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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

In North America, the term “shotcrete™ 1s used and defined
by the American Concrete Institute’s “ACI Concrete Termi-
nology™ as “concrete placed by a high-velocity pneumatic
projection from a nozzle”, while in Europe, shotcrete 1s
commonly referred to as “sprayed concrete”,

Shoterete is ideally suited for underground applications
i tunneling and mining as an initial support measure in
soft ground as well as hard rock, as an installation method
for final limngs, or in underground rehabilitation or
expansion projects,

The pneumatic projection of shoterete onto a surface at
high velocity provides specific quality enhancements that
mteract with the ground surface and prepared substrates,
providing superior bond characteristics, increased density,
strength, durability, and toughness, In addition, shotcrete
provides the geometric and operational flexibility required
for many underground operations and—especially if sprayed
using robotic equipment—provides a safer working environ-
ment, compared to other support installation methods under
unsupported ground or if immediate support is needed.
These qualities are desirable in ground support and lining
applications and provide economic and technical advantages
compared to the other initial support systems and materials,

Cast-in-place (CIP) concrete 15 widely used m under-
ground tunneling for final linings, especially if a constant
cross section geometry over long distances allows the use of
highly mechanized formwork. However, if the geometry is
changing or the tunnel is too short to justify the investment
for a mechanized formwork, shotcrete has many advan-
tages over CIP concrete for final linings due to the inherent

shapes and sizes. This allows for certain structures such as
enlarged cross sections, intersections, or penetrations to be
constructed with less effort in comparison to CIP concrete.

Geometrical flexibility for final linings 15 also a key
advantage for rehabilitation and expansion projects. In addi-
tion, many of these projects are constructed under stringent
operational limitations, providing, for example, very limited
and strict iime windows for construction. The operational
flexibility of shotcrete allows for a stop-and-go installation
of concrete and provides a key advantage of shotcrete to
other installation methods.

Shotcrete  technology has been broadly developed
throughout the construction industry over the last century.
The evolution of mining and civil tunneling methods has
placed unique demands on the matenals, equipment. and
personnel that comprise current concepts of a shotcrete
system for underground support and lining construction.
With this gradual evolution in technology and trial and error
came acceptance, adaptation, and new means and methods
of successful shoterete application.

The design, working conditions, and placement of shot-
crete underground are unique, very demanding, and gener-
ally much more challenging than shotereting above ground.
The majority of underground shoterete 1s installed overhead
or sub-vertical, making the correct installation technigque and
strength development over time crucial,

The primary focus during shoterete installation under-
ground is worker safety, due to the need to provide imme-
diate and effective ground support and to use proper instal-
lation procedures to avoid fallouts of fresh concrete, For
the construction industry as a whole, the specification of a
28-day compressive strength is typically sufficient; however,
the early strength performance of underground shotcrete
during the first hours or days 1s often critical. Much of the
shotcrete is applied overhead to irregular surface substrate
profiles immediately following blasting or other modes of
excavation. Geological and groundwater conditions are not
always predictable; opening stability and rockfalls present a
clear hazard to the underground workers. Conditions may be
such that the window available for shotcrete application is
minutes or a few hours, The use of accelerating admixtures
Is a unique feature of underground shotcrete application in
that it provides a means of controlled and rapid strength gain
immediately following application.

Tunneling or mining activities typically take place on a
continuous and cyclical basis. The process of excavation,
muck removal or mineral extraction, and ground support
mstallation are repeated in every excavation and support
round. To be viable and acceptable, shotcrete application
should be an integral part of the overall cycle. This requires
that the shotcrete system be reliable, efficient, and effective.

The underground environment can impose significant
constraints and demands on the batching, mixing, handling,
and placement of shoterete. The unique logistical demands
associated with underground shoterete application may
require access to the underground work area via shaft, adit,
and ramp, and the subsequent use of long and restrictive

flexibility of the method to cover a large range oG epeRiRGaio,, haulage routes or dropping concrete through a borehole or
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slickline. This frequently results in extended handling and
discharge times and may require the use of hydration-
stabilizing admixtures and always requires a vigilant shot-
crete crew to avold plugs in slicklines and shoterete equip-
ment. At any time, production can be disrupted, and shotcrete
installation delayved or disrupted. This is particularly prob-
lematic if ground conditions deteriorate and the demand for

shotcrete as ground support becomes more critical. Finally,
the environment can be hostile for worker safety, efficiency,
and quality control, as well as for quality shotcrete place-
ment and curing conditions. Figures 1.1a to |.1c illustrate
typical conditions at the heading of tunnels and mines.

These types of challenges have led to specifically designed
systems for batching and handling of shotcrete materials,
admixtures, placement equipment, mstallation procedures,
and training for underground shotcrete crews, These systems
require significant investment not only in terms of capital,
but also in providing experienced personnel. Further, the
process 1s complemented by a holistic view on the part of
the designer and specifier. Training and supervision have led
to improvements in the quality and consistency of shotcrete
m underground shotcrete applications. The consequences
of deficient shotcrete in any ground support application are
obvious and can be unsafe for workers. Quality assurance,
quality control, and the associated inspection and testing
activities are equally important in achieving a successful
underground shotcrete program.

A major task faced by the underground shoterete industry
is the ability to demonstrate to owner, designer, specifier, and
mspection and testing personnel that high-quality shoterete
can be produced consistently, It 15 therefore important that
owners and others have an understanding and appreciation
of how a shotcrete system—imaterials, batching, handling,
placing equipment, and tramned quality supervisory and
production personnel—fits into their underground project to
ensure that specification requirgments are met, The efforts
that go into designing, specifying, planning, and imple-
menting a shotcrete program need to be commensurate with
the size and complexity of the project. Many small projects
require a basic, common-sense approach to quality for which
a preconstruction testing and mockup program, which is
typical for large and complex projects, may not be necessary.
However, there are also small projects that involve a limited
volume of shotcrete (for example, repair or rehabilitation)
that are both complex and difficult, and where the quality
requirements are clearly different. There are also many large
underground projects throughout the world where a signifi-
cant effort is required to staff and conduct extensive quality
assurance programs, of which shotcrete i1s an important part.
It is important that owners not be burdened with the cost
of unnecessary inspection and testing requirements. For that
reason, this guide carefully distinguishes the requirements
associated with large, medium, small, and complex shotcrete
projects to assist with identifving the optimal approach for
the contemplated project.

1.2—Scope

Successful application of underground shotcrete requires
teamwork and cooperation of all participants involved in the
project. This guide 1s intended to provide a common basis,
mformation, and background on the apphication of under-
ground shoterete for interested owners, designers, specifiers,
and inspection and testing personnel.

The guide briefly discusses the concept of composite

@seismicisolgund support—the combination of shoterete and other
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Table 1.2—Metrication table
&1 to inch-pound

1 mm = 0.0394 in,
L= 3937 in.= 328 fi L3yd=1ft=12m = 03048 m
I CFM =1 fi*/min = 0.0283 m*/min

[ s = 03048 m's

Inch-pound to 51

1 in. =254 mm

| m¥min = 35.315 ft*/min

| mfs=3.28 s

| MPa= 14504 psi
" =("F-32¥1.8

1 ksi = 1000 psi = 6.0 MPa
"F=(1.8=%)+ 32

support elements used to provide early and effective
tunnel support. The guide 15 not a comprehensive treatise
on the design of these systems but is intended to provide
sufficient background to understand how the combina-
tion and sequencing of ground support elements can influ-
ence the performance, application, inspection, and testing
of shotcrete.

The general format of the document is such that each
section provides a brief introductory overview followed by a
table that contains points considered important to specifica-
tions (example specifications) and brief notes to the speci-
fier, where necessary. The reader should, however, recog-
nize that each underground project is unique, and that the
example specifications and notes to the specifier provided
need to be considered in that context.

Although this guide is written to those users typically
mvolved with civil projects involving shoterete, it 1s equally
applicable to users involved with shoterete in the under-
ground mining industry. Whereas terms such as owner, spec-
ifier, and contractor are ubiquitous for civil projects, these
key players are nonetheless involved in mining, except that
they are typically one or more individuals, groups, or enti-
ties within the mining company, and may be referred to as
enginegering, production, or quality control.

Measurements in this document are presented in inch-
pound units {followed by SI units in parentheses). Table 1.2
contains the constants that were used to convert inch-pound
units to 51 and vice versa. Due to 1ssues of rounding, signifi-
cant figures, and the dimensions of locally available prod-
ucts, the values resulting from conversion may be mislead-
ingly precise.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

Mot used.

2.2—Definitions

Please refer to the latest version of ACI Concrete Termi-
nology for a comprehensive list of definitions. Definitions
provided herein complement that resource.

adit—a horizontal or near-horizontal passage leading into
a mine or tunnel for the purposes of access, drainage, or
ventilation,

air lance—refer to blowpipe.

@seismicisolation
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asperity—an irregular surface projection of rock, sml, or
substrate causing the surface or profile of a tunnel or excava-
tion to appear rough.

blocking (of steel sets or lattice girders)—wood or steel
used to fill in and brace between a steel set or lattice girder
and the excavated tunnel profile,

blowpipe—air jet used in shotcrete gunning to remove
rebound or other loose material from the work area.

boot—a device placed at the bottom of a vertical slickline
to decrease velocity, dissipate energy, and recelve wet-mix
shotcrete.

delivery equipment—equipment that introduces shot-
crete material into the delivery hose.

dry-mix shotcrete—shotcrete in which most of the
mixing water is added at the nozzle.

kettle—see boot.

MSHA-—Manufacturers” Health & Safety Association

nozzle body—a device at the end of the delivery hose that
has a regulating valve and contains a mamfold (water or air
ring) to introduce water or air to shotcrete mixture. A nozzle
tip 1s attached to the exit end of the nozzle body.

pneamatic feed—shoterete delivery equipment in which
material is conveyed by a pressurized air stream,

positive displacement—wet-mix  shoterete  delivery
equipment in which a pump or other nonpneumatic means
pushes the material through the delivery hose in a solid mass.

predampening—the controlled addition of water to shot-
crete aggregates or premixed shoterete materials during
batching to adjust the moisture content of the shotcrete
mixture to a specified range, vsually 3 to 6% by mass, to
facilitate consistent, uniform mixing and dust suppression
during dry-mix shotcrete application,

quality assuramce plan—written project requireéments
for quality assurance,

quality assurance program—a document that describes
the policies, practices, and procedures that will be followed
to comply with the quality assurance plan.

quality assurance system—the administrative proce-
dures followed during implementation of the quality assur-
ance plan.

raveling ground—ground characterized by material
that tends to deteriorate with time through a process of
individual particles or blocks of ground falling from the
excavation surface.

rock bolt—a tensioned rock reinforcement element
installed in a percussion-drilled hole fully encapsulated with
resin or cement grout.

rock dowels—an untensioned rock reinforcement element
imstalled in a percussion-drilled hole fully encapsulated with
resin or cement grout

rodman—a worker on a shotcrete crew who trims and
finishes shoterete using a rod or other tools,

slickline—a pipe to carry wet-mix shoterete to the area of
placement.

spider bar—(1) a bent reinforeing bar that attaches a rock
bolt plate to a shotcrete shell; or (2) the bent bar used to
separate the circumferential bars in a lattice girder.

(aci®
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steel set—structural steel used to support the ground
opening in underground construction.

wetting—ithe addition of mixing water to dry-mix shot-
crete materials just before the material exits the nozzle.

CHAPTER 3—SUBMITTALS

3.1—Submittal process

The submittal process is an extremely important aspect
of the contracting practice. Complete and comprehensive
submittals are essential when it comes to demonstrating the
contractor’s understanding, commitment, and capability to
meet or exceed project quality assurance (QA) and quality
control (QC) as well as contractual requirements. Typi-

cally, submittals are required to confirm that specific shot-
crete materials, equipment, methods, processes, practice,
and personnel have the potential to meet or exceed speci-
fied project requirements. The nature and type of submittals
should be commensurate with the size and complexity of the
underground project.

Submittals are typically required before construction,
immediately following the completion of preconstruction
testing. and may be required throughout the construction
phase of the project. These submittals serve as objective
evidence and confirm that specific construction materials,
installation methods, equipment, procedures, and trained or
qualified personnel have met or exceeded the performance
requirements identified in the project specifications and

Table 3.2—Example guide specification for submittals

Section/
Part/
| Article Recommended specification language Nautes to the Specifier
4:1 Preconstruction submittals. Submirttals are usnally required from construction contractors at least
28 days before the start of construction. This allows the appropriate
project orgamzations ime o review and accept the subnuital.

3.1 The shoterete work shall be performed by a Contractor with a The required years of expenence should be defined by the designer and
minimum of xx years of experience in performing shotcrete work for | are typically in a range of 5 to 10 vears.
underground projects with similar size and complexity.

Personnel gualifications and training results will be required at least
Submit objective evidence that documents the qualifications and expe- | 28 days before construction,
rence of the contractor and the work crew with projects with similar
size and complexity, including the supervisor, shoterete nozzlemen, Shotcrete Mozzlemen Certification by the American Concrete Institute
and shotcrete equipment operator(s). as outlined in ACI CP-60,
The shotcrete nozzleman shall be ACT certified for the method (wet or | Larger and more complex projects may in addition specify minimum
dry) and orientation (vertical or overhead or both) used, vears of experience with projects of similar size and complexity for the
nozzlemen.

302 Submut manufacturer’s certification showing source and proof of Preconstruction testing results will be required at least 28 days before
conformance to project specifications of all shoterete materials, comstraclion.
including:

(a) Portland cement Consider these additional submittals:
(b} Silica [ume (a) The hot and cold weather precautions necessary (0 meel project
() Fly ash and slag cement specifications under these circumstances
() Aggregate source, gradation, bulk density (specific gravity), and (b} The chemical composition of all additives and admixtures used in
absorplion shoterete, specifically materials safety data sheets (MSDS).
(&) Water source
(fy Chemical admixtures with materials safety data sheets (MSDS) For shotcrete materials, refer to ASTM C1436.
(&) Fiber reinforcement
For water, refer to ASTM C1602C1602M and C1603.

1.3 Submit test records and proof of conformance to project specifications | It is recommended that a shoterete and ground support equipment
of all ground support reinforcement, including: submittal identifying the tvpe and performance characteristics of the
(a) Rock bolts, rock dowels, and grout equipment for ground support installation.

(b} Anchor plates and spiders

() Anchor hardware (nuts and washers) This information may be provided clsewhere in the project
{d) Reinforcing steel or welded wire reinforcement specifications.

{e) Steel nbs or lathice girders

A4 Submit proposed source of shoterete and shoterete mixture proportions, | Refer to ASTM C1436 for sholcrete materials.
ncluding test data from previous experience with mixture proportions,
if available. If past data are not available, then trial batching should be
required.

3 1.5 Submit proposed shoterate mixture proportions, including: Submittals of proposed shoterete mixture proportions, supported by
{a) Batch quantities of fine aggregate, coarse aggregate, cementitious | B-hour, [-day, T-day, or 28-day compressive and fexural test results
materials. fibers, expected warer demand (1o include all water from within last 24 months as required. Component materal submittals wall
maoisture in aggregates, water added at batch plant. and water added also be required; refer to recommended specification Section 3.2, 1.
on site), chemical admixtures including accelerators and all other
shotcrete ingredients, in [b/yd® (kg/m*) or fl oz'yd’ (Lim’) based on
saturated surface-dry (S85D) aggregates |
(b} Fiber content of steel fiber or other fibers, in Ib/yd® (kg@P§smicisolation
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Table 3.2, cont.—Example guide specification for submittals

tation, including calibration of accelerator pump, if liquid accelerator
15 used.

3.1.5 Submit proposed methods for mixing, conveying, finishing, curing, and | Recommend these additional submittals:
testing along with a complete list of proposed equipment for each task.

Submit proposed methods for accelerator dosage control and documen-

(@) The shotcrete placement plan
(b} Specific provisions to cure and protect in-place shotcrete

3.1.7 Alternative means and methods permitted in the contract documents

OVTICT,

should be submatted by the contractor for review and acceptance by the | groundwater control.

Examples include alternate shoterete placing equipment and means of

11K Submit details of proposed safety plan:

tivee clothing; head, eye, respiratory, and heanng protection; and other
safety-related protective devices to be used

(b} Copies of MSHA form for all employees on project showing their
training is up to date, or submit any related OSHA traiming forms

(¢) Description of procedures for handling all potentially hazardous
materials, including admixtures, accelerators, and cementitious
materials

{d) Ventilation plan to ensure proper air quality and enhance visibility
for nozzleman and crew

(&) Plan for monitoring and controlling respirable dust and vapor

() Re-entry criteria and related testing if overhead shotcrete is placed

{a) A description of personal protective equipment, specifically, proteg-

Refer to Chapter 15,

3:1.9 Submit QA/QC program for review and acceptance.

Refer to Chapter 9.

3.2 Submuttals during construction.

Depending on the complexity of the project, additional submittals
may be as specified. When ground support systems, accessorics, and
component materials are delivered to the project. materials and manu-
facturer certifications are required as objective cvidence during receipt
inspection/acceptance of these matenials. These submittals confirm
that the quality aspects of items received are in compliance with those
obtained under the project procurement process.

3.2 Submut results of QC activities,

drawings. Qualified suppliers or vendors usually provide
submittals that are subject to evaluation before acceptance
by architect/engincer. Where required, preconstruction
testing, mockups, and laboratory test results can support
these submittals, Such testing may involve prequalifica-
tion of procedures, materials, equipment, and personnel and
applies to shoterete, but also to concrete, rock bolts, the
manufacture of lattice girders and steel sets, or other mate-
rials used in underground construction. All quality-affecting
services, materials, and equipment are subject to ongoing
procurement procedures and controls.

Finally, 1t should be noted that some submittals are
intended for the engineer’s review and acceptance prior to or
during construction, other submittals are for the construction
manager’s information to assist with the inspection program,
and some submittals provide objective evidence in the proj-
ect’s quality assurance and quality control programs.

The project team should acknowledge the mutual benefits
of the submittal process for the project to establish a common
ground and understanding and to make the construction
process in the field as efficient as possible.

3.2—Recommended specifications

Recommended specifications for submittals are provided
in Table 3.2. The information is provided in a guide speci-
fication format: the left column provides the recommended
specification language; and the right column provides notes
to the SPE":iﬁEL @seismicisolation

QC results should be submutted daily or weekly, depending on the
| complexity of the job,

CHAPTER 4—MATERIALS

4.1—Accelerators

Accelerating admixtures (accelerators) are typically used
m both dry-mix and wet-mix shotcrete to shorten the time of
setting and strength gain. High early strength is often desired
in underground construction because it:

(a) provides immediate and effective ground support in

unstable or potentially unstable tunnel conditions or if the

excavation is advancing quickly

(b) reduces convergence of the tunnel and potential surface

settlements

(¢) ensures a safe working environment under freshly

installed shoterete, especially overhead

(d) enhances the maximum buildup thickness and, hence,

minimizes shotcrete fallouts, which are not only costly but

also present a hazard to the underground working crew

(e} improves application of shotcrete in ground conditions

with dripping or flowing groundwater.

