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published in the Winter 2002 issue of
Shotcrete and covered examples of appli-
cations, specifications, materials and mixture

designs, and shotcrete application.

E ditor’s Comment: Part | of this article was

Each ground-support project is unique and will
likely have its own design and performance re-
quirements. Performance requirements for
shotcrete can generally be divided into two
groups: fresh state parameters and hardened state
parameters. The following briefly elaborates on
the variables included in each of these groups.

Fresh Shotcrete Properties
Water/cementitious materials ratio

The water/cementitious materials ratio is one of
the most important parameters controlling
shotcrete quality and performance under long-
term conditions. In cases where the shotcrete may
be exposed to severe environments, the water/
cementitious materials ratio would be limited to
a specified maximum value, e.g., 0.40. Also,
limiting the water/cementitious materials ratio
hel ps reduce shotcrete shrinkage.

Air content

Having an adequate air content and air-void
spacing factor in the as-placed shotcrete mixture
has long been recognized as critical for frost
resistance of wet-mix shotcrete. Usualy, inwet-mix
shotcrete, an as-batched air content of approxi-
mately 8 to 10% is used to achieve an as-shot air
content of 3 to 5%. However, eveniif frost resistance
is not a concern, there is a definite advantage in
using a high air content during batching of
shotcretein that the air entrainment enhances the
workability (ump) of the shotcrete. Upon impact
on the receiving surface, the air content is
reduced, resulting in areduction in slump in the
in-place shotcrete. In projects where the use of
acceleratorsis specified, this slump-killing effect
hel ps reduce the amount of accelerator required
to provide dump reduction and shotcreteadhesion.

Slump
Therequired slump of wet-mix shotcrete for a
particular application depends on the specific

mixtures used, and control of thedump at discharge
into the pump is important. Too high a slump
could cause sagging and sloughing of the freshly
applied shotcrete, while stiff mixtures could create
excessively high pumping pressures, wear of the
shotcrete equipment, and slugging.? Typically,
wet-mix shotcrete slumps in the range of 30 to
60 mm (1 to 2 in.) are used, although slumps as
high as 90 mm (about 4 in.) can be properly shot
without having to add rheology modifiers or
accelerators at the nozzle.

Hardened Shotcrete Properties

Compressive strength

The compressive strength of shotcrete is important
not only for structural reasons, but also as an
indication of the potential shotcrete durability.
Compressive strength tests are usually conducted
on cores extracted from test panels or sometimes
from thein-place shotcrete. Typical specifications
for structural-quality shotcrete require minimum
compressive strengths of 30 MPa (4350 psi) at
7 days and 40 MPa (5800 psi) at 28 days. Such
compressive strength levels are readily achiev-
able with the high cement contentsin the mixture,
particularly when silicafumeisincorporated into
the mixture design. A review of construction
records for a number of large shotcrete projects
in Western Canada revealed that average 28-day
compressive strengths for silica fume-modified,
dry-mix shotcretes were in the range of 45 to
55 MPa (6500 to 8000 psi).** Wet-mix shotcretes
can attain similar or higher strength levels, partic-
ularly when low water/cementitious materials
ratio mixtures are used in conjunction with water
reducers and superplasticizers.

Early-age compressive strength development
of shotcrete (particularly inthefirst 24 hours) can
also be determined, especially for shotcrete
containing accelerators. A draft ASTM test
method describes the use of a set of three steel
beam molds (dimensions 75 x 75 x 350 mm
[3 x 3 x 14 in.]) where shotcrete is sprayed and
then demolded after final set. The beams are
then carefully placed in aportable test apparatus
that compresses a sguare section of the beam to
obtain the compressive strength of the shotcrete.
For more information on this test method, refer
to the Technical Tip on page 28 of thisissue.
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Boiled absorption and volume of

permeable voids

The boiled absorption and volume of permeable
voidsof shotcrete, conducted accordingto ASTM
C 642, provides a good indicator of shotcrete
quality and durability. This test method readily
detects shotcrete that has poor consolidation as a
result of improper nozzling orientation, improper
nozzling distance, or voids created by entrapment
of rebound or overspray. The test also detects
shotcrete that has been damaged by the excessive
use of accelerators. Table 4 shows how the values
for boiled absorption and volume of permeable
voids can be used asindicators of shotcrete quality.

