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orth  America’s  historical
siruciures. are becoming an
cndangered species, Profes-
sional grouting bas proven (o
be a technically viable and economi-
cally anractive engineering technigue
for the rehabilitation of buildings and
structures.  Such  a  state-of-the-an
grouting approach was used for the re-
habilitation of the histonical locks on
the Kidcan Canal. Grouling reduces
permeablity of the striciures, increases
their strugtural integrity, and preserves
their higtorical character.

Historical perspective

The authorities in charge of the main-
wnance of the nearly ity historical
lock structures on the Rideau Canal,
located in Ontario, Canada. were first
intreduced 1o professional grouting in
1989 during ‘a pilot program imple-
mented at the Kingston Mills Locks ai
the southern ¢nd of the Rideau Canal,
The lockwalls and monoliths, built in
the mid-1800s, consist of large lime-
stone blocks (each about 0.45 m high x
L30 m long < 0090 m deep) with &
composite  limestone  rubble-morar
backwall. The face of the lockwalls

structure

and moneliths are lined with facing
stomes of similar dimensions bul only
(.30 m in dépth. Over lime, mavigation
operations has led 1o water washing
out fine monar particles from within
the massive walls and floors, creating
channels for internal erosion and caus-
ing severe deerioration of the lock
structures, Often restoration has meant
new, look-alike  structures  would  be
built, but the tragedy of this approach
is that it ruins their histoneal authen-
ticity as well as their heant.

Since 1989 six locks on the Rideau
Canal system have been restored by
properly engingered, hands-on super-
vised grouting programs:

# in 1990-91, Hartwell’s Locks 9 and

10, located jusy west of Carlton Uni-

versity in Ottawa;

in 1991, Upper Beveridge's Lock 34

on the Tay Canal between Sniiths’

Falls and Perth, Ontario;

e i [992-93 Onawa’s Locks 6, 7.
and B, Tocated between Parliament
Hill and Chateau Laurier in down-
rown Otgwa,

These restorations do not take into
account routing grouting programs that

Grouting technology improves

the maintenance crews have conducied
throughout the Rideau Canal system,

A calling from the past

After the construction of a series of
locks in about 18340, Colonel By. the
designer and chicf enginger, recom-
mended 1o the Ordnance Department
that "the pointing of the masonry with
Philemon Wright's cement, and the
forcing of grout into the structure
made of the same cement, wherever
the work will take it, should be con-
stantly attended to, during the spring
and summer of gach year.” It appears
10 have been the will of the Colonel
that grouting be carried oul en a regu-
lar basis in order (o maintain the struc-
tures. Someone eventually forgot about
this intent, and the struclure eventually
deteriorated. Although Colonel By
couldn’t have foreseen that the grout-
ing industry would evolve into a pre-
dictable  and  reliable  enginecring
technology, he somehow Keew that grout-
ing would prevent their deteriomation.
Contrary to reboilding, professional
grouting leaves the original -Structure
unchanged. It 15 used w Ol existing
pores, cracks. joints, voids, and chan-
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nels in the masonry stroctures with du-
rable matenial of low hydraulic con-
ductivity. thereby minimizing the dam-
age of freceeithaw  action o the lock
structure and improving its structural
integrity,

The results

The  restoration  operations . demon-
strated that properly repointed locks
san be grouted 1o obtain a fnal hy-
draulic conductivity comparable 1o
concrete (D0 mifsed). Typically, seven
o eight pereent of the masonry strue-
ture volume has been filled with ce-
ment-based suspension grouts as the
result of the grouting program, The po-
tentizl of preserving these functional
historical structures by means of pro-
fessional grouting  technolegy  has
proven itsell as an economically attrac-
nve aliernative o other repan methods,

Difference with the past

Grouting attempis on the varicus lock
striectures during the sixties, seventies,
and carly eighties were unsuccessful,
or provided only limited and tempo-
riry improvement, because of the outl-

dated methods used. The use of inade-
quate materials was one contributing
factor to the less-than-satisfactory re-
sults. Only batanced, stable cement-
based suspension grouts (either regular
or microfine) should be used in strue-
tural repair grouting.

