden posed its sbaproblems during the grouting operation.

The lack of confinement caused the grout to easifyrate and break out to surface, which
impeded on the grouting progress. Photograpludtrtites the sleeve pipes installed in the CP

6 of 17



ECO

railway embankment and several grout leaks (braakosurface) which occurred during
grouting due to the lack of overburden confinement.

Photograph 1: Sleeve pipes installed through theaay embankment around the planned
tunnel trajectory

The grouting operation was executed in nine inpecpasses. This allowed the grout to cure in
the upper soil layers and systematically creatdicement for subsequent injection passes. As
the grouting operation progressed, fewer groutdealsurface were observed, and eventually all
sleeves were brought to refusal.

Effect of treatment. The grouting program resulted in the constructibaverlapping grouted
soil cylinders forming a continuous arch aboveftitare tunnel trajectory. Typically, these
grouted soil cylinders measured 1 meter (3 feetiameter, as observed and measured from
within the tunnel during the tunnelling operatiohhe reinforced grouted soil arch around the
tunnel allowed the tunnel to be mined safely witheaving any impact on the railway tracks and
underlying utilities. An identical grouting prognawas implemented under the same railway
tracks and utilities a short distance (3 km) awayfthis location and the same successful
outcome was achieved: no settlement was recorded.

3. BWARI — US 23 Crossing, Columbus, Ohio

Project specifics. A 6,310 meter (20,820 feet) long precast concregenent tunnel was
constructed using an earth pressure balance tbonely machine, as part of the Big Walnut
Augmentation Rickenbacker Interceptor. The comsimn of this 4.8 meter (16 feet) outside
diameter tunnel was designed to cross highway U& r2Batively short distance from the TBM
launch area. Since the cover above the tunnet@atvely thin under this highway (i.e.
approximately 7.5 meters (25 feet)), surface setld was a concern.
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A grouting program was specified to consolidatargé, rectangular block of soil above the
tunnel trajectory to ensure that the settlementaired within the 12.5 cm (0.5 inch) tolerated
settlement limit. The soil formation immediatelyoakle the tunnel trajectory contained
approximately 10% fines and based on the sieveysisand the in-situ permeability of this
formation had a k-value of 4 x 2@m/s based on Hazen’s equation.

The grouting program. A multiple hole, multiple injection pass groutipgopgram was

designed and implemented above the tunnel trajectbine grouting program consisted of
injecting regular cement based suspension grousadiim silicate based grouts utilizing
permeation in conjunction with hydrofracturing gtiog techniques through steel sleeve pipes
installed above the tunnel trajectory. Two acstssdts were constructed on either side of the
highway to facilitate the installation of the han#al sleeve pipes and to perform the grouting.
Photograph 2 illustrates the grouting being perfmrfrom the West side access shaft. In lieu of
grouting a large block of soil, a relatively theinforced grouted soil arch was proposed instead,
in order to create a continuous, grouted soil afebur 4 sleeve pipes were installed
approximately 5 feet above the tunnel trajectoguédly spaced 5 feet apart) to perform the pre-
excavation grouting. An additional 2 sleeve pifiestalled approximately 2 meters (7 feet)
above the first row of sleeve pipe) were instalisdiepicted in Figure 3. The second row of
holes was installed as a precautionary measutesieent that compensation grouting would be
required. The compensation grouting program wéiahe involved injecting a cement based
suspension grout above the tunnel trajectory durngelling operations. Any soils loosened by
the tunnelling activities would have been replasgti cement based suspension grout, therefore
reversing any soil disturbance. A total of 3 itij@e passes were performed through each of the
four each sleeve pipes. The first pass considtaygenting a regular cement based suspension
grout, while subsequent passes were performedastidium silicate based grout. The CAGES
NS grouting system was utilize to monitor, asseskevaluate the grouting operation in real
time, which made it possible to inject on all 4grboles simultaneously.