Accelerators vary widely in their chemical composition,
The accelerator supplier should be consulted to determine
the best type and dosage for the specific application(s), as
well as identify potential interaction with other admixtures
and additives.

Most accelerators result in lower 28-day strength when
compared with a non-accelerated shotcrete mixture (Zhang
20112). In addition, accelerators often create greater hydrated
paste porosity and, therefore. may reduce shoterete durability

American Concrete Institute — Copyrighted © Material — www.concrate,.org ( ﬂf.:i :
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with respect to chloride resistance. permeability, appearance
of leaching stains, sulfate attack, and freezing-and-thawing
action. For these reasons, accelerators should be appropri-
ately prescribed and used.

In general, the accelerator dosage should be kept as low
as possible to achieve the targeted performance. In any case,
over-acceleration, or so-called “burning out”, of the shot-
crete must be avoided. During the pre-construction testing
the over-acceleration limit should be evaluated. Clear guid-
ance must be given to the shotcrete crew with regard to the
targeted and maximum accelerator dosage.

For mining applications. long-term durability may not
be a major concern, depending on the use, location, and
projected life of the specific underground opening. Where
shotcrete 1s used as the final lining for tunneling projects,
durability 1s usually a primary concern and, therefore, accel-
erator type and dosage should be selected and accelerator
applied so that service life, durability (Zhang et al. 2016),
and long-term performance 1s not compromised, and long-
term maintenance issues do not develop.

Accelerated shoterete develops more heat than non-
accelerated shoterete. Thermal expansion and subsequent
contraction cracking and shrinkage cracks need to be taken
into consideration, especially for final lining applications,

Due to the variability in chemical composition, accel-
erators may perform differently depending on the specific
cement used, Observations of setting times based on shot-
crete test panels for specific cement-admixture combinations
provide a more consistent and reliable indication of actual
performance under field conditions (Prudencio et al. 1996).

As with all chemical reactions, the rate of cement hydra-
tion increases with temperature, Hot or cold shoterete place-
ment conditions have a significant effect on setting times.
Some mine temperatures are high due to geothermal gradi-
ents. At high temperatures, setting times may be significantly
reduced, whereas at cold temperatures, the cement hvdra-
tion reaction may barely initiate. Surface and near-surface
structures may experience cold conditions during winter
construction. Adding additional accelerator to shotcrete in
these conditions does not necessarily resolve this situation
because the reaction is temperature-dependent, and such an
addition may significantly detract from the long-term dura-
bility of the shotcrete and its reinforcing elements.

Storage of accelerators, especially liquid accelerators,
may be a challenge on underground projects. The perfor-
mance of some accelerators is highly impacted by the envi-
ronmental temperature. Insulation of storage containers may
therefore be necessary. In addition, some liquid accelerators
have the tendency to settle and must be constantly agitated
to stay homogeneous.

Accelerator admixtures used in wet-mix shotcrete are
usually added in Liquid form at the nozzle along with the
compressed air. Accelerator admixtures for dry-mix shot-
crete are usually in powder form that can be preblended into
the mixture. These oven-dried, preblended shoterete mate-
rials can be stored in a dry environment and used without
detrimental effect on their performance for up to 1 year

the accelerator should not be in contact with the damp cement
and aggregates for longer than a few minutes before applica-
tion, or significant pre-hydration will take place. This may
result in increased rebound, sloughing, reduction in bond,
and short- and long-term strength loss. Addition of hquid
accelerators at the nozzle, concurrent with the addition of the
mixture water, may also be used with the dry-mix method.

When liquid accelerators are used., metering pumps
coupled to the mixture feed inject the right amount of accel-
erator into the water stream to the nozzle for the dry-mix
application, and into the air stream for the wet-shotcrete
method. In dry-mix shotcrete, if a powder accelerator is
not pre-blended with the dry ingredients, the accelerator
enters the water stream after the pre-dampening takes place.
This accuracy and control give the contractor the ability to
mcrease or decrease the amount of accelerator, depending on
the tunnel support or groundwater conditions.

The accelerator dosage is typically defined as a percentage
of the cement weight. However, especially 1if using wet-mix
shoterete and liquid accelerators, this value is impractical
for the crew on-site. In addition, the accelerator pump rate
must be adjusted to the concrete pump rate to achieve a
constant accelerator dosage. Ideally, an accelerator pump
that 15 synchronized with the concrete pump should be used
for underground applications, The calibration of accelerator
dosing pumps should be regularly checked to ensure that
the accelerator 1s introduced to the shotcrete mixture at the
desired dosage.

Where groundwater is expected, estimates of inflow and
analyses of the potential groundwater chemistry should be
made to determine the potential implications on cement
type, accelerator performance during application, and on
the long-term durability of the shoterete. The ground and
groundwater temperature should also be measured. Hot- or
cold-water conditions may affect the setting time and long-
term performance of the shotcrete.

It should be noted that, in some instances (particularly in
potash mining), brine water 15 used for shotcrete. In some
cases, a higher dosage of accelerating admixture may be
needed to initiate setting because the elements in the water
may retard hydration. Brine water contains chlorides,
however, which sometimes act as set-time accelerators for
shotcrete and are very corrosive to steel.

4.2—Recommended specifications
The specifier may cite ASTM C1436 to cover all the
materials used in shotcrete. The types and grades of cement,
combined aggregates, admixtures required, and the type,
length(s), and diameter(s) or aspect ratio(s) of fiber rein-
forcement should be specified when using ASTM C1436.
An example of using ASTM C1436 1s:
X.1 Materials for shotcrete shall conform
to ASTM C1436, Cement shall conform to
ASTM C150/C150M, Type [ or Type Il or Type II1.
Combined aggregates shall conform to Grading
No. 2. It shall be determined by the contractor
which admixtures to use to meet the performance

When moist aggregates are used with the dry-mix methgdhicnicisolation fequirements of this specification. Fibers shall be

(aci®
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Table 4.2—Example guide specification for shotcrete materials

Section/
Part/
Article Recommended specification language MNotes to the Specifier

4.1 Cemeni

4.1.1 Cement shall conform to ASTM C1530/C150M or be of the type speci- | Usually a Tvpe L 11, or 11l cement 15 specified. but other types may

fied by the owner. be specified under certain circumstances. Type U or other types may
require special attention to the accelerator compatibility,

4.2 Supplementary cementitious materials

411 Silica Tume shall conform o ASTM C1240. The improvements in shoterete performance with respect to rebound
and maximum achievable buildup by silica fume use are consequences
of its particle size and shape. Therefore, for dry-mix shotcrete, silica
fume should be used in its undénsified torm to the extent practicable.
Whenever different sources of silica fume exist, preference should be
given to those with sialler average particle size (preferably less than
0.008 in. 0.2 mm|). For wet-mix applications in which there is enough
mixing action, densified silica fume can be used with equivalent resulis.

4.2.2 Fly ash shall conform to ASTM C618 Class F or Class C. The addrtion of fly ash 1s acceptable only if all shotcrete performance
requirements can be demonstrated during preconstruction testing.
Testing for sulfate resistance should be conducted when required.
Class F fly ash can help reduce alkali-silica reaction {ASR) in reactive
aggregate mixtures.

4.2.3 Slag cement shall conform to ASTM COBNCYRIM, The addition of slag cement is acceptable only if all shoterete perfor-
mance requirements can be demonstrated during preconstruction

. testing. This is especially relevant to carly strength gain.

4.3 Aggregate

431 Aggrepate shall be normalweight aggrepate conforming to ASTM €33/ | Some of the provisions identified in ASTM C33/C33M may be waived

C33M, except for grading requirements. by the specitying authority. Aggregates should be clean, sound, and
free of potentially deleterious materials.

4.3.2 Coarse aggregate shall have a 3/8 in, (9.5 mm) maximum size and Grading No. 2 limits are normally preferred for ground support and

be combined with fine aggregate to produce a combined aggregate linings. Grading Mo. 1 materials are sometimes used in finish coats and
grading that mects the ASTM C1436 Grading No. 1 or No. 2 limits as | other thin lavers.
specified by the owner.

433 Lightweight aggregates shall conform to ASTM C330/C330M. Typically, lightweight aggregates arc only used for special shoterete
applications.

4.4 Hater Water shall be as specified in ASTM C1602/C1T602M.

441 All mixing water used for shoterete shall meet the requirements of Recycled mixing water should not be used, to avoid potentially adverse

ASTM C1602/C1602M reactions from residual traces of admixtures.
4.4.2 If nonpotable water is used, it shall be free of oil and chemical or
organic impurities or any other substances harmful to shotcrete.

4.4.3 All water used for high-pressure washing of rock surfaces before the
application of shoterete, or used to remove rebound, overspray, surface
lattances, and for shoterete curing, shall be free of oil and chemical or
orgamic impuntics deleterious to achieving shotorete bond.

444 Heat water to control the specified in-place shoterete temperature. In addition to protecting and heating shoterete ageregates, the mixture
water can be heated o offset some cold weather conditions during
shoterete placement. Appropnate salety measures should be taken with
the hot water heating system and the use of hot water during shot-
creting. High-pressure stream should not be used 1o heat and hydrate
the shotcrete mixiure.

4.5 Admixtirey

4.5.1 Air-entraining admixtures shall conform to the requirements of ASTM | Liquid air-entraining admixtures are tvpically used in wet-mix

Cl141/C1141M, shoterete.
4.5.2 Water-reducing, set-retarding, and hydration-controlling admixtures Mid-range water reducers have been used to achieve required slumps.
shall conform to the requirements of ASTM CHIALACT141M, They have also been used in conjunction with high-range water reducers
to increase the slump while pumping distances over 1000 ft (300 m),
without changing the water-cementitions materials ratio (w/iem),
4.53 High-tange water-reducing admaxtures shall conform to the reguire- To enable wet-mix pumpability at a cement content of approxmately

ments of ASTM CH141/CTT41M.

@seismicisolation

750 1b/yd? (450 kg/m*) and w/em below 0.45, use of a high-range
water-reducing admixure is usually necessary to achieve a slump of
approximately 3 m. (80 mm), Mid-range water reducers have been
used to achieve the same required slump. They have also been used in
conjunction with high-range water reducers to increase the slump while
pumping distances over 1000 fi {300 m), without changing the w/cm.
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Table 4.2, cont.—Example guide specification for shotcrete materials

454 Shoterete accelerators shall not be more alkaline than the portland Reter to the extended discussion of accelerators in Section 4.1.
cement used and shall not present a health hazard to the shotcrete crew
or other personnel.

4.5.5 Hvdration-stabilizing admixtures shall conform to the requirements of | Hvdration-stabilizing admixtures are used to limit prehydration of
ASTM C494/CA94M. wet- and dry-mix shotcrete and to extend the retention time of batched

shotcrete when the handling and logistical constraints tvpically associ-
If hydration-stabilizing admixtures are used in combination with accel- | ated with underground construction cause prolonged transport and
crating admixtures, both need to be tested during the preconstruction, | discharge time,
tested to evaluate potential performance impact, and verify admixture
compatibility.

4.5.6 The introduction of admixtures shall be hmted to the types specified | The addition or adjustment of all specified admixtures shall be docu-
and shall be added in the preseribed manner and dosage approved by mented i accordance with the project quality assurance and quality
the owner. Admixtures containing chlorides shall not be wsed where the | control requirements. The geological, tunnel stability, or groundwater
shoterete contains structural elements, such as reinforeing bar, conditions necessitating use of additional accelerating admixtures

should be duly recorded by the owner and contractor, The quantitics of
accelerator used in these locations and conditions should be recorded,

4.6 Fibers

4.6.1 Steel fiber Steel and macrosyvnthetic fibers are used in underground shotcrete

4.6.1.1  |Steel fiber shall conform ta ASTM AR20/AB20M and be suitable for | With the primary objective of providing post-crack reinforcement.
production of ASTM C1116/C116M Type | steel fiber-reinforced Omne advantage of fiber over welded wire reinforcement is related
SFiterche: ) to execution time and to less shotcrete spent covering the welded

WELT | edel fikior ShAT b6 St be diitond Tow. Shthan. wold aAcwn wire reinforcement and ﬁllm_g the rock contours caused by erf.?gu];r

: . %) : ) overbreak. The use of fibers in shotcrete also leads to a reduction in
steel wire, Type I, with a minimum tensile strength of 160,000 psi ; F
(1100 MPa). a minimum length between | and 1.375 in. (25 and the number and width of shrinkage cracks that may eventually lead to
p i s etk i water leakage (Campbell 1999). Other types of ASTM AS20/AS2Z0M
35 mm), and a minimum aspect ratio of 40. g
steel fibers may be applicable,
4.6.1.3 | Steel fiber shall be free of oil, prease, corrosion, or other contaminants,
4.6.2 Swnthetic fiber Microsynthetic fibers, used at 0.1 to 0.2% by volume, are known to
14.62.1 | Synthetic fiber shall be a type suitable for production of ASTM C1116/ | feduce plastic shrinkage cracking of shotcrete and mitigate explosive

C1116M Type TT1 synthetic fiber-reinforced shotorete.

spalling effects in fire. Macrosynthetic fibers, at dosages of 0.5 to 1%
by volume and at high deflections, can provide a high post-crack load-
carrying capacity { Bernard 20113, 2019).

Table 5.1—Support functions of composite ground support components (after Kaiser et al. [1996])

Support characteristics ' Reinforcing Retaining Huolding
" Stff Grouted rl:inl'::rr::.i.l;g bar Ehm-::ra:h.:‘ | Grouted rn:inl'urv;:ing bar
Soft — Welded wire reinforcement Long mechanical bolt
Strong Cable bolt Reinforced shotcrete Cable bolt
Weak Thin reinforcing har Mo, 9 (335 mm diameter) gauge welded wire reinforcement Split set
Brittle | Grouted reinforcing bar Plain shotorete Grouted reinforcing bar
Yielding Cone bolt Chain-link mesh Yielding rock bolt

steel, Type 1, deformed, and shall be | to 1.375 in.
(25 to 35 mm) long, with a minimum aspect ratio
of 40.
Alternatively, each component may be specified in the

contract

documents. Recommended specifications for indi-

vidual materials are provided in Table 4.2. The information
1s provided in a guide specification format: the left column
provides the recommended specification language, and the
right column provides notes to the specifier.

CHAPTER 5—ANCHORAGE AND
REINFORCEMENT

5.1—Composite support systems

The term “composite support™ is used when two or more
components of support are used. Many composite systems
use shotcrete as one of the components (Table 5.1). The
shotcrete may act in any of three ways:

(aci®

(1) Sealing: Thin layer of shotcrete (typically 1 to 2 in, [23
to 50 mm]) seals off the soil or rock surface to avoid expo-
sure to the elements and prevent or mitigate deterioration
of the soil or rock.

(2) Bridging: Thicker layer of shotcrete (typically 3 to
5in. [75 to 125 mm]) acts as a member to support soil and
loose rock between main support members (rock anchors,
steel sets) and to collect and transfer load to the main
support members; often combined with mesh and optional
lattice girders.

(3) Arching: Thick layer of shotcrete (typically 4 to 12 in.
(100 to 300 mm]) acts as the main structural member
and creates a structural arch in soft ground or very weak
rock conditions; often combined with mesh and/or lattice
girders. In the design, the sealing layer becomes typically
an element of the shotcrete arch.

@seismicisolation
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5.2—Shotcrete with pattern rock bolts or anchors

Shoterete used with rock bolts 1s primarily used to protect
the rock surface from weathering (refer to (1) Sealing”
mm Section 5.1). In some cases, the shoterete with welded
wire reinforcement and reinforcing waler bars may actively
act as lagging between rock anchor members (refer to “(2)
Bridging” in Section 5.1). Figures 5.2a and 5.2b are photo-
graphs of rock bolts; Fig. 3.2¢c shows a tunnel with pattern
bolting, photographed just before shotereting.

5.2.1 Thickness of shotcrete layer—The thickness of the
shotcrete will be determined by the design engineer consid-
ering the function required of the shotcrete.

3.2.2 Timing of rock bolt and shoicrete application—In
poor ground conditions, shotcrete should be applied 1imme-
diately after excavation. With robotic placing arms, quick
application of shotcrete may temporarily stabilize the
heading, with rock bolting to follow mimmediately. Addi-
tional shotcrete may be placed later, when the crown and
walls have stabilized.

As with all shotcrete applications, the bond that develops
between the shotcrete and rock 15 of great importance. A
shotcrete layer that is delaminated from the rock due to
poor bonding will not be effective in controlling rock mass
displacements (refer to Chapter 16). The application of shot-
crete can mitigate the nsk of smaller rocks from shifting and/
or falling and thus keep larger rocks locked in place.

5.3—Shotcrete with rock bolts, friction stabilizers,
and welded wire reinforcement

Where welded wire reinforcement 15 included as a compo-
nent of a rock bolt and shoterete support system, shotcrete
application can become difficult under certamm conditions,
This typically occurs when hmited pattern bolting and
relatively thin layers of shoterete are specified for moder-
ately blocky to very blocky ground, and where drill-and-
blast excavation methods are used. The profile irregulari-
ties produced under such conditions typically result in an
increased number of rock bolts to force the welded wire
reinforcement tight to the rock surface profile. Figure 5.2¢ is
a photograph of a drill and blast tunnel with rock bolts and
welded wire reinforcement. When installed, the welded wire
reinforcement tends to be in contact only with the protruding
blocks or asperities and leaves voids, or requires excessive
shoterete infilling behind the welded wire reinforcement in
arcas of greater overbreak.

Where specifications stipulate that the welded wire rein-
forcement should be covered by a minimum layer of shot-
crete. substantial volumes of shotcrete are required to fill
voids and overbreak. If insufficient rock bolts are used to
secure the welded wire reinforcement, then shotecrete tends
to vibrate the loose welded wire reinforcement, making
shotcrete application difficult. This can be remedied by the
use of supplemental pins or short rock bolts 1.5 ft (0.5 m) in
length, which avoids the need for full-length rock bolts to
secure welded wire reinforcement.

In civil tunneling applications, where a final lining is typi-
cally installed later, the initial liming must be brought to a
predefined profile. Shotcrete placed into overbreak and the
payment thereof should therefore be clearly regulated in the
contract to avoid disputes.