The terms "stable™ or “unstable”
refer to decantation by gravity of par-
ticles from: the suspension groutl, If
meye than five percent bleed water is
tormed, the suspension is considered
unstablé. A stable grout refers 1o a
suspersion growt in which the bleed-
ing has been limited to less than five
percent (often by just using ben-
tonite) without any, further considera-
tion given te the impact on cohesion,
viscosity, or durability. Balanced sta-
ble grouts are suspension grouts with
several additives, providing the de-
sired rheelogic characteristics for the
CIrcCumsiances,

In the past, the suspension grouts
were simply classified as “thick™ and
"thin." Sand also was used in the
mixes. Pump-as-you-feel  approaches
eesulted in emmatic grout takes and even
a lock wall occasionally being pushed

out of position. These factors . some:
times lessened the confidence in grout-
ing technology as a valuable restora-
tion lechmigque, and led w  the
conclusion that grouting doesn™t work,

Professional grouting

The execution of & well-engineered
struclural grouting . program  on  the
locks inviolved:

= drilling of deep grout holes;

o MPSF grou pipe installaton;

» flushing of the grout holes;

* barrier bag grouting:

» permeability (Legeon) testing;

® prouting with a variety of suitable
cemeént-hased suspension grouls de-
signed 1o suit the specihic conditions.

Drilling

Dralling 15 dong with either a rotary air
percussion, or a rotary diamond drill.
Both methods have been used on the
lock restoration  projecis. For speed
and economy, primary holes are typi-
cally dnlled with retary percussion
drilling methods 1o enable the installa-
ton of the groul pipes. Secondary and
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tertiary holes are typically cored by ro-
tary diamond dralling.

The drill hele may have 1w be
cased to full depth when the holes in-
tersedt crumbly o caving masenry
within the lock walls. Water-retain-
ing stroctures, espectally when sir-
rounded by a limestone formation,
contain unwanted deposits of calcite,
and after drlling, cutlings of lime-
stome and moriar. These cuttings have
1o be removed before grouting.

Multiple packer sleeve pipes

In the past the drilling and grouting
operations often could not be sepa-
rated. Grouting was execuied by stage-
up or stage-down methods. In' the
stage-up method the grout hole s
drifled to the final depth: then grouting
is begun at the lowest poing, working
s wiay up toward the surface. This
method was predominantly used in-s13-
ble rock formations. The stage-down
miethod was used in unstable (crumbly
or caving) rock formations. It invelved
drilling: ahead of the grouting. The
grout hole was drilled 10 a cerain
depth (depending on the amount of
caving within the hole), then grouted.
Later the drlling was advanced
through the grouted section, and a new
stage was then grouted. This continued
until the targer depth was reached.

In order to separate the drifling from
the: grouting  operation,.  Mulliple
Packer Sleeve Pipes (MPSP) were de-
veloped. The system was developed
for drilling and grouting in caving (un-
stable) rock formations. Fig. 1 is a pic-
torial representation of an MPSP sys-
tent a5 it has been installed in the lock
chamber walls on the various projects.
An MPSP pipe 15 a modified sleeve
pipe consisting of a plastic. pipe with
perforations every (L33 or L300 m
along the pipe. The perforations are
protected by rubber: sleeves acting as
ene-way valves during grouting. In or-
der o isolate the grom hole into sepa-
rale Fones, concentric geotextile bar-
rier bags are sirapped over a number of
the rubber sleeves-in the sleeve pipe.
The barrier bags are firmly atiached,
uninflated, to the sleeve pipe with clips
above and below the rubber sleeve se-
lected as the barrier. They typically are
(.40 1w 0,60 m long. After the hole is
drilled. the MPSP is installed in the
cased hole. This operation allows the
separation of the drlling operation
from the grouting.

Flushing

Alfter the MPSP pipe i5 installed, a
flushing operation is executed 1o re-
move drill cuttings, soil. and organic

material accumulated in the joints and
fissures of the structore over the many
vears of locking operations. An air-1ifl-
iy technigue is. typically used. With
this technique the borehole s flushed
using water and air, allowing the water,
debris, and air to come to the collar of
the hole (the barrier bags are not vet
inflated), Acid flushing of the borehole
produces dramatic . resulls, ¢leaning
fractures, joints. and the surface of the
limestone ftsellf. This Tushing enables
larger amounts: of grout o penetrate
the strictore. and 1miproves the arout’s
bond 1o the surfaces of joints. crevices,
and stones,

Barrier bag grouting

The  seotextile barrier bags: al-
tached to the MPSP grout pipes are
inflated via a double packer posi-
tioned at the sleeved port covered
by the bag using a high viscosity
cement and bentonite-based sus-
pension groul. The barrier bags are
grouted from the bottom up, and
divide the borechele into zones
(eypically 1.5 to 2.5 m long). Once
the barrier bags are inflated. the
hole remains aceessible, allowing
for water lesting and subseguent
grouting of the various zones with
the most appropriate grouts.
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Wiew of lock under repair,
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Fig. 2 — Pressure filtration coefficient vs. cohesion.®

Lugeon testing

Before grouting begins, the permiabil-
ity of the various zones has o be deter-
mined. This is done with the Lugeon
test. A Lugeon is a measure of perme-
ability, used in the grouting imdastry,
and defined by the following equation:

