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t 15 well established that if the temperature of

cement and water is below —=10°C (14°F), there

will not be any hydration reaction.| 1] However,
if the temperature of the materials is slightly higher
combined with the use of a brine solution in order
to prevent the water from freezing, the hydration
reaction may occur, The main goal of this test pro-
gram was to develop a shotcrete mixture that would
set and harden in very cold conditions when applied
on permafrost.

In order to achieve the objective, it was impor-
tant to develop a mix that would rapidly generate a
high heat of hydration. The cold ambient air would
cool down the shoterete but the heat released dur-
ing the hydration process would allow the hydra-
tion of cement 1o proceed until the temperature of
fresh shotcrete decreased to the freezing tempera
ture of the brine solution (brinc is a solution of cal-
clum chloride). At that temperature, brine freczes
and the process of hydration remains suspended until
thawing takes place,

A laboratory test program (not presented in this
paper) was used to develop two dry-miux shoterete
mixes for performance evaluation at a mine near
the Arctic Cirele under permalrost conditions, The
mixes evaluated had very short initial und final set
times, generated the most heat of hydration during
ithe first munutes, and developed the highest com-
pressive strength during the first few hours, [2] T
was therefore expected that these mixes could be ap-
plied on frozen surfaces and would be able 1o set
and develop adequate mechanical properties.

Figure 1: Loading of bulk bags into barge for shipping.
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Field Investipation-Ground Suppert
Shetcrete Test Program

The field investigation was conducted at the
Katinnig Mine (Provingce of Québec, Canada) oper-
ated by Société Miniére Raglan du Québec,
Falconbridge Limited.[3] The mine is located a few
hundred kilometres south of the Arctic Circle, The
shotcrete program was conducted (o cvaluate the per-
formance of two shotcrete mixes applied under cold
temperatures on permafrost rock. The objectives and
the details of the program are described in the fol-
lowing sections.

Objectives

The main objective of the shotcrete program was to
determine the ability of these specially designed
sholerete mixes to provide competent undergzround
rock support in a permanent excavation in the mine.
Ambient rock and air temperatures ranged between

LOC and +37C ( 14°F and 37°F), depending on the
arca in the mine. Areas near the ventilation raises
can reach emperatures as low as =25°C (-13°F),
The two showcrete mixes developed in the labora-
lory investigation were used to conduct the trial
under actual underground conditions in permafrost.

*  Shotcrete — Mix A was designed tw meet the
ground support reguirements for the Katinnig
Mine at early uges, When shoterete is applied
onto frozen rock surfaces, the hydration pro-
cess of the cement must develop enough heat

Shorcrere Magazine = August 2000



Figure 2: Ourside bulk bag storage area.

of hydration to prevent the water in the mix
from freezing. However, the possibility that this
heat might thaw the permafrost rock beneath
the shotcrete also has to be monitored.

= Shotcrete — Mix B was developed for under-
ground construction, {fences, barricades,
sumps, ventilation walls, elc.). Although also
tested for ground support applications, Mix B
was principally formulated to be able o per-
form when exposed to cold cuning temperatures,
i.e., when not in contact with any frozen rock
surfaces.

Site Preparation

Luhoratory testing of the shoterete mixes consid-
ered both the air and rock temperatures, as well as
the temperature of the dry matenials. At the mine
site, prebagged materials were stored outside in a
designated area and therefore exposed to extreme
low temperatures. The dry materials reached tem-
peratures on surface as low as —15°C (5°F) prior to
the application.

As shown in the photos in Figure 2, warehouse
facilities were not available at the time and most of
the mine’s goods and supplies were stored outside.
Several systems such as the post system were there-

Figure 3: Outside post svstem.
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fore developed in an effort to lecate required con-
Lainers during the winter season. The tip of each
post was marked or colored in order to indicate a
specific container. The pictures in Figure 3 illus-
trate the method described.

In order to assess the best performance of the
shotcrete, special bulk bags with plastic liners were
developed to prevent problems related to premature
hydration of the cementitious materials from mois-
Ture ingress,

In order to meet the objectives predetermined in the
planning of the project, it was important to measure
the air, rock and shotcrete temperatures. Tempera-
ture probes were therefore installed in both the wall
and the shotercie. A ground movement monitor
(GMM) was also incorporated into the temperature
probes to measure any possible delamination of the
shoterete from the reck. Some probes were installed
as deep as 1700 mm (67 in.) into the rock to deter-
mine a temperature profile. A picture and a sche-
matic of the temperature probes (and a GMM) and
their location relative to the applied shotcrete are
presented in Figures 4 and 5.

Rock wall panel test sites (600 x 600 mm (24
in. x 24 1n.}) were also prepared to allow measure-
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Figure 4: Temperature probes,

menl of temperalure evolulion measure-
ments using various thicknesses of shot-
crete. This was done in order to deter-
mine what thickness of shotcrete would
be required for the full scale tests
described above, The results would also
help to determine the effect of the thick-
ness of the shotcrete on the heat evolu-
tion generated during the first stages of
the hy dration process. Thermasiers were
also used and located in the middle of
the shotcrete layer and were connected
to a multimeter to allow manual moni-
toring for the first 45 minuies of the
shoterete hydration process. Three
different shotcrete thicknesscs were
cvaluated: 25, 50 and 75 mm (1. 2 and
3in.).