5.3.1 Type of welded wire reinforcement—A stift 4 x 4 1in.
(100 x 100 mm) or 6 x 6 in. (1530 x 150 mm) welded wire
reinforcement is typically used for underground support.
Lightweight, chain-link mesh is not recommended for use
as shoterete reinforcement. Excessively sufl’ welded wire
reinforcement is difficult to handle and form where over-

Fig. 5.2c—Tunnel with pattérn bolting before shot@miisolation break or asperities are encountered. This can result in loose
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Fig. 5,.3.2—Wire mesh in tunnel with considerable overbreak.

welded wire reinforcement, which requires additional rock
bolts to secure the welded wire reinforcement and the addi-
tion of excess shotcrete where the distance between the rock
and welded wire reinforcement is more than a few inches.
If chain-link fabric is used to stabilize rubble or gouge, it
should not be included in the design. Additional welded wire
reinforcement or reinforcing waler bars should be used to
add tensile strength to the shotcrete lining. If the welded wire
reinforcement is structurally used in the design, sufficient
overlap in radial but also longitudinal direction should be
specified. If possible, longitudinal and radial overlaps at the
same location should be avoided by offsetting the overlaps.

5.3.2 Placing and securing welded wire reinforcement—
The welded wire reinforcement should be firmly tied to
the rock reinforcement before shoterete application so that
wire vibration does not lead to debonding and voids. Addi-
tnonal fixture bolts should be used to tighten the welded
wire reinforcement when required and to form it into areas
of overbreak. Care should be taken to ensure that rebound
is not trapped behind the welded wire reinforcement, and
that overbreak areas are not filled so rapidly that debonding
occurs. Figure 5.3.2 illustrates welded wire reinforcement
installed in a tunnel with considerable overbreak.

5.3.3 Welded wire reinforcement placement—Placement
can be determined empirically or by a structural analysis
of the composite shoterete/welded wire reinforcement liner
using tools similar to those used in conventional reinforced
concrete analysis.

5.4—Fiber-reinforced shotcrete

Alternatives to welded wire-reinforced shotcrete are avail-
able in the form of fiber reinforcement. Figures 5.4a through
5.4c show varieties of steel fibers and macrosynthetic and
microsynthetic fibers, respectively. Steel and macrosynthetic
fibers are primarily used for structural purposes. whereas
microsynthetic fibers mitigate shrinkage cracking and
spalling behavior in case of fires. Structural fibers are typi-
cally used to avoid the potential problems associated with the
installation of welded wire reinforcement or when used as
sealing shotcrete. The advantages of these materials include
labor and time savings, materials reduction, and increased

% ; ;.
safety because workers are not required under unsupporsdsmicisoZhon
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Fig. 5. da—Close-up of steel fibers.

Fig. 3. 4e—Close-up of microsynthetic fibers.

ground to attach welded wire remforcement, In highly
stressed ground, it may be necessary to reduce the induced
stresses imposed on the excavated opening by allowing
controlled displacement of the opening. A thin, 1 to 2 in. (50
to 75 mm) layer of fiber-reinforced shotcrete (sealing) can
control superficial degradation, such as spalling and raveling
of the excavated surface, while providing temporary support.

Steel fibers have been used since the early 1970s in
underground support applications. Steel fibers are typi-
cally used at the rate of 40 to 100 Ib/yd® (25 to 60 kg/m*)
(0.45 to (.76 vol.%) to provide post-cracking load-carrying
capability (sometimes called residual strength) to meet the
cified performance requirements. Steel fibers impart to
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the shotcrete lining the ability to redistribute cracking by
providing miniature plastic hinges, and thus redistribute the
moments and stresses resulting in increased load capacity
(Vandewalle and Bekaert 2003).

Macrosynthetic fibers have been increasingly used in
underground support applications that require a large defor-
mation of the lining, such as in deep hard-rock mining.
Addition rates are typically 10 to 25 lb/yd’ (6 to 15 kg/m’)
for these applications. Fiber material is typically polypro-
pvlene or copolymers of the polyolefin family. Fiber length
i1s typically 1.75 to 2.25 in. (45 to 55 mm), with diameters in
the (.03 n. {0.8 mm) range.

Microsynthetic fibers are used to provide plastic shrinkage
cracking control and resistance to explosive spalling in
linings that may be subjected to rapid temperature rise, such
as in hydrocarbon-fueled fires. Addition rates are typically
1.5 Ibiyd® (0.9 kg/m?) for plastic shrinkage control, and 3 Ib/
yd* (1.8 kg/m?) for explosive spalling mitigation. Fibers for
explosive spalling protection should be 0.0013 in. (32 pm)
or less in diameter, and approximately 0.5 in. (12 mm) long,

Unreinforced shoterete subjected to the same stresses may
crack and lose capacity as a result of yielding. The post-
crack ductility and residual load-carrying capacity of fiber-
reinforced shoterete may be used effectively to accommo-
date tunnel displacement while retaining adequate support
capacity of the shoterete lining system., The engineer should
select the appropriate fiber-reinforced shoterete toughness
and thickness to provide appropriate post-crack loading
capacity and lining stiffness (Kaiser etal. 1996; Kirstin 1983,
Morgan et al. 1999a; Papworth 2002; Grimstad et al. 2002).

5.5—Shotcrete with lattice girders

Lattice girders are arch structural members made of bars
with an open lattice. The girder can provide initial support
for openings and allow placement of a thick shotcrete
lining that acts as a concrete arch. The shotcrete between
the girders acts as lagging between these concrete arches.
Figures 5.5a through 5.5¢ are close-up photographs of a
typical lattice girder before and during shooting; Fig. 5.5d
is a photograph of a tunnel with lattice girders installed and
ready for shotcreting.

Fig. 5 ja—Close-up of a tvpical lattice girder.

American Concrete Institute — Copyrighted © Material — www.concrate,.org
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5.5.1 Size and spacing—ILattice girders can be manufac-
tured with different bar sizes and sizes of spacers for lattices
to provide a section modulus that meets the tunnel support
requirements,

Fig. 5.5h—Tvpical lattice girder during shooting (robotic).

Fig. 5. 5c—Typical lattice givder during shooting (manual).

Fig. 3. 5d—Tunnel with lattice girders.
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5.5.2 Installation and shotcrete application—Lattice
girders are installed before shotcrete or after the application
of a thin layer of sealing shotcrete that is placed to prevent
raveling. Typically, one lattice girder per excavation round
is installed with sufficient distance from the face to not
hinder the following excavation. Available support pressure
increases as shotcrete 15 applied in and around the lattice
girder, and it continues to increase as the shotcrete cures
and develops strength. If welded wire reinforcement is used,
lattice girders are used to keep the welded wire reinforce-
ment in place.

5.5.3 Shotcrete placement—Care should be taken to avoid
trapping rebound and leaving pockets behind the reinforcing
bars that form the lattice girder. It is important that the lattice
girder be fully encapsulated, which may require shotcrete
apphication from several different shooting positions. In
addition, to be fully effective, the gap between the ground
and the lattice girder must be properly filled with shotcrete
to provide proper load transfer and avoid the provision of a
pathway for water.

5.6—Shotcrete with conventional steel sets

Steel sets may also be enhanced by the use of shotcrete,
maostly in mining applications, A steel arch support transfers
its load-carrying capacity to the rock by blocking. The wider
the blocking, the more moment stress is placed on the steel
set. Figure 5.6 is a photograph of steel sets with significant
wood blocking that illustrates how wood blocking transfers
irregular loading conditions to the steel set. In theory, the
maximum support is attained when continuous blocking 1s
achieved. Shoterete or concrete embedment of steel arches
meets the continuous blocking requirement. The shotcrete
lining also acts as a corrosion inhibitor to the steel arch
support,

Steel sets may be lagged with shotcrete, such that the shot-
crete 1s used to fill the gap between the steel sets.

The extent of the loading on the steel sets is a direct conse-
quence of the method of excavation, support installation,
and long-term rock support interaction, Traditional steel set
designs are based on the inevitable development of a rock

load of some magnitude being imposed by gradual deteriora-
tion of the rock mass over time.

When combined with shotcrete and rock bolts, steel sets
can provide substantial support capacity that 1s equivalent to
maost concrete lining structures. Support installation usually
takes place using phased or staged installation sequencing
of the ground support. The initial application of shotcrete
15 usually applied to provide personnel protection and takes
place immediately after excavation. Overbreak, voids, and
profile irregularities are usually filled and smoothed out.
Rock bolt or anchor installation is in the form of pattern
holting or spot bolting used to supplement the nitial shot-
crete application. Steel sets are then installed and may be
backfilled and lagged with shotcrete such that shotcrete
is used to fill the gap between the steel set and rock or
mitial support.

Though feasible, the simultaneous installation of steel set,
rock bolts, and shoterete at the tunnel face 1s difficult because
so much equipment is required. Steel sets are commonly
used in conjunction with wood lagaing,

2.7—Recommended speciticaﬂin ns

Recommended specifications for anchors and reinforce-
ment are provided in Table 5.7, The information 1s provided
in a guide specification format; the left column provides the

Table 5.7—Example guide specification for
anchors and reinforcement

Section’
Part/ Recommended specification
Article language Notes to the Specifier
3.1 sShoterete anchor bolts or dowels Consider the provi-
sions cited in ACT
31E.

| 5:1.1 Shoterete anchor bolts or dowels Steel grade may be 60
shall be made feom ASTM Al S/ or X0 (420 or 350).
AnAM Grade a0 (4200 steel or
equivalent as specified by the
UV TIST,

[ 5,12 Shoterete anchor bolts or dowels
ghall be of the type, diameter, and
length specified in the contract
documents.

[ 5.1.3 Provide shoterete anchor bolts or ¥eans may be plate
dowels with attachment means o with nuts, hook ends,
the shotcrete. plates with reinforcing

bar spiders, or welded
studs.
514 Provide level pads for the anchor
plates as specified in the contract
documents.
L5 Prowvide rock bolt and anchor bolt
setting grout as specified in the
conmiract dl'l"i.'l,.l.I'HETIL'-i.
' Dl Heinforcement
e TR Welded wire reinforcement shall be
of the type specified in the contract
documents and shall conform o
| ASTM A 185/A 185M,

@seismicisolation
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Table 5.7, cont.—Example guide specification for
anchors and reinforcement

e Deformed steel reinforcement for Lattice girder
ribs and lattice girders and structural | specification example:
reinforcement shall conform to “Each of the pnimary
ASTM standards (or as defined in | retaining bars of a
the Structural Steel Section}and be | lattice girder segment
of the type, size. and strength speci- | shall be composed
fied in the contract documents. ol only one piece of
high-strength steel
of 60 ksi (415 MPa)
yield strength or
mare, The connecting
elements at the end of
lattice girder segments
shall be constructed of
angled structural sieel
having vield strength
of 36 ksi (250 MPa)
| or more.”

recommended specification language, and the right column
provides notes to the specifier,

CHAPTER 6—MATERIALS HANDLING AND
STORAGE

6.1—General

The provisions for handling and storage of constituent
shotcrete materials should mandate that the materials are
not damaged or deteriorated before use. Appropriate consid-
eration of possible moisture or contaminant penetration
of the shipping containers should be taken, as well as the
temperature of the materials at the time of use. Materials,

such as aggregates, should be stored and handled to limit
segregation and to maintain relatively uniform moisture
content. Bagged and bulk cement should be stored in such a
way as to avoid pre-hydration. Liquid admixtures should not
be allowed to freeze, and if they are in the form of suspen-
sions or nonstable solutions, agitating equipment should
be provided. Accelerators are especially sensitive and have
been discussed in detail in Section 4.1.

6.2—Temperature considerations

Dhfficulties can be encountered for underground support
shotcrete 1f the temperature of the shotcrete matenals 1s
allowed to become excessively low or high. At shotcrete
temperatures below 40°F {53°C). the amount of rebound can
increase markedly, and the setting and strength develop-
ment can be seriously slowed. This can result in delays in
ground support, inadequate bond between the shotcrete and
the application surface, increased accelerator consumption,
or a combination of these. The overall quality of the in-place
shotcrete will then be reduced and can subsequently lead to
safety hazards. Therefore, during cold weather, constituent
shoterete materials should be stored in warm enclosures
whenever possible, In addition, heated water should be used
in the batching or shooting process to enhance and control the
hydration process. Specifications should include a tempera-
ture range outside of which a batch should be rejected.

In contrast, temperatures above 85°F (30°C) can lead to an
accelerated setting flash set and to a lower long-term strength
of hardened shoterete, Furthermore, if the high temperature
is accompanied by a low relative humidity, wet-mix shot-
crete can rapidly lose workability, thus reducing the period

Table 6.3—Example guide specification for material handling and storage

Section/
Part/
Article Recommended specification language Motes to the Specifier
6.1 Materials handling and storage As a general note, it should be stated in the specification that all
materials should be stored in conformance with the manufacturer’s
recommendation unless more stringent requirements are cited in the
contract specification.
h.1.1 Store portland cement and supplementary cementitious materials to In the case of packaged, preblended, dry. combined material used for
protect from ¢xposure to moisture. shotcrete, adequate protection from humidity should be provided to
prevent premature cement hydration, which would min the material.
6.1.2 Stockpile and handle aggregates to prevenl segregation. Maintain Wide ranges in the moisture content of shoterete aggregates should be
fine aggregate withim a 3 (o 6% motsture content range, Use shellers | avoided. This may require storage of aggregates in sheltered enclo-
or arpanling to protect aggregate stockpiles during periods of wel or | sures or under tarpauling, particularly for volumetrically batched shot-
cold weather. crete, Vanable moisture content will result in an irmegular quality of
the in-place shoterete, Moreover, excess moisture content can resull
in aggregates that bridge over gates in hoppers and erratic aggregate
| feed, resulting in variable shotcrete mixiure proportions.
6.1.3 Storage areas shall maintain shotcrete aggregates above 40°F (57C) | Refer to Section 6.2.
and below 85°F (30°C) whenever possible.
6.1.4 Store fibers in dry, sealed container until ready for batching. Fibers Care should be taken to see that fibers are stored in a manner that
shall be free from corrosion, oil, grease, or other contaminants, will prevent their deterioration or the intrusion of moisture or foreign
matter. [t may be necessary to cover the shipping containers with
tarpaulinsg, Refer to ACI 544 3R
6.1.5 Control temperature of components such as rock bolts, steel sets, or | Refer to Scetion 6.2,
lattice girders within the 40 to 85°F (5 to 30°C) range.
6.1.6 Liguid admixtures, especially accelerators, shall be stored and Refer to Sections 4.1 and 5.1,
protected from the environment, cold weather, freezing and periodi-
cally agitated per the manufacturer’s recommend@i@iamicisolation
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available between batching and discharging the shotcrete.
For both dry-mix and wet-mix shotcrete, low or high temper-
ature combined with a low relative humidity can increase
the potential for plastic and early drying-shrinkage cracking.
In hot underground environments, particularly mines at
depth, the inclusion of hydration-controlling admixtures in
a wet-mix design is strongly recommended.

6.3—Recommended specifications

Recommended specifications for material handling
and storage are provided in Table 6.3. The information is
provided in a gumde specification format: the left column
provides the recommended specification language, and the
right column provides notes to the specifier.

CHAPTER 7—SHOTCRETE MIXTURE
PROPORTIONING

T1—General

Equipment and placement techniques have an impact on
the properties, placement, and performance of the shotcrete
mixture. Shoterete muxtures should therefore be developed
and tested under field conditions during the preconstruction
period because 1t 15 essential that sufficient confidence is
developed in the mixture before construction and that any
potential problems are effectively recognized and elimi-
nated. Mixture proportions are usvally developed in one
of two ways: by trial batching and test panels, or based on
historical data.

7.2—Mixture proportions by trial batching or
historical data submissions

The development of trial batches should be planned well in
advance of construction to permit the timely development of
shoterete mixture proportions, QA review, and acceptance of
submuittals. The preconstruction testing should simulate the

c - G
185 M3 4313

BATCHED DRY MIX IN HOGE (WIC = 0.21)

actual construction conditions (materials, equipment, crew,
procedures, environmental conditions) as much as possible.
Performance requirements guide the mixture proportions.
Mixture proportions and component materials that have no
previous documented use are usually supported by test data
that verify material properties, mixture proportions, field
conditions, test data, and performance-related information.

Adjustments can be made to trial shotcrete mixture
proportions during production and may provide an oppor-
tunity to optimize mixture proportions to satisfy specific
requirements or properties.

If materials and mixture proportions used on previous
underground projects have demonstrated a capacity to satisfy
current project requirements, documentation of past perfor-
mance may be acceptable to the owner. A complete historical
data submittal should include, at a mumimum, all matenal
data, mixture proportions, project conditions, test reports,
data summaries, and analyses. This approach may reduce or
eliminate the need for extensive preconstruction testing.

Shotcrete properties are often considered the same as
those of ordinary concrete having the same proportions, The
pneumatic application of these matenals, however, modifies
the distribution and the imitial proportions of the constitu-
ents due to phenomena such as rebound, compaction, and
preferred orientation of fibers, and other, when used. These
phenomena should be considered because they affect the
properties of the in-place shoterete, For the wet-mix process,
a relatively low amount of rebound 15 expected; it mainly
depends on the shooting position, orientation, technigue, and
mixture composition (an average of 5% on vertical surfaces,
and 13% on overhead surfaces [Morgan and Pigeon 19927).

T.3—In-place mixture proportions

The in-place mixture proportions can vary substantially
from the as-batched proportions, especially for dry-mix or
for fiber-reinforced shotcrete, Figure 7.3 i1s a set of measure-

§ Sand
G: Gravel
W:  Water
WIC: Water - Cement Ratio
Numbers ans percentages of sach
constituent in terms of total weight
of material at sach stage
i Plists Sholcrels
W=85
e
338
IN PLACE (WIC = 0.30)}
Wabd
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ments of the percentage of the various components before
and after shooting dry-mix shotcrete measured in one
research project (Parker 1976). Because the larger aggregate
particles rebound more than the smaller ones, the larger the
amount of rebound, the greater the proportion of cement and
sand in the in-place shotcrete will be when compared with
the as-batched proportions. The combined use of fiber-rein-
forced shotcrete together with wire mesh should be avoided
bhecause proper embedment of the mesh 15 an issue. Note
that the rebound of steel fibers may vary from 35 to 80% by
mass for dry-mix shoterete, and from 10 to 20% by mass for
wet-mix shoterete, depending on shooting orientation, mate-
rials, and geometry and length of the fibers (Banthia et al.
1994). Rebound of some synthetic fibers in wet-mix shot-
crete can be negligible.