A |
%

Photograph 2: Grout injection being perfodnfr®m within the West side access shaft
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GROUT HOLE LAYOUT (WEST SHAFT)
FOR US22 CROSSING
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Figure 3: Sleeve pipe location above the tunngdtary

Effect of treatment. Due to the effectiveness of the grouting perfornmetihe first row of holes,
the compensation grouting program was deemed rizg teecessary. This decision was based
upon evaluating the data from the real time momp& assessment system (CAGES). The
daily monitoring efforts of the survey crew provitleo evidence of settlement or movement of
the road surface during and following the groufimggram. The tunnel was mined without
causing any settlement whatsoever to the highway.

4. MAC Trunk Storm Sewer, Minneapolis, Minnesota

Project specifics. Two 4.2 meter (14 foot) diameter tunnels werestarected beneath a state
highway near the airport in Minnesota. Both tusneére constructed parallel to each other.
The distance between the two new tunnels was 3rr{lfideet) and they were located adjacent
to an existing 28.8 cm (72-inch) diameter stormeselime. The tunnels were mined
approximately 19.3 meter (64 feet) below the raadiase through fine silty sand, which was not
readily injectable with solution nor suspensionugso The length of the tunnels was 140 meter
(463 feet).
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Grouting program. In order to minimize settlement to the highwagoanpensation grouting
program was specified and implemented. It involtredinstallation of 5 horizontal steel sleeve
pipes located 7.5 meter (25 feet) above the twodliorowns. Each sleeve pipe was equally
spaced approximately 3.6 meter (12 feet) from ediolr as depicted in Figure 4. A series of
extensometers were installed at strategic locaiiooesder to monitor the movement of the soill
located above the tunnel trajectory in real-tirdegrout plant capable of producing 25 cubic
yards of suspension grout per hour was mobilizeditento produce the required grout in a
timely basis with reference to Photograph 3. Agueigrout comprising of inexpensive
ingredients was used to create a non-cement baspérssion grout, specifically developed for
this project. This very slow curing grout allowée grouting crew to maintain each sleeve pipe
under pressure during the tunnelling activitieghauit being concerned about the grout
hardening up in the delivery system. As distudeaand loss of soil (overcut) were created by
the tunnelling operation, the apparent Lugeon vgbeemeability value) suddenly increased and
grouting was performed until the disturbance waerged. The evolution of the apparent
Lugeon value was monitored in real-time with CAGE®outing typically took place via

double packers in 3 or 4 sleeve pipes at the tifri@s grouting technique allowed the two
tunnels to be mined, while minimizing settlementtte highway. A total settlement of the road
of approximately 2.5 cm (1-inch) was reversed byinacking the highway at the end of the
operation.

GROUT HOLE LAYOQUT FOR MAC TRUNK SEWER PROJECT

144 IN

n B n | n

300 IN
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288 IN
()168 IN
. 72N
e
180 IN

Figure 4: Sleeve pipe location for the MAC Trunkjprct
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Photograph 3: General view of the batch plant andting lay-down area
5. Mineral Street Sewer Extension, Milwaukee, Wisatsin

Project specifics. A new 2.1 meter (84 inch) diameter sewer tunre wonstructed beneath an
existing railway track embankment. Settlementhaf &ctive railway lines had to be minimized
during the excavation of the tunnel in order nanterrupt CP Rail's operation.

The grouting program. An extensive grouted soil-conglomerate arch wasated above the

tunnel trajectory to prevent settlement of the Gil Racks during the excavation of the sewer

tunnel through the underlying embankment. Phofdgh depicts the grouting crew during the

injection of sodium silicate grout via one of theeve pipes. The grouting program included the

following:

» Installing horizontal steel sleeve-pipe

* Performing in-situ hydraulic conductivity tests oviee entire length of the trajectory

» Depending on the in-situ permeability, injecting nnultiple holes regular or microfine
cement based suspension grouts, or sodium sikcdiéon grout (first pass)

* Re-injecting the recently grouted soil conglomeraitt sodium silicate based solution grout
(second and third pass)

* Real time monitoring with CAGES (Computer Assist@douting Evaluation System) to
monitor the reduction in hydraulic conductivitytag operation was unfolding
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Photograph 4:Gruting cfew performing injectionsotlium silicate based grout via the sleeve
pipes

Settlement of the underlying embankment was pdyfexntrolled (no settlement whatsoever)
and CP Rail's regular operations were not inteediptvhen the tunnel was constructed.