Flexural strength

The flexural strength of shotcrete is normally
determined using either the ASTM C 78 or ASTM
C 1018 test methods on beams|oaded under third-
point loading. These beams, typically with dimen-
sions 100 x 100 x 350 mm (4 x 4 x 14in.), are
diamond saw-cut from test panels and loaded on
a 300-mm (12 in.) load span. Specifications for
structural-quality shotcrete frequently require
minimum flexural strengths of 4 MPa (580 psi)
at 7 days, and sometimes6 MPa (870 ps) at 28 days.
At 7 days, the flexural strengths are commonly
in the range of 11 to 14% of the corresponding
compressive strength.

Toughness

Asdiscussed in Part |, the“* Materials and Mixture
Designs’ section, steel and synthetic fibers are
added to shotcrete to enhanceitstoughness, which
is defined as its energy-absorbing capacity.
Without fibers, crack propagation in the plain
shotcrete matrix occursrapidly, resulting in brittle
fracturesthat may potentially causeloss of struc-
tural integrity and serviceability. The use of fibers,
coupled with recent innovationsin fiber technol ogy,
has led to the production of

Table 4: Shotcrete quality indicators'®

Boiled Volume of Suggested quality
absorption, % permeable voids, % indicator
<6 <14 Excellent
6 to 8 14 to 17 Good
8to9 17 to 19 Fair
>9 > 19 Marginal

loading, followed by the reporting of the

following parameters:*®

« first crack load and deflection and calculated
flexural strength;

« ultimateload and flexura strength;

* toughness indices; and

 residual strength factors.

Significant concerns, however, have been
raised relating to the means of interpreting
toughness test data provided in the standard
ASTM C 1018 test.”® Asaconsequence, different
methods of calculating and specifying flexural
toughness have evolved. One such method,
commonly used for fiber-reinforced shotcrete
projects in Western Canada, is the Toughness
Performance Level (TPL) method whereby the
load-deflection response of a beam tested
according to ASTM C 1018 is compared to a
series of templates that are expressed as a
percentage of the design flexural strength at
1/600 and 1/150 span.® Figure 5 shows an
example of asteel fiber-reinforced shotcrete
mixture plotted against these templates.
(This TPL method has now also been adopted
by the Austrians in their national standard
for fiber-reinforced shotcrete.)

shotcreteswith exceptional pseudo-

ductile characteristics, making &
these systemsapreferred choicefor
many shotcrete applications. 5

A variety of different test
methods have been developed in
different countriesto characterize
the toughness of fiber-reinforced
shotcretes. For more information
and details on these test methods,
refer to Reference 17. In Western
Canada, as in the rest of North
America, the ASTM C 1018 test 1
method is the most widely used
test method for design, specifi- .
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Figure 5: Seel fiber-reinforced shotcrete plotted against Toughness Performance
Level templates.
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A new draft ASTM standard test method,
based on a test method developed by Bernard
in Australia, 2 that uses a round determinate
panel, is now available as an alternative
method for characterizing toughness in fiber-
reinforced shotcretes. The 800-mm-diameter
(32 in.) by 75-mm-thick (3 in.) panels are
statically, determinately supported on three
swiveling supports and loaded at the center
point. Toughness is then characterized by
comparing the absorbed energy at a specified
central deflection obtained from the load-
central deflection curve. In one study, it was
found that the round determinate panel test was
able to sort out the relative behavior among
various plain, mesh, steel fiber, and synthetic
fiber types and addition ratesin essentially the
same way as the larger (more representative
of field performance) South African water bed
test.2Thisfeature, together with theinherently
low variability of the test, has led to this test
method being specified for QA/QC purposes
on ground support projectsin Western Canada
in the past couple of years.

Numerous ground-support projects in Western
Canada have been successfully completed using
conventionally reinforced and fiber-reinforced
shotcretes. The preference for shotcrete in these
projects over traditional cast-in-place concrete
ground-support methods has been due to the
technical and cost-effective advantages demon-
strated by shotcrete in the design, construction,
and utilization stages over other methods.

Protection of the owner’s investment, however,

requires careful attention to details including the

following items:

» Design of an appropriate ground-support/
lining system;

» Development of a suitable set of shotcrete
specifications;

» Careful selection of quality materials and
appropriate preconstruction shotcrete mixture-
design proportioning and optimization;

» Preconstruction qualification of the nozzle-
men and shotcrete crew proposed for the
project using review of submittals and
preconstruction testing;

» Establishment and enforcement of a suitable
QA monitoring and QC testing program
during construction; and

» Adoption of asuitable long-term maintenance
program to deal with any deterioration that
devel ops with time from service conditions.
Numerous projects completed in Western

Canada in the past couple of decades have

demonstrated that, if such best practice is

followed, then the owner should be provided with

a high-quality durable structure with the lowest
service-life cost.
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