The composition of a shotcrete mixture should be propor-
tioned and adjusted to ensure its resistance to weathering, its
compatibility with hydro- and geo-chemistry, and its meeting
or exceeding the project’s design durability, strength,
and strength-gain requirements. The water-cementitious
materials ratie (w/em) (strength and durability), amount
of entrained air (freezing-and-thawing resistance), silica
fume (adherence, permeability, and durability), steel or
macrosynthetic fibers (ductility and toughness), and aggre-
gate grading are some of the parameters that will need to
be adjusted. The initial composition of a shoterete mixture
should also be formulated to optimize shoterete projection
and placement. Generally, this optimization 15 achieved by
raising the proportion of cementitious materials by reducing
the proportion and size of the coarse aggregates and by
adding silica fume. Temperature plays an important part in
this phenomenon,

7.4—Dry-mix shotcrete

In the case of the dry-mix process, determining the exact
amount of water added 1s difficult because it 15 regularly
adjusted by the nozzleman according to the placing condi-
tions. It should be noted, however, that the w/cm 15 generally
between 0.35 and 0.45. For this reason, the proportions of a
shotcrete mixture are often expressed as a percentage of the
mass of the dry constituents. If a nominal w/em is assumed,
materials are proportioned in the same manner as for
conventional concrete. Table 7.4 shows examples of mixture
compositions expressed according to these two methods.
Figure 7.4a presents the data in Table 7.4 graphically.

Dry-mix shotcrete is usually proportioned for 20% of
cement by mass of dry materials (equivalent to 705 Ib/yd®
[420 kg/m']) when a 0.40 wicm is assumed). For under-
ground applications, coarse and fine aggregates are usually
blended to obtain a smooth curve for the ACI No. 2 grading
{ACI 5306R). Coarse aggregate 1s essenfial to high-quality
shotcrete, but because coarse aggregates tend to rebound
more than sand, the maximum aggregate size 15 usually
limited to 10% retained in the 3/8 in. (9.5 mm) sieve,
and 100% passing the 1/2 in. (12.5 mm) sieve. Packaged,
preblended, dry, combined materials for use in shotcrete
should meet the requirements of ASTM CI1480/C1480M.

Undensified silica fume i1s normally used in dry-mix shot-
crete to reduce dust, fiber, and aggregate rebound. and to
permit a greater maximum overhead buildup (Pigeon et al.
2000), The silica fume content 1s usually between 8 and 12%
by mass replacement of cement. A 20% by mass cementi-
tious content 1s maintained.

Whenever packaged, preblended, dry-combined matenals
are used, powdered accelerating admixtures may be added
to the dry matenials during the packaging operations. The
usual dosage may vary from 2 to 5% by mass of cement,
depending on the type of accelerator and the application.
Higher accelerator dosages (up to 6%) can be used for
extreme cases of unstable ground. Higher doses, however,
especially if greater than 6%, may have an adverse effect on
the ultimate strength and durability. The accelerator supplier

Siica fume -~ Steel fiber

Fig. 7.4a—Typical mixture design for dry-mix underground

shotcrete (percent by weight),

Table 7.4—Typical compositions of underground dry-mix concrete mixture proportions

Fiber-reinforced shoterete with silica fume
Constituents Usunal quantities Ih/yd? kg/m’
Water According o placing conditions Il6 I8 (for wicm = (0.40)
Cement 18 to 22% by mass of dry matenals 705 420
Silica fume 0 o 15% by mass ol cementitions materials B3 50
Sand 50 to 0% by mass of drv materials 2025 1200
Coarse aggregate (maximum 112 to 3/8 in. [9.5 w 12.5 mm]}) 0 to 25% by mass of dry matenals 075 4000
Steel fibers @seismicisolblibh? 1% by volume B3 50
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should be contacted for additional information regarding
impact on ultimate strength and durability.

When powdered accelerating admixtures are used, pre-
dampeners should not be used because premature setting
may occur in the hoses (Jolin et al. 1997). The use of a
hydromix nozzle is a good alternative to pre-dampening
when powder accelerator is present in the shotcrete mixture.
Advances in technology also have made 1t possible to inject
metered accelerator directly into the water stream to the
nozzle. This gives the contractor the ability to adjust the
dosage of accelerator, depending on the ground conditions
(and pump rate). This system eliminates the rapid set times
in pre-dampened dry mixtures with powdered accelera-
tors. The normal 45-minute rule for pre-dampened matenal
works well with this system.

When frost resistance 1s necessary, an air void spacing
factor lower than 0.012 in. (300 um) may be obtained in
dry-mix shoterete if a ligmd or powdered air-entraining
admixture 15 used. The hgud air-entraining admixture 1s
diluted in the water used for shooting at a dosage of approxi-
mately 1.3 to 2.6 fl oz/gal. (10 to 20 mL/L) of water. The
powdered air-entraining admixture 1s prepackaged with the
dry matenals (cement, silica fume, and aggregates). The
dosage may vary depending on the type of powdered air-
entraining admixture (Beaupré et al, 1996).

Fiber reinforcement is often used for underground appli-
cations to reinforce the shoterete. For dry-mix shoterete,
steel fiber 15 mostly used, but some types of synthetic fibers
may also be used.

7.5—Wet-mix shotcrete

For wet-mix shotcrete, the modifications of the composi-
tion {increase in the cementitious materials proportion and
reduction in the size and proportion of the coarse aggregate)

are aimed at improving the application and pumpability of
the shoterete. Table 7.5 gives typical compositions of three
shotcrete muxtures with a w/esr of 0.45. Figures 7.5a and
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Fig. 7.5a—Tvpical wet-mix design for underground shot-
crete (%a),
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Fig. 7.3b—Dpical wet-mix design for underground shot-
crete with silica fume and steel fibers.

Table 7.5—Typical compositions of underground wet-mix shotcrete mixture proportions

Wet-mix shotcrete (wicm = 0.45) with entrained air

Constiluents

Ordinary shotcrete

With silica Mame With fibers and silica fume

Water 300 [biyd® (180 ka'm™)

300 Ibiyd® (180 kg/m®) 300 Ibiyd® (180 kgm?)

Cement 675 hiyd® (400 kg/m®) | 605 Ihivd?® (360 kg/m?) 605 Tbiyd® (360 kg'm')
Silica fume - 70 Ib'yd® (40 kg/m™) 70 |bivd® (40 kg/m?)
Sand 2100 Thivd™ (1250 kg/m*y | 2100 Ibiwd® (1250 kg/m™) 2100 Ih-'].-'d't (1250 ]-:g.-'m;fl

Coarse aggregate (maximum 3/8 m. [9.5 mm])

840 biyd? (500 ka/m’)

840 Ibivd® (500 kg/m®) 800 Ibiyd® (475 ke/m®)

Steel fbers

RS Th'yd® (30 kg/m?)

Adr-entraining admixture’

8% fl oztvd® (0.3 L/'mY)

% fl ozyd' (0.3 Lim®) 13 fl oz'vd® (0.5 Lim")

Water-reducing admixture”

40 A oz'yd® (1.5 Lim*)

40 A oxiyd? (1.5 L/m") 40 f ozivd® (1.5 Lim?)

High-range water-reducing admixture”

Stump before pumping’

Jtodin (75 to 125 mm)

26 fl oz'vd® (1.0 Lim™)
Jto 5in, (75 to 125 mm)

40 fl ozrvd® (1.5 L'm®)
JwSin (75 to 125 mm)

Adr content before pumping?

T1o 10%

7 1o 10% Tto 0%

“Admixture dosages presented in this table are only for gencral information and depend on type of admixture and on characteristics desired in fresh shotcree,

YEspecially in mining, where handling and transportation of shoterete occurs extensively before pumping and placement, shumips in the range of & to 10 in (150 o 250 mm) may be
specified. This spproach, consistent with the contemporary: Burepean shoterete oulture, feptures greater slump retention and workability of the mixture, and 15 gaining popularity in

the Marth American underground environment.

The process of shooting the wet-mix results in a reduction of air content. Air content of as-shot, in-place shotcrete is typically reduced by approximately half compared with air

content before pumping.

(aci®
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7.5b illustrate these data graphically. The dosages of water-
reducing admixtures, high-range water-reducing admixtures,
or both, and air-entraining admixture should be adjusted
by means of trial batches and field tests so that the desired
slump and air content are obtained before pumping.

Similar to dry-mix shotcrete, the wet-mix technigue also
requires that aggregates be blended to conform to a smooth
curve within the ACI No. 2 grading himits. Because the
maximum w/cm 1s usually specified at approximately (.45,
the desired workability (slump of 3 to 5 in. [75 to 125 mm])
can only be obtained at a cementitious material content of
approximately 675 Ib/yd® (400 kg/m?) or higher and with the
aid of a high-range water-reducing admixture at an addition
rate of approximately 0.5 to 1.0% by mass of cement. Mid-
range water reducers and hydration-controlling admixtures
have also been used to reach the same slump requirements.
For higher slumps, high-range water reducers have been
added at the job site before shooting,

Admixtures, such as air-entraming admixtures, are avail-
able that, in the case of poor pumpability of a wet-mix shot-
crete due to deleterious charactenistics of available aggre-
gates, may be included to enhance the pumpability aspects,

For underground applications, liguid accelerator admix-
ture 15 mainly used for overhead shooting to increase the
buildup thickness and to accelerate the early strength devel-
opment, The accelerator admixture is added at the nozzle

and the nozzleman can control the quantity with a valve,
depending on the placing conditions. Calibrated metering
pumps should be used to prevent over- or under-acceleration
of the concrete that is placed. Accelerator is used in both
vertical and overhead applications to achieve the required
thickness. Vertical applications generally require less accel-
erator than overhead applications for the same thickness.
Many underground projects are using higher slump for
pumpability and accelerator to make the shoterete placeable.

In the case of wet-mix shotcrete, entrained air provides
pood freezing-and-thawing resistance and facilitates the
pumping process (Beaupré 1994). The air content before
pumping should vary from 7 to 10%. The air content of the
in-place shotcrete would be approximately 3 to 5%, depending
on the pumping pressure and the length and configuration
of the hoses. Note that high-volume air entrainment (7 to
10%) should not be used in shotcrete that 1s dropped down
supply pipes. The air can be knocked out during the drop
and impact in the receiving boot or kettle, which adversely
affects workability (slump). If air entrainment 15 required in
such a case, it should be added 1n a re-mixer umit under-
ground after the shoterete has been dropped down the supply
pipe. If the 4 to 5% displacement of air 15 not achieved by
the proper compaction upon impact to the receiving surface,
low strength and durability will result. High air content in
the concrete will also change the vield per cubic meter. Air

Table 7.6—Example guide specification for mixture proportioning

Section/

Part/Article Recommended specification language MNotes to the Specifier

7.1 Shoicrete mixiure proportioning

711 Proportion shoterete mixiures o meel the performance require- The performance requirements shown in Chapter 8 should be compat-
ments detaled in the project specifications. ihle with the ability 1o proportion mixiures o comply with them.

7.1.2 Make allowances in shoterete mixture proportioning for the The shooting application process should be addressed for both the
following critena: owner and the contractor,

{a) Shotcrete application process (wet-mix or dry-mix shoterete)

ib) Shooting orientation (overhead or vertical surfaces) Shooting onentation needs to be handied carcfully. There are times

(¢} Changes in in-place mixture proportions gs 8 result of rebound | when conditions create a situation that must be handled by different

(d) Changes in required time of setting of shoterete under different | means outside the description in the contract documents,

tunneling/mining conditions { for example, groundwater inflow)

{e) Changes m groundwater conditions in substrate rock Vertical surfaces are often shotereted first before cammying out over-
head spraying. This practice provides an opportunity to troubleshoot
the mixture, therehy increasing safety and minimizing overspriy.
Using hydration control admixtures in the concrete mixture gives the
contractor the necessary time for placement in case a problem arises.
The ability to adjust the proportion ol accelerator in the mixture gives
the contractor the range of set time in case the ground conditions
change, (Note: the range of accelerator dosape 15 usually set during
the pretestng phase of the praject.)

T.13 Provide an easily identifiable code or number on all batch docu- The test panel number and test cores should be correlated to shotorete
mentation, in-place shotcrete, and test panels to wdentify the use of | mixture used, nozzleman, time, date, and physical location of shot-
different shotcrete mixtures, crele placement in the tunnel section (that is, by station number). This

relationship 15 important i panel or core test results indicate below-
specified shotcrete strength.

7.1.4 Shoterete accelerator dosage shall not exceed maximum values Refer to the extended discussion of accelerators in Section 4.1,
provided by the supplier respectively as evaluated during precon-
struction testing,

IT accelerator 15 used for final hning applications, the contractor

shall provide evidence that durability is not neg@siwelyiétapiaim.
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helps in the pumping process but should not be relied upon
as a pumping aid. The use of water reducers will generally
aid pumping.

Steel or macrosynthetic fibers are often used as reinforce-
ment when shotcrete 15 placed underground. The addition of
fibers to the mixture increases the load-carrying capacity of
the shotcrete after cracking. Such characteristics are gener-
ally important in underground support.

More information concerning the properties and use of
various additives and admixtures, such as silica fume and
accelerating admixtures, can be found in Chapter 4.

T.6—Recommended specifications

Recommended specifications for mixture proportioning
are provided in Table 7.6. The information is provided in
a guide specification format: the left column provides the
recommended specification language, and the night column
provides notes to the specifier,

CHAPTER 8—PERFORMANCE REQUIREMENTS

8.1—General

Performance requirements for underground conditions
are a function of the application. Hence, when specifica-
tions are developed, one should keep in mind the require-
ments for the application concemned. For example, whereas
final lining shoterete for civil tunneling projects emphasizes

Table 8.1—Typical shotcrete performance requirements

strength and durability, mining projects and shotcrete for
initial support typically emphasize early-age strength gain.
CGenerally accepted values for performance requirements for
high-quality shotcrete are presented in Table 8.1. The engi-
neer should avoid over-specifying requirements that are not
necessary but should include the essential requirements.

8.2—Water-cementitious materials ratio

The water-cementitious materials ratio (w/em) should
be as low as possible, consistent with the application and
tunnel conditions, to achieve high-strength performance and
provide durability. Practical limitations exist, however, and
a maximum ratio of 0.45 is usually specified.

This specification is difficult to verify for dry-mix shot-
crete unless special measurements are made on the fresh
shotcrete after shooting. Instead of specifying a wiem for
dry-mix shotcrete, a minimum compressive strength and a
maximum volume of permeable voids are often specified.

8.3—Air content

Entrained air content 15 not normally specified for under-
ground support shoterete unless freezing and thawing of the
shoterete (final) lining is expected. In the wet-mix process,
the mnitial air content (at the pump) should be sufficiently
high (7 to 10%) to provide an adequate spacing factor for
the air voids after compaction has occurred during shooting,
producing an in-place air content of between 3 and 5%.

| Wet-mix shotcrete Dry-mix shotcrete
Shoterete properties Test method Age specified limits specified limits
Maximum wicm — 0.40 to 0.45 —
Air content—as shot™, % 4%
_ _ ASTM C231/C23 1M t
Air content—immediately before the pump'®, % - Tio IO -
Slumyp at discharge into pamp’, in. (mm) ASTM C143/C143M 341 (B0 30)
Maximum spacing factor—as shot, in, {pum) ASTM C457/CA5T™M — 0.012 (300) 0.012 {300)
Maximum boiled absorption, % ASTM Co42 T days & B

Maximum volume of permeable voids, % ASTM Cod2 T days 17 17

8 hours 800 (5.5) 800 (5.5)

| day 1200 (8) 1200 (8)

Minimum compressive strength, psi (MPa) ASTM C1604/ 16040 3 days 2200 (15) 2200 (15)

T days 4350 (30 4350 (30)

28 days SRO0 (40) SR00 (40)

o ; ASTM C1609/C1609M 600 to 650 60 to 630

M il 1 strength’, psi (MP 7 days

T R e or ASTM CT8/C78M gid (4.0 10 4.5) (4.0 t0 4.5)
Mimimum fexural toughness for a 40 mm deflecnon”, Joules ASTM C1550 T days 280 28]
Minimum toughness performance level Morgan et al. {1995)" T days 111 [11

“Aar content determined as shot into an ASTM C23 1/C23 1M air pressure meter base or use fresh shoterete recovered from in-place or o test panel.

"Hequiremients for wet-mix shotorete only.

‘High air content results in lower concrete yields, durable concrete, and lower strengihs.

“These values do not reflect the wr content of hardened shotcrete,

Crenerally, high air content 15 preferable because it gives higher slump and, hence, betfer pumpability.

*Omnly specified if fibers are added to shotcrete mixture, Either flexural strength and toughness performance level or minimum toughness energy should be specified.

T Toughness festing only required for fiber-remforced shoterete that requires posi-crack load capacity. Toughness Performance Level [ requires @ minimum post-crack Aexural
strength of 30%% of the modulus of rupture of the shoterete at a deflection of the test specimen of 17600 of the test span, and a minimum post-crack Aexural strength of 30975 of the

madulus of rupture of the shetorete at a deflection of the dest specimen of 171 30 «@dwigosicipoiation
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Testing can be made on the pumped concrete according to
ASTM C231/C231M. For shotcrete, the air content can be
determined either by shooting directly into the base of an
ASTM C231/C231M air pressure meter or by removing
applied shotcrete from a test panel or in-place and recon-
solidating it in the air pressure meter base. With accelerated
shotcrete, the former method should be used. If the applica-
tion of shotcrete does not result 1n a reduction of 4 to 5% air
during pumping and shooting compaction. it will result in
lower strengths and less-durable concrete.

In the dry-mix process, although the mixing time
between the addition of water and other materials is short,
an adequate air-void network can be created if the air-
entraining admixture is first mixed (at high dosage) with
the water used for addition at the nozzle. Alternatively, a
dry, powdered air-entraining admixture can be preblended
with the dry materials. If required. the spacing factor and
air content should be evaluated on hardened specimens
using the ASTM C457/C457M procedure. Again, the nozzle
velocity will determine how much amr will be displaced
during compaction of the material placed. However, results
from the ASTM C457/C457M procedure may take several
weeks and it may thus apply to shotcrete im-place weeks
earlier. If using ASTM C457/C457M, 1t 15 recommended to
qualify the air content in preconstruction testing rather than
in production testing,

8.4—Slump

The slump requirement is applicable only to concrete shot
using the wet-mix process. Slump should be measured at the
pump to monitor the relative consistency from batch to batch.
The maximum slump 15 a function of; 1) the distance wet-mix
shotcrete has to be pumped; 2) temperature; 3) elevation;
4} retention time; and 3) other shooting conditions, but will
normally be between 2 and 4 in, (30 and 100 mm). As ait
content is lost upon compaction on the shooting surface, the
slump is reduced. This slump-reduction effect 15 very benefi-
cial to the shoterete application process, reducing the amount
of shotcrete sagging, sloughing, and fallout. Either too low
or too high slump will lead to pumping and application prob-
lems, both negatively impacting the shotcreting process and
subsequently the shotcrete quality. The contractor should
only attempt to pump shotcrete with a slump (measured
at the point of discharge to the pump) between 2 and 4 in.
(50 and 100 mm).