6. Sarah Street Sewer Extension — CP Rail Crossinflishawaka, Indiana

Project specifics. During tunnelling activities of a 3.6 meter (E&f) diameter sewer tunnel
approximately 9 meters (30 feet) below 2 railwagcks through cobblestone and medium sand
(no silt), significant ground loss was noted andettlement of the railway tracks posed grave
concerns to the Owner and Contractor. The minpegation was halted until a remedial and
grouting program was tabled and approved. Althahghtunnelling construction had a clever
forespiling system in place, the use of open emptedt pipes, which did not allow re-access,
was the downfall.

The grouting program. A grouting plan was develop and implemented wisizhsisted of
installing 9 horizontal steel sleeve pipes (40-€&1ong) fanning over the tunnel trajectory as
depicted in Figure 5. The sleeve pipes were ilestapproximately 4.5 meters (15 feet) below
grade. Photograph 5 illustrates the grouting alaving the sleeve pipe installation process.
The grouting program was divided into 4 phasesakw

* Pregrouting downstream (south) of the TBM shieldeteerse the disturbance caused
» Pregrouting of the soils upstream (north) of thevir&hield
» Performing compensation grouting during tunnelling
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» Performing permeation grouting after the tunnellopgration below the tracks was
completed to further consolidate the soil arouralttmnel trajectory and ensure no
settlement takes place at a later date

LAYOUT OF SLEEVE
PIPES TO PERFORM
REMEDIAL GROUTING
AND COMPENSATION
GROUTING

WEST EOUND TRACKS

EAST BOUND TRACKS

Photograph 5: Grouting crew during the installatddone of the steel sleeve pipes
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All sleeve pipes and several mechanical packers Wit on site. A total of 25,890 gallons of
regular and microfine cement based suspensiongveere injected. When the tunnelling
operation resumed, no further settlement was recbrdhe grout injected in the formation in
conjunction with the forespiling system allowed fbe safe construction of the tunnel below the
railway tracks.

7. TTC Storm Sewer Relocation, Toronto, Ontario

Project specifics. A new 3 meter diameter sewer tunnel was to baliesl beneath an existing
subway tunnel (in operation). Unfortunately, tequired trajectory of the sewer line resulted in
a 40 meter long crossing. Settlement of the actil®vay line had to be minimized, arrested and
reversed to prevent damage to the subway structure.

The grouting program. Based on the geotechnical information, the sbitsctly above the
crown of the tunnel has a theoretical hydraulicdrantivity slightly greater than 0.001 cm/s.
When the access shafts were excavated, the sdih alpermeation grouting program has been
specified appeared to have a k value of less tH20001 cm/s. The grouting contractor
proposed a compensation grouting program (thediistin Canada). The alternate
compensation grouting program included the follayvin

» Jacking horizontal steel sleeve pipes from 4 acslesafts to perform the grouting

* Installing inclinometer between the sleeve pipeasthe subway tunnel to record in real
time the movement of the soils

» Installing ground movement sensors to monitor mcea@nof the existing subway tunnel

» Performing hydrofracture grouting of the soil (m@aditioning of soils)

* Injecting slow curing, low-strength compensatioaugrduring tunnelling

» Perform post tunnelling grouting to reverse any disturbances

Effect of treatment. Settlement of the founding subway soils was cdletlcand regular transit
operations were not interrupted. The total settieinto the subway tunnel along the entire
trajectory was less than 2 mm, a highly successgult since the overlying soils were saturated
and silty in nature.

8. Fountain Street Crossing, Waterloo, Ontario (Caada)

Project specifics. An 85 metre long, 1.2 metre diameter, utilitynehwas constructed in
Waterloo beneath Highway 401, the busiest highwayntario. The tunnel constructed
approximately 5 meters below the pavement was ntimedigh a geological outwash area
containing predominantly boulders, with the spaesvieen the boulders filled by sand and silts
(a so called “Karne”).