I Latgeon (Ln) = et R B
AR i Length of zone
sl bar=——

Effective pressure {har)

The: data (flows and - pressurcs) ane
recorded with sme-of-the-art monitor-
ing devices (X-Y recorders), and the
hvdraulic conductivities arg metcn-
lously computed for each zone. The se-
lection of the grout Formulations is
done as o function of the Lugeon val-
ues  encountered. The X-Y recorder
provides real-time monitoring of the
water testing operation: a Continuous
display and printout of flow and pres-
sure a5 a function of time. It is very
important to understand the regime of
the formation, Therefore, a combined
Lugeon test. a scries of simple Lugeon
tests in a parlicular test zone, is per-
formed in a number of boreholes.

Grouting

After Lugeon values are calculated, a
trend amalysis of the permeability lests
throvgh the vanous phases of the

grouting operation is conducted. Based
on the initial hydraulic conductivity a
grout formulation 15 selecied 1o start
the grouting of a paricular fone or
hobe with a given permeability. The re-
sponse of the formation to the selected
grout formuktation has o be evaluated
immediately  after being inrodioced
into the crack system, Grouting is a
kind of continuouws permeability: tesi,
wherchy the Newtonian  test Huid
(water) 15 replaced by a Binghamian
flaid with a given apparent viscosity.
The apparent Lugeon value, L, of
the formation is a measure of its hy-
draulic conductivity, whereby the sus-
pension growt acts as the testing fluid.
The apparent viscosity of the suspen-
ston grout has to be factored in while
calculating the apparent Lugeon valoe.
For practical purpeses, the multiplying
factor is the marsh viscosity of the
grout divided by 28 seconds (marsh
viscosity of water), For the calculation
of the effective pressure, the head
losses through the system for the given
flow have 1o be accounted for The
only way 1o monitor the apparent
Lugeon values 'is with the help of a
pressure-flow récorder (X-Y recorder)
providing continuous printout. The ap-
parent’ Lugeon value of the formation
shiould be evaluated on a continuous
basis during the grouting operation.
Since waler also permeates in fis-
sures and pores not accessible to a par-

ticulate grout, it is expected that the in-
itial groul take be loss than what can
be derived from the Lugeon wvalue,
Lu,,, established during the perme-
ahlilty 1est. The amemability coeffi-
cient, A, of a particular grout injected
in 4 given formation is defined as
Ac =Ly £ Ly, Where L, reférs o
the initial stages of the grouting opera-
tion. The amenability is a measure of
the suitability for a given suspension
grout o permeate fissures and aper-
tures 0 the grout zone. The amenabil-
ity coefficient signals immediately if a
particular formulation is suitable for
the grout zone. Even a microfine-based
Suspension oroul can provide a less-
than-satistactory amenability.

At this point the decizion has 10 be
made if iL i5 necessary 1o resort o ap-
propriate solution grouts toachieve the
design targets, During the grouting op-
cration the X-Y graph immediaely in-
forms the grouting. engineer about the
miokde of the grouting operation and the
suitability of the formulaton for the
Formiation at that particular stage of the
aperation. The pressure-flow data al-
lows the engineer to calculate the re-
duction rate in the apparent Lugeon
value' and compare it with the desired
rate. which in turn dictates the changes
in the formulation for the next batches.

A suspension grout sheuld be char-
acterized by its pressore filtration: re-
sistance coefficient, K. its solid con-
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each of the injectable tubes with a
five percent phesphoric acid solu-
tion 1o dissolve the calcium salts
built up inside the injectable tubes
and eold joints. After flushing with
the acid solution the (ubes are
flushed with water. The tubes are
then grouted with a flexible two-
component  hydrophobic. polyure-
thane elastomer.

Final thoughts

The use of professional grouting
technology on the rehabilitation of
the historical lock structures on
the Rideau Canal has proven to be
technically feasible and economi-
cal. It is mandatory that proper in-
vestigation be performed prior to
embarking on a professional grout-
ing program, focusing on the most
suitable preparatory work on the
grout holes to oplimize amenabil-
ity ratios for cement-based suspen-
sion grouts, Furthermore, the
investigation  must  determing
grout-hole spacing and fHilling ratio
in order 1o estimate cosis.

Professional  grouting  has
evolved into an applied science,
providing predictable results in re-
storing integrity to historical strug-
teres. Exchanging information: is
important to preventing the repeti-
tion of design and execution errors
and achieving technically better
selutions in the future. IUis the re-
sponsibility of our generation to
preserve the character of historical
structures so fulure generdtions
can enjoy them.
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