8.5—Boiled absorption and permeable voids

The absorption test, a procedure described by ASTM C642
to assess the degree to which the pores within hardened
concrete are interconnected, determines the amount of water
that shotcrete can absorb and thereby evaluates the porosity
of the shotcrete. Both boiled absorption and permeable void
data can be used as mdicators of shotcrete quality because a
correlation exists between the two parameters.

Several factors can influence boiled absorption and the
volume of permeable voids in shoterete. The use of accelera-
tors can increase boiled absorption and permeable vouds in

be a factor. Improper shooting techniques, such as shooting
from a distance too great from the rock surface or improper
shooting angles, can increase values of boiled absorption
and volume of permeable voids.

The absorption rate for the aggregates used in the shotcrete
mixture also affects boiled absorption and volume of perme-
able voids. Aggregates with higher absorption show higher
test results of absorption and volume of permeable vouds. If
high-absorption aggregates are used in the shotcrete, precon-
struction samples can be tested for boiled absorption, results
can be used as a reference based on which boiled absorp-
tion for shotcrete can be compared, and shotcrete placement
quality can be evaluated.

Boiled absorption and permeable void requirements
should be specified when shotcrete mixtures are designed to
be durable, such as those for final tunnel limings and perma-
nent openings in underground mining,

8.6—Compressive strength

The required minimum compressive strength at a given
age is dependent upon how the shoterete hining 15 required
to perform. When immediate support is required, a specified
compressive strength at 8 hours or earlier may be cntical.
On the other hand, if the lining does not require any specific
carly strength, only a 7- or 28-day compressive strength may
be specified. Specifications can be made for 8 hours; 1, 3,
and 7 days; and 28 days if the strength gain characteristics
are critical (refer to Section 8.7). Eight hours is generally
the earliest time specimens can be obtained without damage
for conducting ASTM C1604/C1604M testing. An average
28-day compressive strength is generally specified as greater
than 4350 psi (30 MPa). For some applications, such as a
permanent tunnel lining, an average 28-day compressive
strength of 6000 psi (40 MPa) or more may be specified.
However, the shotcrete strength should not be over-specified
compared to the strength required for structural purposes.

8.7—Flexural strength and toughness

Flexural strengths are not normally specified unless
fiber-reinforced shotcrete is specified. The flexural strength
is usually specified using the flexural toughness test,
ASTM Cl160%C1609M, but the ASTM CTE/CTEM test
method may be used to determine the ultimate flexural strength
only. Although no general agreement exists regarding the
best criterion to be adopted for toughness parameters (such
as ASTM residual strength, toughness performance level, or
Japan Society of Civil Engineers [JSCE] toughness), general
guidance can be found in papers by Morgan et al. (1995) and
the Norwegian Concrete Association (2003), Other values,
such as flexural toughness (in Joules), can also be specified
according to the round panel test, ASTM C1550 (Papworth
2002; Clements 2003; Bemard 2004; Grimstad et al. 2002)
and ACI 506.1R.

8.8—Early-age strength
Early-age strength development is a requirement frequently
imposed on shoterete used for ground support. Early-age

hardened shoterete. The type and quality of curingzgan als@aion, Strength testing is conducted to provide strength develop-
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ment with time. Early-age tests at 2. 4, 6, 8, and 12 hours,
or at other ages. are possible using large-scale pull plate
tests (Dufour et al. 2002), compression testing of the ends
of beams (Morgan et al. 1999h), or the stud driving method.
These are followed by 24-hour, 72-hour, 7-day, and 28-day
strength tests described in ASTM C42/C42M. Coring, at an
early age, can potentially cause damage to the cores (refer
to ASTM C42/C42M and C1604/C1604M). Alternatively,
an index of strength and strength gain can be obtained,
even immediately after shooting, from special penetration
tests (Bernard 2005). Strength-penetration tests are used to
crudely approximate the mn-place strength (ACI 506.4R).

Some accelerating admixtures may facilitate high early-
strength development but reduce the 28-day strength. In
addition, the rate of the strength development curve provides
a means of assessing marginal shotcrete core strengths
during the construction phase of the project. as described in
ASTM C1074.

8.9—0ther tests

Oceasionally, shoterete used for ground support requires
other properties that may affect durability, resistance to
freezimg and thawing, or permeability where it functions as a
sealing system. Tests for absorption, drving shrinkage, resis-
tance to freezing and thawing, permeability, or bond may be
required. Specimens for such testing may be obtained from
shoterete test panels or from in-place shoterete by extracting
cores or sawing cubes and beams (ASTM C42/C42M and
C1604/C1604M).

8.10—Bond strength

Where shotcrete to a high-quality rock interface has been
cored and tested in direct tension, typical bond strengths of
150 to 200 psi (1 to 1.5 MPa) are common (CSA A23.2-6B).
Bond measurements show a substantial degree of variability
unless special provisions are taken during preparation and
sampling. Core samples should be visually inspected to
determine inclination of the interface relative to the core
axis. If the angle of the interface is more than a few degrees
from a right angle, the results of tension or indirect shear
Ioading can measurably distort the estimate of bond proper-
ties, At the completion of such testing, the failure surface of
the cored interface should be inspected. Often, failure of the
specimen does not occur at the plane of the interface, but at

a small angle through solid rock and into the shotcrete. Bond
failure at the interface between rock and shotcrete i1s unusual
unless some latent conditions detrimental to bond exist.

If the interface between the rock and shotcrete 1s rough,
irregular, or undulating, the measured bond properties will
be subject to variability, and the size of the specimen will
influence the results. The nature of shotcrete bond 15 not
completely understood. The bond can, in part, be atiributed
to mechanical or physical keving and friction. and may,
in certain cases, be enhanced chemically where rock and
cement paste react after shotcrete placement. Taken as a
whole, these factors, when considered over the profile of a
tunnel, will produce a wide range of bond strengths. Unless
a large sampling program is used to statistically determine
the range and variability of bond properties, limited test
data should be viewed conservatively should the engineer
attempt to factor such properties into ground support design.

Where a limited number of core specimens have been
extracted from a shotcrete lining, the bond strength test
results should only be used to confirm that the required
minimum bonding has been achieved. A nominal bond can,
and should, be achieved between shoterete and tunnel or
opening profile using standard shoterete practice. Reduced
shoterete bond can occur due to numerous reasons, which
will be discussed in Chapter 16, If QC inspection and
testing results show that the required bonding has not been
achieved, this condition may be considered deficient shot-
crete and, in certain projects, be cause for the issuance of a
nonconformance.

8.11—Fire-induced explosive spalling protection

Polypropylene microfibers have been shown to prevent
explosive spalling of shotcrete when subjected to intense,
hydrocarbon-fueled fires (Tatnall 2002). Localized mining-
induced seismic events can cause stress conditions that result
in explosive spalling (ACI 506.1R).

8.12—Recommended specifications

Recommended specifications for mixture proportioning
are provided in Table &.12, The information is provided in
a guide specification format: the left column provides the
recommended specification language, and the right column
provides notes to the specifier.

Table 3.12'—'E1FEIIHP|'I?-._.Q.1.H{1E S_Eﬂﬂificﬂtiﬂﬂ for E-EI‘TDI"‘I‘I‘IEI"IEE requirements

Section/Part/
Article Recommended specification langnage Notes to the Specifier
£ Performance requirements; Proportion the shotcrete mixture to The specifier should adjust the typical values shown in Table 8.1
meet the performance requirements shown in Table 8.1 to meet the specific requirements for the project at hand.

@seismicisolation
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CHAPTER 9—QUALITY ASSURANCE AND
QUALITY CONTROL

9.1—General

The contractor placing the shoterete should employ a
QC program. On large underground projects, the project
specifications may dictate that the contractor provides a QC
function that includes inspection and testing. Under these
circumstances, the contractor should actively and effectively
participate in the overall project QA/QC program. If subcon-

23

tractors or material suppliers are engaged in the production
or supply of shotcrete, they should also bear their share of
responsibility for the quality of the shoterete. Contractors
operating their own shotcrete production facilities should
assume direct responsibility for QC activities.

This chapter provides an overview of the QA and QC
plans, procedures, and activities associated with the instal-
lation of ground support systems in mining, tunneling, or
underground construction projects. The overview is confined
to typical use of shotcrete in combination with rock bolts,

Table 9.2—Example guide specification for quality assurance and control

Section/
Part/
Article Recommended specification language MNotes to the Specifier

9.1 Cieneral: The owner shall implement a QA program for the work, Such | The owner is typically responsible for quality planning and overall
a program shall include, but not be limited to, these specifications. management that includes the selection of competent orgamzations and

individuals and the establishment of a QA system that will meet the
owner's objectives,

9.1.1 Review of contractor submittals. Refer to Chapter 3. The implementation of established controls should
be described in a quality program that documents the procedures and
instructions to be carried out. Established controls may include supplier
evaluation and selection, procurement documents, receiving inspection,
storage and handling of materials, materials qualification, and records.

0.1.2 Review and approve contractor’s proposed materials. supply, equip- Refer to Chapter 10, The owner should aiso reserve the right to access
ment, and crew. In particular, all shoterete nozzlemen proposed for all applicable records and documents, such as: contractual documents,
usc on the project shall be evaluated in the preconstruction testing quality procedures and instructions, personnel gualifications records.
program-—only nozzlemen approved in writing by the owner shall be | design drawings and calculations, specifications, procurement docu-
used on the project. ments, material qualification records, ficld sketches, shop and working

drawings, change orders, technical reports, photographs, inspection and
The owner shall also reserve the right to either remove the nozzleman | test records, nonconformance reports, shoterete mixture proportions,
from the project or require re-traiming, and reapproval, if nozzleman as-built drawings, contractor’s logs, survey reports, and check reports,
repeatedly produces deficient work or results,

9.1.3 Examine and approve all areas prepared for shotereting, including Refer o Chapter 11 for details on tunnel inspections before shotereting.
preparation of rock, installation of water control measures, anchors,
reinforcement., watérproofing membranes, and devices to control shot-
crete thickness, before application of any shoterete.

9.1.4 Provide inspectors to monitor shotcrete installation, with the authority | Refer to Chapter 11 for details on inspector qualifications and
to require removal and replacement of nonconforming shotcrete while | responsibilities.
still fresh,

9.1.5 Regularly monitor the results of the contractor s quality control testing.

9:1.6 Implement a program for evaluating in-place shoicrete for accepiance | Refer to Chapter 11.
or rejection, where construction test results indicate shotcrete not
conforming to the project specifications.

9.1.7 Implement a program of remedial work, where QA program results
indicate remediation 1s neccssary,

9.2 Cuaality control: The contractor shall implement a QC program for The provisions of a project QA/QC plan are usually implemented using
the shoterete work to ensure compliance with the contract docu- a framewaork of project procedures and drawings, These provide the
ments. Such a program shall include, but not be limited to, these project participants with the necessary and sufficient information for the

. specifications. contractor to satisfy the QA/QC requiremeits established by the design.

A | Maintenance of test records tor all QC operations. Each organization should be responsible for the technical content and
accuracy of their records or documents that furnish evidence of quality
of materials, equipment, or activities. Records or documents should
be signed, or otherwise authenticated. and dated by a responsible indi-
vidual from the organization initiating the record({s). An index should
be established and maintained to identify and retrieve a specific record
by the designated individual or organization.

The project QA/QC organization should retain these records typically

produced during shotcrete operations: batch time delivery, discharge

time, and batch proportions used; admixture quantities used. time

and temperature of batching; placement location; special precautions

for hot or cold weather conditions; and the identity of the qualified
@seismicisolation nozzlemen who performed the work.
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lattice girders, and steel sets when used as composite ground-
support systems, and it focuses on the shoterete application.

9.2—Recommended specifications

Recommended specifications for quality assurance
and control are provided in Table 9.2. The information is
provided in a puide specification format: the left column
provides the recommended specification language. and the
right column provides notes to the specifier.

CHAPTER 10—PRECONSTRUCTION TRIALS
AND TESTING

10.1—General

Preconstruction testing enables the owner to evaluate
conformance of the proposed materials, shotcrete mixture,
equipment, and crew to the specification.

In certain special cases (that 1s, use of prototvpes, final
lining, installation on waterproofing membranes, embedment
of reinforcement/lattice girder), the owner/engineer may
require the contractor to demonstrate certain aspects of the
shoterete installation by in-place testing or by constructing a
mockup. This may require use of part of the tunnel structure
or an alternative surface or subsurface facility, An example

Fig. 10.la—Shotcreting a test panel,

of this type of testing is a demonstration of ground support
installation that includes rock belts, lattice girders, and
shotcrete 1in concert with the excavation process. Prototype
testing can also include both the excavation of test tunnels
and ground support installation. To evaluate the performance
of the ground support including shotcrete, these test tunnel
sections may use geotechnical instrumentation, monitoring,
and numerous sampling and testing methods that require
m-place destructive and nondestructive tests.

Where specific excavation tolerance or finishes are
required. shotcrete application and finishing procedures
should also be demonstrated. If special equipment is to
be used. such as batching, material handling, or shotcrete
placement eguipment, the contractor should demonstrate
the supporting logistics, materials-handling methods, and
procedures. Figures 10.1a and 10.1b illustrate shotcreting a
test panel, Fig. 10.1¢c shows underground test panels, and
Fig. 10.1d shows shotcreting of overhead test panels.

10.2—Recommended specifications

Recommended specifications for preconstruction testing
are provided in Table 10.2, The information 1s provided in
a guide specification format: the left column provides the
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Table 10.2—Example guide specification for preconstruction testing

Section/
Part/
Article Recommended specification language Motes to the Specifier
10.1 Materials quahification Refer to Chapter 4,

10,11 Materials, equipment, personnel, and procedures used in preconstruc- | On large or fime-sensitive projects, consider specilying and preguali-

ton testing shall be those that will be used for the work. fying altermative sources of shoterete consiituents o minimize risk of
project delays. If normal sources are disrupted, alternative materials
that have been prequalified during preconstruction can be substituted.
The potential disruption due to the lack of availability of these mate-
rials 18 therefore minimized.

10.1.2 Materials used in preconstruction testing shall be stored and handled | Refer to Chapter 6.
as specified for the work.

10.2 Nozzleman prequalification The application of shoterete cannot tolerate inexperience or marginal
workmanship. This 1s particularly true where early and effective shot-
crete application is essential to providing a safe working environment,

10.2.1 The preconstruction trial shall be used o prequalify the nozzlemen A shotcrete demonstration, using test panels, provides a simple and
proposed for use on the project, in accordance with ACT CP-640, direct means of evaluating workmanship, strength, uniformity, and
Nozzlemen may also be certified by the Amencan Concrete Insti- other applicable properties as required by project specification. In the
tute as outlined in ACHCP-60 as a prerequisite o prequahification. case of robotic applications, the norzleman should also be required to
Mozzlemen who have not been prequalified shall not be permitted to | shoot panels by hand,

. apply shotereté for the work. . 5

10.2.2 If a prequalification test panel is rejected, the nozzleman shall be Acceptance of nozzlemen is usually contingent upon a nozzleman’s
permitied to shoot a second test panel. If the second test panel is also | successtul placement of shotcrete overhead on a test panel while
rejected, the nozzleman shall not be permitted to shoot for the work | meeting all test requirements. Nozzlemen are required to shoot a
until successful completion of an appropriate training program and vertical panel before they can shoot an overhead panel.
demonstrated ability to shoot suitable guality test panels.

10.2.3 Each nozzleman shall shoot two preconstruction test panels for cach | The test panel configuration typically used to qualify both materials
shooting orientation in the work. The first test panel shall contain no | and acceptable equipment and personnel is deseribed in ASTM C1140/
reinforcements (with the exception of fiber reinforcement) to allow for | C1140M.
extraction of shotcrete specimens for compliance testing. The second
test pancl shall contain a shoterete anchor plate and/or any other rein-
forcing as detailed in the contract documents.

[0.2.4 The test panels shall be produced in saccordance wiath the require- This recommended siee of test panel allows at least nine cores with
ments of ASTM C1140/C] 140M except that they shall have minimum | a minmmum diameter of 3 i, (75 mm) and three ASTM C1 609/
dimensions (at the top of the form) of 2 fix 2 1t x 6 in. (600 x 600 x C1609M6 fexural strength and toughness beams o be extracted. IT
150 mm deep). Test panels shall be made from wood, sealed plywood, | more than 6 in. (150 mm) of shoterete 15 applied to the panel, cores
or steel, and shall have 43-degree sloped-edpe forms o permil escape | with acceptable length-diameter (L/0) aspect ratiog can be rémoved
of rebound and facilitate removal of the shoterete panel. Test panels as descrbed by ASTM CLa04/1604M. A nominal 3 in. (75 mm) core
will weigh over 300 1b (136 kg) and will require lifling assistance. diameter should be nsed. Where an LY i5 less than 2 but greater than

1. an adjustment to the core compressive strength should be made as
described in ASTM Clo04/C1604M.

10.2.5 Field cure preconstruction test panels in the wood forms in the same
manner as the proposed shoterete work (keep out of sun. keep from
freezing, keep damp) for a minimum of 2 days and not more than
3 days before transport to the test laboratory. Transport test panels in
their forms, taking care not to crack or damage the shotcrete during
transportation.

10.2.6 At the laboratory, remove the test panels from their forms and place
in a moist room that is maintained at a temperature of 75 £ 2°F (23 =
[°CY). Maintain test specimens in & moist state in the moist room until
the time of testing.

10.2.7 Al appropriate test ages, extract test specimens from the panels using | Refer to Chapeer 8 and ACH 506, 1R, Visual examination ol cores or
diamond sawing, coring, or hoth, and test them for the specified cul surfaces of beams provides a simple and direct means of deter-
perfonmance parameters. mining the uniformity of shoterete. Note that this s a qualitative, and

nol quantitative, evaluation,

1028 Extract at least one 3 in. (75 mum) diameter core from the location of a | Preconstruction tesiing of rock bolis based on rock bolt installation

rock bolt in the second test panel to check the adequacy of consolida-
tion of shotcreie around the spider and anchor. Two cores shall be
extracted at locations of r-e:'nﬁ:rn:'tng steel (if any).

and pullout testing is considered standard on most projects.

@seismicisolation
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Table 10.2, cont.—Example guide specification for preconstruction testing

10.2.9 Specimens for compressive strength testing 1o ASTM Cla04/1604M | TF cube specimens are required by project specification, then the corre-
and for boiled absorption and volume of permeable voids testing lation factor of 085 should be applied. Core or cube testing becomes
to ASTM C642 shall be 3 in. (75 mm) diameter cores at least 4 in, problematic when early strength tests are required. This requirement
(100 mm) long, or 4 m. (100 mm) cubes cut from the broken ends of | 15 usually imposed when higher shoterete strengths are required. Typi-
fexural prisms. cally, B-hour strengths of 1200 psi (8 MPa) are verified by test panel

SpeCimens.