The grouting program. A pre-excavation grouting program was implementegrotect the

highway from settlement during the tunnelling opierss through a pro-active permeation
grouting program. Horizontal sleeve pipes werediltesti along the alignment of the tunnel and
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used to form a grouted arch shaped soil mass sudiogi the future tunnel. Various
technologies were used:

» Directional drilling for accurate placement of therizontal sleeve pipes. Major
problems were encountered during drilling becadgbepresence of boulders. Drilling
took place from both sides of the highway. Mor@tlB0 cubic meters of bentonite slurry
were used to facilitate drilling.

* In situ hydraulic conductivity testing to determitihee zones amenable for microfine
cement based suspension grouts and the ones suitalsbdium silicate based grouts.
Because of the extreme use of bentonite, the pdiifitgaf the soil had been
substantially reduced. Sodium silicate based grasttherefore predominantly used.

* The use of sodium silicate to grout low permeab#ibnes

Effect of treatment. As a result of a thorough geotechnical investaygteffective dewatering, a
properly designed grouting program, and a well ategt tunnelling operation, no settlement
whatsoever was caused to the highway. A tunnedittempt nearby (without grouting) resulted
in the collapse of the highway. In spite of ai tirilling difficulties, this project was a
remarkable success.

9. CN Railway Crossing, Newcastle, Ontario

Project specifics.This grouting project was the result of a caretasselling operation (auger
boring) below the main railway line connecting Timi@and Montreal. Substantial amounts of
soil were lost during the auger boring throughradsél, containing boulders. The tunnel was
located slightly below the water table. Voids bedieved to have migrated to the horizon above
the water table, accumulating into one large vaidich eventually collapsed causing
disturbance in the embankment throughout a 30 metier settlement trough. As a result of the
vibration caused by the railway traffic a sinkhafgeared between the tracks causing a near
derailment. The very cold weather prevented a thsas

The grouting program. Emergency grouting program to restore the integrfi the railway
embankment was promptly implemented: Fast settistgmreactive, hydrophobic, MDI based
polyurethane resin was injected in the sinkholprewent further deterioration and to allow the
train traffic to continue.

Remedial measures were executed in two phasedyingadhe injection of the embankment
using regular and microfine cement grouts and fiyidrophobic polyurethane based grouts via
sleeve pipes:

The first phase was an emergency stabilizationraragwhereby cement and polyurethane
based grouts were injected through inclined slg@ves to provide a quick stabilization of the
most disturbed zone. It was followed by a thoropgimeation grouting program utilizing
microfine cement based suspension grout.

The second phase entailed the construction of amarch of grouted soil above the remaining
portion of the tunnel trajectory, via horizontaeVe pipes, to allow for safe completion of the
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tunnel construction from the other side of the emkib@ent, with an oversized tunnel, meeting the
existing tunnel below the embankment.

Effect of treatment. Long term monitoring results (inclinometers antllsment points) show
that the embankment and tunnel have demonstratetapent stability since the grouting
operation.

10. Big Walnut Sanitary Trunk Sewer Extension, Colunbus, Ohio

Project specifics.Tunnelling through a short “sand infilled vallesgquired soil treatment
utilizing permeation grouting prior to tunnelling prevent settlement of the road above and to
cross this short soll infilled valley between tlbek formations on both sides of the valley.

Grouting program. The pre-excavation grouting program consistedgredantly of a
permeation grouting and some permeation in conjometith hydrofracturing. Five rows of
vertical sleeve pipes were used to create a Roneéinod grouted soil above the future tunnel
trajectory as shown in Figure 6.

Cross-Section of Grout Hole Layout
for Big Walnut Sanitary Trunk Sewer Extension

42.00 in 4200 in

42,00 in 4200 in

Sleeve pipe on row #1 & 5 =15 feet long
Typical grouted soil arch Sleeve pipe on row #2 & 4= 10 feet long
Sleeve pipe on ow #3 = 10 feet long

Figure 6

On this project, a permanent inexpensive sodiuitesd grout was used. The tunnelling
contractor, under the direction and hand-on supemviby the Engineer performed the grouting
program. This program consisted of several pasiSesiltiple hole grouting using
predominantly sodium silicate grout and some hyditiring with cement based suspension
grouts.
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