Both mixes were designed with the same
aggregate pradation, which combined
fine (concrete sand) and coarse (10 mm
|00.4 n.] stone ) particles. This gradanon
provided proper compaction of the ma-
terial and kept a constant flow of the mu-
terial travelling through the shoterete
hoses.

The water used underground at the
mine [or sholerete applications was a
calcium chloride water solution which
prevented the water from freezing. At
the time of testing, this brine solution
was constanily recycled between two
sumps underground. The recycled brine
solution used for sholereling was taken
from the upper sump which was deliv-
ering a solution of better quality brine.

Field In-Situ Testing of Shelcrete

Rock wall test panels were initially shot with vari-
ous thicknesses o monitor the temperature evolu-
tion generated during the lirst stages of the hydra-
tion process. This information was used to assess
proper thickness of shotcrete for the full scale test.

Shatcrete
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Interface Rock - Shoterele

The temperatures were monitored manually and the
results are presented in Figure 7.

For Mix A, results obtained from thermisters at
50 and 75 mm (2 and 3 in.) thicknesses indicated
the saume temperature increase of approximately 8°C
(46°F). The thickness of shoterete did not therefore
affect the temperature development. Both panels
experienced a drop in temperature (over 17°C (34°F))
immediately after shooting. This drop in tempera-
ture was caused by the airflow in the shotcrete. In
hoth cases, the temperature of the cold dry materi-
als was measured at — 10°C (14YF) at the time of
application.

For Mix B, only one pane] was shot, with a thick-
ness of 50 mm (2 ). As illustrated in Figure 7, the
temperdture incredse was nol as evident as in Mix A
After similar temperature drop immediately follow-
ing shooting, the temperature increased by about
7°C (45%F) 1o just over 3°C (37°F). It ook nearly
twice as long to reach the highest temperature, (over
30 minutes), As expected, Mix A provided faster
and higher heat gain than Mix B.

Full Scale Test - Temperature Probe

Temperature curves were obtained from the
datalogger for different positions along the probes.
Although the complete analysis of the temperature
evolution curves 15 beyond the scope of this paper,
it 1% interesting to note that the thermisters located
in the shoterete and at the interface rock—shoicrete
showed a very rapid temperature increase (about 7°C
(45°F) within minutes; note that the temperature of
the dry materials was approximately —-107C (14°F)
at the time of application). This increase allowed
the hydranon of cement to take place for a suoili-
cienl period. Also, it is of interest to note the extent
to which the rock 15 warmed by the actual shotcrete:
the gauges at the interface rock-shoterete and
2000 mm (8 in.} into the rock indicated different tem-
perature increases. These differences are directly
related to their depth into the rock. For instance,
thermisters installed at depths of 1.7 m (5.6 {t) re-
mained constant at temperatures between () and 1°C
(32° and 34°F) for the entire tnal period. The shal-
lowest thermister, at a depth of 200 mm (8 in.),

o > i
1700 mum (67 in.) S mm {2 in )+

Figure 6: Shotcrete carrier using surface ramp
QCCess.

Figure 5: Schematic of temperature and GMM devices installarion.
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raglan Froject
Rock Wall Test Panel - Mix A and B

Time (minutes)

Figure 7: Temperature evolution of rock wall test panels — Mix A (50 and 75 mm [2 and 3 in. ] thick) and

Mix B (50 mm [2 in. [ thick).

seemed t0 be influenced by the heat of hydration of
the shoterete. In fact, the temperature increased by
about 1°C (34°F) during the six hour period fol-
lowing shotcrete application.

According to these test results, it appears that
this particular shoterete maix generates enough heat
to allow the hydration of the cement to proceed and
develop mechanical strength under such severe cold
conditions. Set time and compressive strength
development tests at early ages were therefore
conducted and high performance was achieved. The
results also venfied that this exothermic reaction
will not significantly increase the temperature of the
rock o cause instability. Any effect of the rock tem-
perature will only be encountered at the relatively
shallow depth of 200 mm (8 in) into the permafrost.

Conclusions

Owerall, the main objective of the shotcrete test pro-
gram was achieved and valuable information was
collected throughout the entire tnal. In particular,
Shotcrete Mix A was successfully developed to per-
form in permafrost and therefore provided compe-
tent underground rock support under the conditions.
The installation of temperature probes allowed
determunation of a rock termperature profile, This moni-
toring system indicated that Mix A developed
enough heat o allow the hydration of the cement to
preceed and thus provide the development of rapid
set and early age strengths, which are the most
unportant reguirements for proper ground support.
The data also verified that the heat generated during
the hydration process does not significantly increase
the temperature at a depth of 200 mm (8 in.) or more
into the permafrost rock.
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Since this shotcrete test program, shotcrete was
implemented into the mining cyele. Significant pro-
duction increase was reported and several types of
shoterete equipment were therefore evaluated in or-
der to increase elficiency of the shotcrete operations
underground. At this ume, long-term results from
sholcreled arcas are encouraging.
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