This means that test facilities, equipment, personnel, logistics, and
handling must be capable of expediting such testing. Cores can typi-
cally be removed after & hours and tested at 8 hours. Cubes can be
acquired as early as 4 hours 1if coring is impractical or disturbs the
shotcrete. Whether the indicated tumelines can be met is highly depen-
dent on the shoterete mixture proportion, including accelerator type
and dosage, and on shotcrete and substrate temperatures.

10.2.10 Specimens for flexural strength and toughness testing to ASTM Fiber-reinforced shotcrete is normally tested in accordance with
C1609CTo09M shall be 4 x4 x 14 in. (100 x 100 x 350 mm) prisms. | ASTM C1609/C 1609M. If post-cracking properties were specified
Specimens for flexural toughness testing to ASTM C1550 shall be in the ground support design, demonstrating that the fiber reinforce-
32 in. (800 mm) diameter by 3 in. (75 mm} thick. ment system is performing as required is important. Toughness values

are typically used but should be compatible with the project service
conditions.

10.3 Mixture proportioning qualification Refer to Chapter 7.

10.3.1 Mixture used in preconstruction testing shall be the same proposed for | Refer o Chapter 12,
production work.

10.3.2 If the preconstruction test specimens fail to meet the performance
requirements, make the necessary adjusiments in shotcrete materials,
mixture proportions, or application procedures, and reshoot test
pangls. Mo shotcrete work shall commence until the preconstruction
performance testing requirements have been met.

0.4 Final lining gualification

10.4.1 Shoterete final lining installation and finishing procedures shall be
demonstrated to the satisfaction of the owner on a large-scale mockup
priot to the start of constmaction. The mock-up shall simulate the
in-place conditions as realistic as possible and shall include reinforce-
ment, lattice girders, and waterproofing membranes, as applicable. In
addition, finishing procedures and tolerance, as specified by AJE, shall

| be tested,

recommended specification language. and the night column
provides notes to the specifier,

CHAPTER 11—CONSTRUCTION ACCEPTANCE
INSPECTION

11.1—General

Construction acceptance inspection is key for an effective,
efficient, and safe project, especially in the case of ground
support or final lining installation and shotcrete application.
The term “inspection,” as used in this chapter, includes not
only visual observations and field measurements, but also
laboratory testing on samples taken during production work
as well as assembly and evaluation of test data. The ability
of the inspector to observe and recognize potential problems
Is essential.

On complex shotcrete projects, qualified or certified
shotcrete inspectors with relevant underground experience
should be engaged for the project (ACI CPP 661.1).

11.2—Acceptance inspection

The owner’s project engineer should evaluate the need to
conduct preconstruction testing and determine the overall
scope of associated testing requirements. Sampling and

testing of shotcrete at established intervals during construc-
tion s usually required. Some properties need to be moni-
tored on a shifi-by-shift basis, and others on a daily, weekly,
or monthly basis, Where ground support installation becomes
critical during the excavation cycle. shoterete placement
may become subject to inspection and testing on a shift-by-
shift basis. Inspection requirements should be commensu-
rate with complexity and scale of the project (ACT 506 4R).

Qualification tests may be repeated during construction
when the source of shotcrete materials, batching methods, or
shoterete personnel changes. Mill analyses for cement, batch
receipts for aggregates, and admixture supplier information
usually satisfy the requirements for receipt inspection and
acceptance. Daily inspection of both mass- and volumetric-
batching equipment may be necessary depending on the
overall scale of production. Inspection of the excavation
heading should typically take place on a preplacement and
post-placement basis as part of the acceptance process. To
the extent external conditions affect batching or delivery to
the project site, hot or cold weather precautions should be
implemented and subjected to inspection and testing. Where
testing is required to confirm early-age shotcrete strength for
initial support, specific efforts should be made to provide test
panel specimens and the subsequent means of curing and
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Table 11.2.1—Scope of activities recommended for shoicrete acceptance inspection program

Project magnitude

Activity Complex project

Moderate project

Minor project

Before construction: sampling and Complete prequalification of

Om sclected critical propertics

Not required; use of proven matenal

testing of shotcrete matenals requirad properties as specified
.Eicfhrc.: EI]r.LﬁTI'lH.:l'Jﬂ-ﬂ: mspec- In sceotdance with ASTM 94/ R;gular inspection at intervals CS[E:!J—- .
tion and calibration of batching lished by the owner or the owner’s Mot required

P e C94M or ASTM CoBS/CoR3M

representative

Before construction: shotcreting
equipment, skill of the crew, and

procedures

Preconstruction testing on panels and
large-scale mockups
{final limng only)

Preconstruction testing on panels and
reference projects of similar size and
complexity

Oualified or certified nozzleman
{ACT CPP 660.1)

At established intervals for selected
critical propertics on a shift (daily,
woeekly, or monthly basis)

During construction: inspection of
shotcrete materials

Regular inspection at intervals estab-
lished by the owner or the owner's

representative

Imitially, then at random

During construction: inspection of

batching operations with checks Full time
for vields

Inspection of preplacement and

placement activities {(including Full time

curing)

Regular inspection at intervals estab-
lished by the owner or the owner’s
representative

Regular inspection at intervals estab-
lished by the owner or the owner's
representative

Random

| Regular inspection of placement activ-

ities at intervals established by the
owner or the owner's Tepresentative

Monitoring of shotcrete matutity
using test panels, in-place cores,
and evaluation of shotcrete using
nondestructive testing programs

Comprehensive

Laboratory tests of shoterete
cores, cubes, or beams for accep-
tance of shotcrete performance

Fully reguired

As needed Contractor submits test samples

Fully required Shoterete strength only

transporting. This can cause logistical and scheduling prob-
lems when construction operations take place on a 24-hour
basis. Alternatively, methods such as penetration needle and
stud driving methods can be used in place or on test panels.

11.2.1 Duties of inspection team—Whereas the basic
approach is the same, detailed duties and emphasis may vary
for the inspection forces involved in small to large projects
(Table 11.2.1). The owner’s mspection force will often place
emphasis on inspection of the fimished structure, inspection
of shotcrete materials as they are delivered to the project,
and testing of the fresh shotcrete and hardened shoterete.
On the other hand, the contractor’s quality control inspec-
tion force will emphasize inspection of matenals, produc-
tion processes, and placement of reinforcement. These are
the most frequently encountered assignments;

(a) Identification, examination, and acceptance of shot-

crete materials, This includes verification of quality based

on certifications and test results from producers and

supphers, as well as samphing and testing of materials

delivered to the job site

(b) Control of mixture proportioning and adjustments,

batching, and consistency testing

(¢) Examination of the tunnel heading and all surfaces to

receive shotcrete, including structural steel, reinforcing

steel, embedded items, ground surface preparation, control

of water flow, and other preparatory work

(d) Inspection of batching, mixing, conveying, placing,

finishing, curing, and protection of shotcrete

(¢) Inspection of other support elements, such as lattice

girders, rock bolts, welded wire reinforcement, or steel
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sets, that are an integral part of or affect the installation of

the shotcrete lining

(f) Preparation of any required test panecls or acquiring

in-place shotcrete specimens for laboratory tests and

curing and protection of these specimens

{g) General observation of the contractor’s plant and

equipment, tunnel conditions, external weather condi-

tions, and other items aftecting shotcrete or other related
parts of the underground opening

(h) Evaluation of test results and performance charts

(1) Venfication that unacceptable items (that 15, defective

shoterete) and procedures are corrected

(j) Preparation of records and reports

(k) Documentation of sequence and timing of shotcrete

placement and subsequent testing

11.2.2 Qualifications af inspectors—Inspectors should
be individuals who have both practical experience and
technical understanding of the principles involved in the
assigned construction. They should know the technical
requirements required for nozzleman certification. Inexperi-
enced but technically trained individuals should serve for a
period of on-the-job training under the supervision of more
experienced mmdividuals before working alone,

11.2.3 Experience, education, and certification of inspec-
tors—Inspectors need knowledge of and experience in
quality control to ensure effective and efficient shoterete
placement for underground suppott. Inspectors should
have some general experience in underground construction,
specifically excavation and ground support installation: pref-
erably have worked or been certified as nozzlemen: and have
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the benefit of supervisory experience in batching, handling,
and testing of shotcrete. Inspectors should be observant, able
to evaluate the relative importance of various work items
and provide greater attention to important matters.

[nspectors should be completely familiar with all accep-
tance criteria of the contract documents. Inspectors should be
capable of promptly documenting and reporting nonconfor-
mances to the contractor’s and their own supervisors. Certi-
fication of inspectors and technicians is typical and should
be mandatory for medium-to-large underground construc-
tion projects. Training and certification provide third-party
assurance that the inspector or technician possesses at
least basic skills and knowledge to perform the job. ACI
provides certification for shotcrete nozzlemen, shotcrete
inspectors, and for several grades of field and laboratory
concrete technicians.,

11.3—Specific inspection and testing quality
control requirements for underground shotcrete

Much of the background needed to produce a shotcrete
system for ground support s provided in this guide. The
imformation in the next few paragraphs 15 a summary of
important points to guide project quality control personnel
during the inspection and testing of shotcrete used for
underground support. Guidelines and checklists for trouble-
shooting problems with shoterete are given in Mahar et al.
(1975). Though the following paragraphs address guality
control for the complex project, they apply in a general, but
less comprehensive, way to moderate and minor projects.

11.3.1 Study of project drawings and specifications—The
project contract documents are the main criteria governing
the decisions and actions of an inspector; therefore; a clear
understanding of the specifications and drawings is essen-
tial. The project drawings and specifications constitute the
basis of all acceptance and rejection criteria,

The inspection staff should know and understand the
project drawings and specifications and correctly apply the
project acceptance and rejection criteria. Lack of under-
standing on the part of the inspection or testing staff can lead

to inconsistent application of the acceptance criteria. Inspec-
tors should know all permissible tolerances and procedures
required to document, record, and report the project work.
The owner/engineer’s inspection staft should also become
familiar with the contractor’s plant, calibrations, equipment,
personnel, organization, and methods.

The owner’s inspection staff should also be aware that in
case of critical or emergency conditions at the tunnel face
(that is, instabilities or raveling ground), it might be neces-
sary to waive some quality criteria and emphasize the need
to get shoterete support installed quickly to mitigate the risk
of greater damage.

11.3.2 Shotcrete proportioning—The inspection staff
should understand the process and details regarding the type
and selection of constitutive shotcrete materials, including
tests of aggregates discussed in Chapter 4. Similarly, inspec-
tors should understand the means of proportioning the shot-
crete mixture, including mixture computations (grading of
mixed aggregates, cement content, w/cm, batch guantities,
and yield),

11.3.3 Selection, acceptance inspection, and testing of
ground support materials—In addition to a general back-
ground and experience with all ground support materials
(specifically shoterete), the inspection staff should under-
stand the process and details concerning the receipt inspec-
tion, identification, and recording of quality; acceptability;
uniformity; storage conditions; handling methods; and
disposal of wasted, contaminated, or damaged materials.
The inspection staff should be experienced with the mate-
rials tests shown in Table 11.3.3.

11.3.4 Tunnel inspections before shotereting—The first,
and most important, inspection involves inspection of the
tunnel or excavation heading to ensure that conditions are
sufficiently safe for ground support installation. This should
take place after the contractor has scaled or removed loose
material from the excavation profile. The ling, grade, and
profile should be inspected for tights or overbreak to deter-
mine if excavation tolerance and tunnel line and grade
comply with the project drawing and specifications. The

Table 11.3.3—Acceptance inspection and testing of ground support materials

Material Test tvpe Tested elements
Acceptability Crading, organic mauer,. deleterious HH!‘._I:‘-'[H.HC'-EH._ soundness,
and resistance w abrasion
Aggregates By Includes moisture absorption, specific gravity, and density;
' refer to ASTM C33/C33M
Assessment Storage conditions, protection from dampness

Sampling for laboratory tests

Fefer to ASTM C1436

Cements, pozzolans. and admixtures

Assessment

Storage conditions, protection from dampness

Structural and reinforcing steel: stegl sets, lattice girders,
and other reinforcement

Rock bolis

Fixtures, such as bolts, plates, tie rods, and collar braces

Welded wire remmloreement

Other materials, such as epoxy resins and cementitious
grouts for rock bolt installation, and lagging and blocking

Acceptance inspection

@seismicisolation

Size, section, weight, bending, surface condition, condition
of connections, such as butt plates and accessory bolts

Length and type {mechanical or grouted)

Size, section, weight, condition

Size, section, weight, condition

Storage conditions, prolection from dampness
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mspection should include the location, dimensions, shape,
drainage, and preparation of surfaces, and, if applicable,
installed reinforcement.

11.3.4.1 Inspection of surfaces—Preshift inspections of
underground work areas are a mandatory part of any under-
ground construction program. The owner’s inspector 1s not
responsible for contractor safety. The inspector 15 respon-
sible, however, for determining 1f the surfaces to receive
shotcrete are appropnately cleaned and ready. The mspec-
tion is typically carried out by the supervisor for the work
activity and may or may not be part of a regulated process.

11.3.4.2 Preparation of surfaces—Work involved with
the preparation of surfaces is discussed in Sections 16.2 and
16.3. The inspector should ensure that these processes are
carried out. In cases where a waterproofing membrane is
mstalled on top of the surface, additional smoothness and
other requirements may apply.

11.3.4.3 Reinforcement in place—Inspection items may
melude: size (diameter, length, bends, and end anchorage);
location (number of bars, mimmum clear spacing., and
minimum coverage); splicing; stability (tie wire, chairs, and
spacers); and openings not shown on drawings.

11.3.4.3 Waterproofing membrane in place—Inspection
items may include: proper fixation, sagging, welded seams
(visual inspection and testing), and repair of punctures,
After installation of reinforcement on top of the membrane,
an additional inspection before shooting (or casting) the
final lining should be conducted to detect punctures of the
membrane, In general, welding, burning, and cutting of rein-
forcement should be avoided or special protection measures
must be used to prevent puncture of the membrane and fire
hazard. For detailed information about shotcrete application
over sheet waterproofing membrane, please refer to “ASA
Underground Committee Position Statement #27.

11.3.5 Tunnel inspections during shotcreting

11.3.5.1 Shotcrete placement—The following inspection
items should be considered:

(a) Work conditions: Preparations completed, specified

interval since previous placement, lighting, covering, and

protection (Fig. 11.3.5.1 15 a photograph of a well-lighted

tunnel heading)

(b) Batching: Cement and supplementary cementitious

materials, aggregates, water, and admixtures. Batching

devices and yield of shotcrete checked

(¢c) Control of consistency: Observations of mixture

being shot, tests, and adjustments to water and admixtures

in mixture

(d) Monitoring of air content in the hopper and out of the

nozzle (tor wet-mix shotcrete only)

(e) Mixture temperature

(f) Accelerator dosage

(g) Conveying: No segregation of materials; no excessive

stiffening or drying out; time limits (can use hydration

control admixtures to eliminate these problems)

(hy Placing: Materials (acceptability and quantities);

condition of equipment; preliminary mixing pressures (air

and water); preparation of surfaces; application (nozzle

distance and angle; thickness; no sagging, no emhedmeaion

American Concrete Institute — Copyrighted © Material — www.concrate,.org

Fig. 11.3.5. 1—Well-lighted tunnel heading.

of rebound; full embedment of reinforcement; no spalling:
no construction joints are required at the end of a shift
except when required at the end of a shift); no separa-
tion at waterproofing membrane; surface finish; curing;
and testing schedule. For fresh shoterete, deficiencies
observed should be reported at time of placement

11.3.5.2 After shotcrete placement—Inspection items may
mclude; protection from damage, impact, and vibration;
rebound removal and clean-up; curing (surfaces continu-
ously moist; time when curing begins; length of curing
period [hot or cold conditions]); applied thickness: deficien-
cigs of hardened shotcrete after placement; and repair and
rehabilitation of defective shotcrete.

11.3.6 Inspection recovds and reports—Records and
reports may include: materials; mixture computations;
batching and mixing, placing, and curing: testing results;
daily summary reports; diary; and photographs marked with
date, station, and direction.

11.4—Cold placement conditions

special care 15 required in inspecting shotcrete under cold
conditions. It may be necessary to limit shotcreting to accept-
able temperatures and times, Other items for inspection
include: heated storage bins that prevent freezing of mate-
rials; heating materials (use of hot water), contact surfaces,
and enclosure; protection of materials from freezing, drving,
carbonation, and carbon dioxide; special preparation of rock
surfaces; and special measures to prevent freezing and to
promote improved curing.

11.5—Hot placement conditions

Special measures are also required in inspecting shotcrete
under hot conditions. Items for inspection include: cooling
materials; prewetting aggregates and contact surfaces:
protecting concrete; and limiting combinations of ventila-
tion, relative humidity, and ambient temperature.

11.6—Shotcrete acceptance and rejection

The acceptance or rejection of fresh and in-place shoterete
13 typically subject to inspection, testing, and acceptance on
the part of the project QA/QC organization responsible for
such activities,

In-place shoterete is considered acceptable when all
inspection and testing reports required by the project QA/
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QC program verify that the performance requirements
identified in the project specifications and drawings have
been satisfied.

sSpecific deficiencies can include but are not limited to:
excessive voids: debonding from receiving surface or struc-
ture; delamination; improper encapsulation of reinforcement
or other support members, laitance, sand pockets, or trapped
rebound; cracking, sloughing, or spalling: low compres-
sive strength, density, or high permeability; or deficiency in
another property considered critical to performance.

Such deficiencies can only be determined by means of
inspection, testing, and evaluation, as noted previously, in
accordance with project QA/QC procedures, as specified by
the project engineer.

11.7—Recommended specifications

Recommended specifications for inspection are provided
in Table 11.7. The information is provided in a guide speci-
fication format: the left column provides the recommended
specification language, and the right column provides notes
to the specifier.

Table 11.7—Example guide specification for inspection

Section/
Part/
Article Recommended specification language Notes to the Specifier

11.1 Shotcrete materials testing

11.1.1 For mixtures weight-batched on site, regularly monitor aggregate grading The suggested frequency i1s daily enless moisture content obwvi-
and moisture content. One moisture content check shall be made at the ously has not changed.
startup of cach shotereting operation and with any indication of change in
aggregate moisture content.

11.1:2 For dry-bagged, premixed materials, conduct washout 1esting o check The suggested frequency is one washoul 1est after each
cementibious content, aggregate grading, and fiber content in fiber-reinforced | delivery of dryv-bagged premixed materials until gquality is
shoterete, at the frequency specified by the engineer, confirmed.

11.1.3 For mixtures volume-batched on site, check aggregate moisture content and | The suggested frequency is daily unless moisture content obvi-
mixture proportions at the frequency specified by the engineer. ously has not changed.

11.1.4 Perform physical testing for the hardened shotcrete performance param- The suggested frequency is every 40 vd* {30 m"), or for each
eters specified in the contract documents, at the frequency specified by the | day’s shooting.

ENgineer.

11.2 Construction testing sampling and testing of shoterete at established intervals

11:24 Shoot one construction test panel for each noezle ortentation for each day dmmg ':':f"5tm':t_m“ 13 ‘.'5'1“*"}’ required, [f nozzlemen are
of shoterete production, or every 50 yd® (40 m?) of shoterete, whichever is | Working in multiple shifts, each nozzleman should comply.
more frequent.

In large, long-lasting projects, the frequency of testing may be
relaxed at the discretion of the owner or the engineer, if consis-
tently compliant test results are demonstrated during imitial
construction and testmg,

11.22 Test panels shall have the same dimensions as preconstruction test panels Refer to Example Specification and Motes to the Specifier
but shall contain no reinforcement or embedments (other than fiber Secton 10.2.4,
reinforcement).

11.2:3 For each test panel shot, keep a record of date/time shot. shotcrete mixtuve,
personnel shooting panel, temperature and weather conditions, date panel
shipped, and date received by laboratory.

11.2.4 Test specimens shall be prepared and tested in the same manner prescnbed | Refer to Example Specifications and Notes to the Specifier
for preconstruction test specimens. Store, handle, and cure construction test | Sections 10.2.5 through 10.2.10.
panels in the manner prescribed for preconstruction test panels,

i1.2.5 Adjust measured compressive strengths to equivalent 2;1 length: diameter In addition, 1f early strength 15 important, strength test will also
cores, using the core correction factors given in ASTM C42/C42M. Three be conducted at the age of 8 hours or as otherwise specified by
J3an. (75 mm) diameter cores shall be tested at both 7 and 28 days. the enginger,

1126 The mean compressive strength for a set of three cores from test panels shall
equal or exceed the specified strength.

11.2.7 Specimens for boiled absorption and permeable voids testing to ASTM
C6d2 shall be 4 in. (100 mm) cubes cut from the broken ends of flexural
test prisms or extracted 3 in. (75 mm) diameter cores at least 4 n. {100 mm)
long. Test three specimens, starting the test 7 davs after shooting.
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11.2.5

11.4
11.4.1

11.4.2

11.4.3

11,44

11.4.5

146
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Early strength shall be tested either in-place or at test panels with penctrom-
eters and/or stud driving method. For each test, keep a record of date/time
shot, shoterete mixture, personne] shooting pancl, temperature and weather

conditions, and test result, especially if used for re-entry crtena,

Inspection/acceptance: Using Table 11.2.1, create specifications based on

project size and complexity.

Accepiance

Shotcrete that does not conform to the specifications may be rejected by the
owner either during the shoterete application process or based on tests on

test panels or on the completed work.

Deficiencies observed duning the shoterete application include, but are not

lirmitedl tos:

{a) Failure to properly control and remove buildup of overspray and rebound
{b) Incomplete embedment of reinforcing steel and anchors by shotcrete

{c) Excessive shotcrete rebound, or fiber rebound

{d) Incorporation of excessive voids, sand or rock pockets, delaminations, or

laitance
{e) Failure 1o apply shoicrete to the required thickness

{1} Cracking, sageing, or sloughing

{g) Unacceptable strength, density, permeability, or a deficiency in another

property critical to performance

Perform remedial work to correct deficiencies while the shotcrete 1s still

fresh.

The engincer shall cxamine the hardened shoterete for any evidence of
excessive plastic or- drving-shrinkage cracking, tears, feather edging,

sloughing, or other ohservable deficiencics.

If the results of compliance tests from shoterete test panels or assessment

of the in-place plastic and hardened shotcrete indicate nonconformance ol
the shoterete to the specifications, the engineer will implement a program of
evaluation of the in-place shoterete. Such evaluation may mclude, but not be

limited to:

{a) Extraction of cores from the in-place shotcrete and testng of such cores

for compliance to the project specifications

{b} Checking for delaminations or debonded shotcrete using sounding or

other appropriate nondestructive testing procedures

{c) Diamond saw-cutting or coring to check the adequacy of encasement of

rock bolts and reinforcing bars or welded wire reinforcement.

Shotcrete that is nonconforming shall be removed and replaced by the
contractor. Altermatively, if approved by the owner, additional shotcrete shall

be applied.
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Often, a certain early strength tested with a penctrometer or
stud driving method as re-entry criteria is used when the shot-
crete strength is insufficient to allow for extraction of cores.

The tests are quick, easy, and provide a good imdication if there
are problems with the strength development, However, test
results need o be properly documented.

The tests are a crude correlation to the in-place compres-

sive strength and a representative number of tests need o be
completed. Criteria for pass/fail should be established by the
contractor, as the early-age strength impacts the construction
schedule and generally does not have an impact on the final
strength or durability properties.

Acceptance inspections should be sufficiently frequent and
detailed to permit adequate evaluation of the shotcrete process
and the products resulting from that process.

Refer to 11.6 for & defimtion of deficient shoterete.

Refer to 11,6 for a defimtion of deficient shotcrete.

Fresh shotcrete 18 more easily removed than hardened
shotcrete.

Sounding rod or hammer should be used to check for delamina-
tions and debonded shoterete,

The disposition of the nonconformance should be commensu-
rate with the complexity and performance requirements of the
slructure.

Destructive tests for final linings should be limited to the abso-
lute minimum, especially il a waterproofing membrane 15 used.

[f the project QA organizations determine to accept the shot-
crete “as-is,” no turther remedial action will be necessary.
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11.8—Recommended QC Inspection and Testing Recommended QC Inspection and Testing Checklist is
Checklist provided in Table 11.8.
Table 11.8—Underground shotcrete quality control inspection and testing
Inspection during References
Details construction {ACI documents) Frequency”
-Apggregate moisture content Mixtare batch ticket | Dratly
Omee for new source, new
Aggregate gradation production, or once for every
Mixture design SIONES
Cement certificates
Poezolans/cementitious materials Initial submittal
Chemical admixtures
; . Count rotation for mixing, fibers, site-
Materials added on site bissed buteliing, ehenisal adnilviunes Every truck load
Central mixing or truck mixing | Start of the project
Mixing method of batch plant =
Batch time, delivery time | Every truck load
Wet-mix delivered materials”
totbjcabirs Temperature Every truck load
Bagged dry-mix Temperature Every 50 vd' (40 m™) or daily
Wet-mix slump Every truck load
Wet-mix air content Fvery 50 vd' (40 m")
Steel set
Structural and reinforcing steel | Lattice girders R|guht_3.r. align- :
rior to placement Walded wirs reinf ment, COVErRge, Dhaily
P & wire reinforcement splicing
Orher reinforcement
Calibration of batching B » ASTM C94/C94M or Efzjmgsﬂﬁzﬂ'{ﬂjm o
equipment ASTM CoR5/CaE5M &
every month)
Venfication of accelerator use  Rate of accelerator to shoteréte volume | Accelerator dosage Daily

Verification of predempener

aperation, if used Daily

Concrete mixture design

Yields ; ;
WA and specification

Imitial submirtal

Scaling, S5D, possible loose behind
wire mesh, excessive moisture on the

SUHE preparsisn surface, water diversion, lagging and ML e
blocking
. Loose wire mesh tightness _ All the area
Adequate underground lighting | All the area
Services including air volume,
power, water pressure and All the area
ventilation
Application Proper norzling techniques | |
Fimishing As specified | |
Cunng (il specified) Follow manufacturer’s instructions
Shc:.tn::rete field and laboratory e sy
testing
Slump As submitted
Panel plrmjuctinn- handling, curing and As submitted
profection
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Table 11.8, cont.—Underground shotcrete quality control inspection and testing

| Compressive strength Tor cores

Omne set of three cores every
50 vd® (40 m*) or everyday
sholerele work

ASTM Clald/C1604M

| Penetration needling testing for earlv-
| apge strength

Initial submittal or as

ASTM C1117 st

Early-age compressive strength for end
beam testing

Tmitial submitial or as

ASTM C116 modified siseciflaa

| Volume of permeable voids and boiled
absarption (if specified)

Initial submittal or as

ASTM ChH42 specified

| Fle wural toughness for fiber-reinforced
shoterete to ASTM C1A09°C LA09N (i
specified)

Imitial submittal or as

: ; f .
ASTM C1609C1a09M specified

Flexural toughness for fiber-reinforced
_ shoterete to ASTM C1330 (if specified)

Initial submirttal or as

ASTM C1550 xarified

. Safety protections, including PPE and
procedures for re-entry, confined space,
| or any other site-specific requirement

Follow job safety reguirement

Mine or tunnel information including
location, survey markings, levels

CHAPTER 12—BATCHING, MIXING, AND SUPPLY

12.1—Handling of bulk bin-bags

When bulk bin-bags are used, a forklift is typically used to
place the bag directly over the hopper of the pre-dampening
unit or the shoterete machine, The bag 15 opened by pulling
on a string, thus allowing the dry material to gradually flow
from the bag and into the shoterete equipment. Silos are also
used; they can hold up to six bulk bags at a time and can be
placed directly above the hopper. This eliminates the need to
have a forklift in the way. It also increases productivity by
keeping a consistent supply of material.

12.2—Quality control considerations
There are several advantages to dry-packaged supply over
traditional central or transit mixers:
(a) With use of proper plastic shrink-wrapping, materials
can be stored outside for months without any risk of dete-
rioration as long as temperatures are within acceptable
limits of 40 to 85°F (5 to 30°C)

"Note: The testing frequency might be reduced upon satisfactory consistent results and approved by the owner.

(b) Greater control of quality is possible because mate-

rials are proportioned by mass and without any influence

of moisture

(c) There is no risk of premature cement hydration that

can be caused by moist aggregates in the dry-mix process

whenever an accelerator admixture is used

There are also some quality control disadvantages to dry-
packaged supply:

(a) Storage facility or space is needed

(b) Product temperature needs to be maintained if stored

on site for long periods

(¢) There is the risk of rainwater or snow penetrating

through the bags of matenal (covers are needed).

12.3—Recommended specifications

Recommended specifications for batching, mixing,
and supply are provided in Table 12.3. The information is
provided in a guide specification format: the left column
provides the recommended specification language, and the
right column provides notes to the specifier.

Table 12.3—Example guide specification for batching, mixing, and supply

using ong of these systems:

{a) Central mixing with transit mixture delivery
{b) Transit mixing and delivery

{¢) Volumetric batching, mobile mixer unit

O Aite.

{d} Packaged, preblended, dry, combined matenals with water added

Section/
Part/
Article Recommended specification language Notes to the Specifier
12:1 Batching, mixing, and supply: weét-mix shotcrete
12.1.1 General; Wet-mix shoterete shall be batched, mixed and supplied Logstics and eost usually dictate the method selected by contractor

MNote that volumetric batching requires more inspection by the owner.
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Table 12.3, cont.—Example guide specification for batching, mixing, and supply

j i
12:1.2:1

12.1.2.2

12.1.2.3

12.1.2.4

| .5

12.1.3
12.1.3.1

12.1.4
12.1.4.1

12.1.4.2

12.1.4.3

12.1.44

12.1.4.5

12.1.4.6

12.1.5
12.1.5.1

Centiaf mixing and supply

Agpgrepate, cement, and supplementary cementitious materials and
fibers shall be mass batched 1 a central mixang plant and delivered
in a transit mixer in accordance with the requirements of ASTM C94/
C94M or C1116/C1116M. Water and chemical admixtures shall be
either mass or volumetrically batched. Weighing equipment shall be
capable of batching to the accuracy specified in ASTM C94/C94M.

Add shoterete materials, including fibers, in a sequence that ensures
uniform mixing and dispersion.

Transit mixers shall be free of accumulations of hardened shotcrete
or concrete in the drum or on the blades. Blades shall be free of
excessive wear. Transit dehvery shall conform to the requircments of
ASTM CO4/C4M,

One retempenng with high-range water-reducing admixture added
directly to the ransit mixer dunng the penod of discharge shall be
permitted to maintain workability (slump) of shoterete within the
specified range of 3+ | in. (80 = 30 mm). Mixing shall continue for a
minimum period of 5 minutes at rated mixing speed afier adding high-
range water-reducing admixture to the transil mixer.

All shoterete shall be shot within 90 minutes after addition of mixing
water to the baich unless otherwise approved; special set-refarding or
hydration-controlling admixtures are used to extend the working life
of the shotcrete. Scheduling of shotcrete delivery and shotcrete load
size shall be such that this requirement is met.

Transit mixing and supply

The same requirements shall apply as specified for central mixing
excepl that all ingredients shall be added directly to the transit mixer.
Transit mixers shall be charged to not more than 70% of their rated
capacity, to enable efficient mixing action.

Felumetric site batohing

The mobile mixer unit for volumetrie site batching shall conform to
the requirements of ASTM C6E5/CHE5M.

The equipment shall be capable of thoroughly mixing materials in
sufficient quantity to maintain shotcreting continuity.

Calibrate equipment in accordance with the requirements of ASTM
CHR5/CHR5M at the start of every shift or for every 50 yd® (40 m")
of shoterete batched, whichever 1s more frequent, using a mass batch
check of the volumetric proportioning.

Feed svstems for all matenals (cement, supplementary cemenbitiowns
materials, aggregates, admixtures, and fibers) shall be interconnected
such that if one feed stops or changes rate, they all follow.

Thoroughly clean equipment at least once per shift to prevent accumu-
lation of aged material.

Apply shotcrete within 90 minutes of mixing unless approved, special
set retarders or hydration-controlling admixtures are used to extend
the working life of the shotcrete. Aged material shall be discarded and
not applied in the work,

Packaged, preblended, drv. combined supply
The use of packaged supply with water addition at the site shall be
permitted, provided the contractor can demonstrate uniform mixing

of the shotcrete and satisfactory conformance o all the project perfor-
MANCE requiraments.

Batching, mixing and supply: drv-mix shotcrete
Creneral

Dry-mix shoterete shall be batched, mixed, and supplied by one of
these methods:

(&) Site batching using volumetnic batching units

(b} Site batching using mass batching units and rotary transit mixer
supply

(c) Packaged, preblended, dry, combined material supplied in either
small paper bags or large, synthetic cloth, bulk bin-bags

Requires imspector to have the time and proper equipment to
accomplish,
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Table 12.3, cont.—Example guide specification for batching, mixing, and supply

1222 Fedimetric site batching and supply
12.2.2.1 The same criteria specified in Example Specification 12.1.4 for
volumetric site batching for wet-mix shotcrete shall apply for dry-mix
shotcrete. except that all dov-mix shoterete shall be shot within
45 minutes of first contact of cement with moisture.
12.2.3 Muass batching and supply
12.2.3.1 The same ¢ntena specified in Example Specification 12.1.2 for central
muxing and supply of wet-rmix shoterete shall apply for drv-mix shot-
erete, excepl that the bulk of the water shall be added at the water ring
at the nozzle during the shotcrete application process, and all dry-mix
shoterete shall be shot withun 45 munuwtes of first contact of cement
with moisfune,
12.2.4 Packaged, preblended, dryv, combined baiching and supply Preblended desiccated shoicrete can be supplied on sie containing
12.2.4.1 | Packaged shoterete shall be mass-batched in conformance with the ‘f"“ the TeCEssaEY ingredients accurately dlused (fibers and accelerator
requirements of ASTM C1480/C1450M. All aggregates shall be dried included) in either small paper bags (typically 63 Ib [30 kg]) or large
to a moisture content of less than 0. 1% by mass, based on oven drying plastic bulk bin-bags (up to 3300 [b [1500 keg]). This is usually the
at 220 to 230°F (105 to 110°C), supply method of choice for remote areas or mines and tunnels using
the dry-mix process. Refer to Section 12.1.
12.2.4.2 | Protect packaged shoterete from cxposure to moisture during Refer to Section 12.2.
handling, transport, and storage, Discard any bags that display lumps
of prehydrated shoterete.

CHAPTER 13—PLACING EQUIPMENT

13.1—General

Machines for both wet-mix and dry-mix shotcrete place-
ment are capable of delivering an adjustable flow of concrete
materials through a delivery line to a nozzle.

13.2—Pumps for wet-mix

The development of concrete pumps suitable for wet-mix
shotcrete delivery has allowed many innovations in the use
of shotcrete for underground construction. Several tyvpes are
acceptable, including continuous cavity, peristaltic tube,
pressure vessel, and rotary machines that operate similarly
to dry guns. Nevertheless, the hydraulic, twin-piston type of
concrete pump is most commonly used. Figure 13.2a is a
diagram of piston-type pump, and Fig. 13.2bis a photograph
of a penstaltic type.

The concrete pump selected for shotcrete application
should be capable of pumping materials from the larger-
diameter material cylinders to and through reduced-diameter
conveying lines and providing continuous flow to the nozzle
system at the exit end. Manufacturers should be consulted
regarding operation and suitability for specific shoterete
mixtures and applications. As in the dry-mix, the machines
used for placement of wet-mix shotcrete are metering
devices, and proper operation does not alter the materials.
The mixture proportions in-place will be different from
the as-batched proportions, however, because of rebound
and a reduction in the air content of air-entrained shotcrete
during pumping,

If large quantities of wet-mix shotcrete, accelerated with
liquid accelerators, are used, an accelerator pump that is
controlled by, and automatically synchronized with, the
concrete pump is recommended.

@seismicisolation
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Fig. 13.2b—Peristaltic-type pump.

13.3—Guns for dry-mix

Dry-mix equipment historically consisted of double-
tank, pressure vessel-type guns, followed by rotary barrel
machines, and then bowl-type machines. All are accept-
able for shotcrete application, and all are designed to meter
material into a moving air stream that passes through the
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Fig. 13.3—GM57: rotary barrel gun with cutaway view.

machine. Figure 13.3 is a photograph of a typical rotary
barrel machine. A description of the principle can be found in
ACT 506R and in manufacturers’ literature. Proper operation
of all dry shotcrete machines does not appreciably alter the
condition or consistency of the materials that are delivered
into or through the equipment. Proper installation, operation,
and maintenance are essential, however, for acceptable shot-
crete application.

13.4—Nozzle systems

The nozzle system in both dry-mix and wet-mix shotcrete
methods is an important component of the process. The
dry-mix nozzle is a mechanism attached to the end of the
conveying hose that consists of a water input chamber and
water ring designed to inject water mto the passing mate-
rial stream. The water control valve fitted to the chamber
should be convenient for the operator and accurate in the
control of injected water. The nozzle tip is configured to
briefly upset the flow of matenal and provide turbulence for
mixing the water and material before jetting it into place on
the substrate. There are various styles suitable for applica-
tion. Choices should be made on the basis of experience and
performance suited for the specific application,

Nozzle systems for wet-mix application are complex in
their function. They should receive a flow of material that
is extruded from a concrete pump at a speed of 3 to 6 fit/s
(1 to 2 m/s) and be provided with adequate air input to
interact with the material stream. Nozzle systems then expel
the material at high velocity—approximately 60 to 100 ft/s
(20 to 30 m/s) (Ginouse and Jolin 2013)—in a uniform spray
to impact the substrate and thoroughly compact the mate-
rial placed. The air flow is critical to all the transport and
spray aspects of the shotcrete process. Therefore, a wet-mix
nozzle should provide a means to input adequate air flow to
increase the velocity of the material stream to ensure proper
impact to the substrate. Nozzle systems for wet-mix shot-
crete employ an air ring/sleeve component that
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Fig. 13.4b—Close-up of wet-mix nozzle.

to concrete and chemical accelerators that can clog the air
holes. Figure 13.4a is a schematic diagram, and Fig. 13.4b
is a close-up photo of a wet-mix nozzle, Care should be
given to cleanliness and proper maintenance of this section
of the nozzle.

The imjection of accelerators 1s another very important
function of the nozzle. Usually, but not always, a liquid
accelerator is injected at the nozzle. Care should be taken
to ensure proper dispersion of accelerator in the material
stream (usually by injecting admixture into the airstream
before entry in the nozzle body) and to ensure that the rate
of accelerator addition is known and reliable. On large proj-
ects, an accelerator pump synchronized with the concrete
pump is essential. Calibrating the accelerator dosage with
the pump rate is challenging because the air pressure as
well as the concrete influence the pressure conditions in the
nozzle and, thus. the pump rate/accelerator dosage. When
shooting in dripping or flowing water situations, the nozzle
may be configured so that the nozzleman can control the
accelerator dosage. However, the accelerator dosage should
be closely controlled and documented by supervising staff
(Zhang 2012).

Supplementary nozzle systems can be emploved in both
wet-mix and dry-mix applications. In the dry-mix process,
they can be used to increase water addition some distance
before exit. In the wet-mix process, supplementary nozzle
systems are usually used to introduce air to loosen the mate-
rials that are compacted in the concreie pump conveying
process. Manufacturers should be consulted for special
application information,

13.5—Remote-controlled spraying
Equipment that supports and manipulates the shotcrete
nozzle system and i1s capable of operation from a remote

B:ORR U@’asmidso'ﬂtﬁ’é‘itinn is available and desirable for underground shotcrete

American Concrete Institute — Copyrighted @ Material — www.concrete,org


https://t.me/seismicisolation

SPECIFYING UNDERGROUND SHOTCRETE—GUIDE (ACI PRC-506.5-22) 37

applications. The mechanical, remote-controlled units can
be employed for both dry-mix and wet-mix applications. A
primary reason to use this application method 1s safety, in

that the nozzleman may place shotcrete in an unsupported
ground area in a mine or tunnel. For the wet-mix shotcrete
process, the inherent capacity of a hydraulic assisted or

mechanical system can be exploited to considerable advan-
tage. Figures 5.5b and 13.5 are photographs of typical
remote-controlled shotcreting systems 1n a tunnel.

Nozzlemen not familiar with the equipment should be
properly trained and given time to practice before shooting
critical elements of a project. If remote-controlled spraying
is used on a project, all preconstruction and qualification
testing should use the equipment during the tests to provide
representative results.

13.6—Recommended specifications

Recommended specifications for placing equipment are
provided mm Table 13.6. The information 15 provided in
a guide specification format: the left column provides the
recommended specification language, and the nght column
provides notes to the specifier.

Fig, 13.5—Deplovment of vobotic nozzle in large tunnel.

Table 13.6—Example guide specification for placing equipment

Section/Part/

Article Recommended specification language Motes to the Specifier

13.1 | Wet-mix shotcrete delivery equipment _

13.1.1 Wet-mix shotcrete shall be applied by the thick-stream method. Thick stream involves the use of a concrete pump suitable for
transfer of the shoterete through the hose, with the addition of air at
the nozzle, to pneumatically apply the shoterete onto the receiving
surface at high velocity.

13.1.2 Shotcrete shall be applied by either hand-held or robotic nozzle Where a fully mechanized robotic unit is impractical, a man lift can

iremote-controlled booms). be emploved {except in very small openings) to reduce nozzleman
fatigue and improve uniformity of cover.

13.1.3 The delivery equipment for wet-mix shoterete shall be capable The use of positive displacement concrete pumps consisting of
of delivering a steady stream of uniformly mixed material to the two hydraulically or mechanically driven cylinders and a quick
discharge nozzle. changing valve capable of delivenng a constant flow of material

to the nozzle 15 recommended. Alternative pump types, such as

pneumatic feed, penstaltic tube, and continuous cavity, may be

submitted for approval, provided that the contractor can demon-

strate that they produce shoterete that meets all the performance
. . requircments of the specification.

13.1.4 The nozzle system employed shall be of a design that allows Generally, air low 15 250 1o 400 fit/min (7 o 11 m/min).
sufficient throughput of air to interact with the fow of matenal and
produoce a spray al sufficiently increased velocity for the shotcrere
Lo impact the receiving surface and fully compact the material in
place.

13.1.5 The nozzle system employed shall be of a design that permits the
introduction of accelerating admixtures into the shoterete either in
the air siream or through a separate inlet,

13.1.6 If liquad accelerator is used, the aceelerator pump shall be Accelerator can have very detrimental effects on the shoterete
controlled by, and synchronized with, the concrete pump. Project- | quality if overdosed. Tt is therefore necessany to not allow for
specific calibration and periodic recalibration is required. manual or ad hoc adjustments to the dosage rate by the crew,

Calibration of the pump is also dependent on the air pressure used
and should be considered.

13.1.7 The nozzleman and crew shall monitor the air ning and nozzle If unaceeptable changes in matenal Aow ocour, work should be
system of the noxzle for any signs of nonuniform flow of matenal | stopped, and appropriate mamtenance steps should be performed.
caused by dirty or blocked holes in the air ring.

13.1.8 The delivery equipment shall be thoroughly cleaned at the end of | Particular attention should be given to the removal of shotcrete
each shift or placement operation. buildup in the pipe and hose system. The air ring and nozzle system

| should be regularly inspected, maintained, and replaced as required.

@seismicisolation

American Concrete Institute — Copyrighted © Material — www.concrate.org ( ﬂCi :


https://t.me/seismicisolation

38

SPECIFYING UNDERGROUND SHOTCRETE—GUIDE (ACI PRC-506.5-22)

Table 13.6, cont.—Example guide specification for placing equipment

113.2

Diry-mix shotorete delivery equipment

13.2,1

Dry-mix shotcrete delivery equipment shall be capable of metering
semi-dry mixtures into a moving air stream of sufficient volume to
convey the matenial through the hose system and propel the mixture
onto a surface at high velocity. The tyvpe of equipment shall be
chosen and outfitted to properly suit the application. The contractor
shall submit the equipment type to be used and be capable of
demonstrating suitability.,

The equipment for dry shotcrete application may be of vanous
types, including double-chamber pressure vessel, rotary, and bowl.

1322

Diry, bagged, premixed materials shall be predampened, using a
suitable machine, to provide consistent moisture content m the
rangs of 3 to 5% by mass, before discharge into the shoterete gun,
Alternatively, a water ring system placed 10 {3 m) before the exit
nozzle may be used, provided uniform predampening of shotcrete
can be demonstrated, The wse of desiceated matenals with a water
ring only at the exit nozzle shall not be permitted,

The use of desiccated matenals with a water ring only at the exit
nazzle should not be considered acceplable shoterele practice,
Experience shows that predampening leads to less dust emission,
less rebound, and a more homogensously mixed shoterete mate-
rial, If predampening equipment is not available, the alternative
described (hydromix novele) provides longer mixing of water
mixing into the shoterete mixture.

13:2.3

Similar to Example Specitication Section 13.2.2, for site-mixed
materials using sand with too low a moisture content to produce
a mixture with a consistent moisture content, then predampening
equipment shall be employed to introduce additional moisture.

The mixing and predampening units shall be capable of producing a
shotcrete mixture with a consistently uniform maoisture content such
that the nozzleman is not required to repeatedly adjust the water
content at the nozzle water ring.

13.2.5

13.2.6

The delivery equipment {(gun) shall be capable of metering a
continuous, smooth stream of matenal inte the delivery hose at the

| prope velcity o e discharks Hoeric.

The nozzle system for the dry-mix shotcrete application shall
contain a chamber and water ring capable of injecting a controlled
amount of pressurized water into the material stream as il passes
through. The nozzle shall be fitted with a spray tip designed to
cause upset of the stream and create mixing turbulence before
discharge onto the receiving surface. The nozzle system shall be
fitted with a manual water control that is convenient for operation
by the nozzleman.

The water pressure at the discharge nozzle shall be sufficiently
greater than the operating air pressure of the material line so that
the water is intimately mixed with the predampened shotcrete
materials. If line water pressure s inadequate, a water booster pump
shall be introduced into the water system to provide steady, non-
pulsating water pressure. Water heaters shall be provided under cold
conditions if required to produce shoterete at a suitable temperature.

Water pressure should exceed air pressure at the nozzle by a
minimum of 15 psi (1 bar).

13.2.8

13.2.9

Carefully monitor the water ring for any signs of blocked holes,

If non-uniform wetting of discharged shoterete becomes apparent,
stop shooting and clean the water nng or take appropriate comective
action, This is particularly important if liquid accelerator 1s being

| added with the mixing waler at the nozzle,

The delivery equipment shall be thoroughly cleaned at the end of
each shift or placing operation. Particular attention shall be given to
removal of shoterete buildup in outlets and hoses. The nozzle and
water ring shall be serviced regularly, and components replaced as

required.

CHAPTER 14—AUXILIARY EQUIPMENT

14.1—Air supply

Clean, dry air is important to the shoterete process in both
methods. The contractor should give special attention to the
filtration system and the general condition of compressor
equipment used for shotereting, Compressors should be
sized to provide adequate working air for shotcreting as
well as ancillary equipment including blowpipe (air lance).
Tools for other work should be connected to a separate air

source whenever possible to eliminate disruption of the
material flow.

Compressed air available in many underground mines
often has variable, but relatively high, moisture contents.
Awareness of this situation is important, and removal of
or compensation for this moisture content 1in the mixture
proportions may be necessary.

Machines configured as dry-mix shotcrete units are avail-
able for wet-mix shotcrete application. Because air is the
sole source of conveyance of the plastic material, manu-

@seismicisolation

(aci®

American Concrete Institute — Copyrighted @ Material = www.concrete.org


https://t.me/seismicisolation

SPECIFYING UNDERGROUND SHOTCRETE—GUIDE (ACI PRC-506.5-22) 39
a guide specification format: the left column provides the
recommended specification language, and the right column
provides notes to the specifier.

facturers of this equipment should be consulted for recom-
mended compressor capacity.

14.2—Recommended specifications
Recommended specifications for auxiliary egquipment
are provided in Table 14.2. The information is provided in

Table 14.2—Example guide specification for auxiliary equipment

Section/
Part/Article Recommended specification language MNotes to the Specifier
_H Awxiliary equipment

[4.1 Aiar compressors, dry-mix shoterete | Compressed air is the medium employed to pneumatically comvey

14.1.1 Air supply shall be of sufficient volume (fi'/s [m'/s]) to convey the-matenal through the delrveny gystem and onto the surface n the
the semi-dry concrete mixture through the delivery system and dry Sh“‘_':fe“* process. Thus, ""““-”T"E f_"f air, rather ‘hm" PLECSUIL, 13
project the material onto the receiving surface at an acceptable, high | more critical 1o the shotcrete application. The velocity and impact
velocity, force are directly correlated to the quality (performance) of the

. ; " : | placed material. The dry-mix equipment depends on a sufficient

14.1.2 Adr supply shall be uniform and dedicated to ensure proper, uninter- P : i i =
nnted faw throughout the s ine aperation air volume source for proper application, as outlined in ACI 506R.

P £ PRy apernen. Additional information should be selicited from the equipment
manufacturer.
Additional users of the air supply from the same source (that is, for
blowpipes) should be limited and, if cannot be avoided, accounted for.

14.1.3 Air supply shall be clean and free from water and oil. | Pressure at the source should be 90 to 100 psi (0.6 to 0.7 MPa) as

14.1.4 Air lines and fittings shall be of sufficient size (internal diameter) to .i.s Eon """“!‘ standard compressor equipment used in construc-
allow full flow of air from the source, without restrictions that will | Hon- ""_':" working PEESEES mi:as.umd.at the gun or along _th':"
reduce volume required to convey and propel materials through the | SONVeyIng system, is a measure of resistance of the material load to
nozzle and properly impact the application surface, the incoming air. It will vary according to matenal composition, line

. : A Dy size and configuration, distance, height, and other svstem variations.
I4.1.5 Air equipment shall provide a pressure sufficient 1o perform the ; o . SR :
wotli sl ot o5 eARiEed by theRAtimst A8 . Compressor capacitics for dry-mix shoterete applications range from
s o S SRS a minimum of 330 fi¥/min (9.9 m*/min) for a simple, low-volume
| ] T v i v -
| application to 1000 ft*/min (28.3 m*/min) for high-volume under-
ground projects using large aggregate, steel fiber mixtures. or both.,

4.1.6 Shoterete equipment that employs air motors for operation shall have ISr:purul:: air lines reduce the potential for interaction between the

separate air lme connections so that motor functions do not influence | two gir demands. IF separate air lines are not used, the air pressure in
: | proper transport and application of matenals through the defivery system. | the materials line may drop when the shotcrete maching is started.

4.2 Adr compressors, wet-mix shotcrete The wet-mix shotcrete process uses hydraulic pumping to convey

14.2.1 Air supply shall be of sufficient volume (ft'/min [m'/min]) to the conerete m.i:!-:tu_re ﬂ_"':'“ﬂh the delivery Sy i the nozzle.
accelerate the flow of material at the nozzle and to create aspray | 1€ speed of gjection is 3 10 6 fu's (1 to 2 mis). To propel the
of acceptable high velocity to fully compact the material on the particles onto the surface at sufficiently high velocity to achieve the
receiving surface. quality and performance characteristics of shotcrete, air should be

. . | introduced into the nozzle in a manner to break down the extruded

14.2.2 Air supply shall be clean and free from water and oil. . i :

material and increase speed (refer to Chapter 13).

14.2.3 Air lines and fittings shall be of adeguate size {internal diameter) to | The volume of air, rather than pressure, is the primary requirement
accommodate full flow of air and compatible with the nozzle svstem | of the wet-mix; however, the volume to do the work is considerably
emploved. less than required for similar dry shoterete applications. Compressor

; ; . ] | : i L

14.2.4 Air supply shall be uniform and dedicated to ensure proper, uninter- | Tequirements range from 200 ft"/min (4.2 m*/min} for a small-

rupted flow throughout spraying operations. diameter, low-volume repair project to 400 f/min (11.3 m*/min} for
) a high-volume, robotic application.

14.2.5 Adr supply equipment shall provide a minimum pressure of 9 psi
(0.6 MPa). |

4.3 Water supply, dry-mix shotcrate For dry-mix shoterete, the pressure of the water supply 1s critical 1o

14.3.1 Water supply to the nozzle and pre-moisturizing system shall be an adequate miximg of water into the mixture. I the water pressure 15
clean, potable, and free of any components that are deleterious to too low, the water supply will vary constantly with the air pressure in
portland-cement concrete. the hose, causing a heterogeneous in-place shoterete with character-

istic sand layers.

14.3.2 Water supply to the nozzle shall be of sufficient volume and pressure | Whenever the water pressure at the point of shotereting is not high
to ensure at least 15 psi (1 bar) greater pressure at the water ring than | enough. a water booster pump (electric or compressed air driven)
the material line pressure. If supply pressure is inadequate, water- should be used to provide adequate water pressure,
pressure-hoosting cquipment shall be incorporated into the system.

Lack of available, potable water is frequently an 1ssue for shoterete

in underground mines. Guidelines for the use of recycled or impure

water in concrete are available from the Portland Cement Associa-

tion. As a minimum, any nonpotable water should be tested with

the typical shotcrete materials being used to determine suitability in
@seismigisolation terms of performance of the placed concrete,
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CHAPTER 15—SAFETY

15.1—General

A well-defined safety program for shoterete preparation
and application, as well as in all other arcas of the opera-
tion or project, is imperative if accidents are to be prevented.
Accidents and injuries are costly to the injured emplovee due
to temporary or permanent disability and pain, lost income,
and mental stress.

Accidents and injuries are also costly to a company
because of lost production, lower productivity, fines,
higher insurance costs, increased expenses in dealing with
increased government inspections, lower employee morale,
decreased corporate reputation, and potential exclusion from
future projects. The Mine Safety and Health Administration
(MSHA) and Occupational Safety and Health Administra-
tion {OSHA) ratings are used to screen out contractors with
poor satety records during project prequalification.

Not all mcidents result in injury or equipment damage.
MNevertheless, these “near-miss” incidents should be moni-
tored closely because they serve as an indicator of the poten-
tial for actual accidents.

Federal mine safety laws and the MSHA require that all
miners receive a specified level of safety and health training
annually, and that documentation of this training 15 main-
tained on file. The exact nature and content of this training
can change; thus, all safety directors, project managers,
and superintendents should keep themselves well informed
about current regulations.

15.2—Underground safety

Underground work can be potentially more dangerous
than surface construction. One of the most critical safety
concerns occurs at a freshly excavated or blasted face
before the mstallation of required ground support, particu-
larly where workers end up under any unsupported ground.
Shoterete 15 often apphied and 15 expected to perform at this
eritical time,

Rock mechanical considerations, geotechnical consid-
erations, or both, together with the available infrastructure
and tools for the application, determine the appropriate level
of scaling necessary and the means for safely performing
it. Typically, tunnel or mine openings should be properly
scaled immediately after excavation and before shotcrete
application begins. Scaling of the tunnel walls should also
be performed as required during tunnel construction. Rapid
application of the shoterete typically follows scaling as soon
as 1s feasible under operational constraints.

In addition to the potential for rockfall, the shotcrete crew
and inspection personnel should alse be vigilant for falling
shoterete. Shoterete applied overhead can fall out and poses
a potential safety hazard until the shoterete has gained sufh-
cient strength, Many factors influencing the potential for
fallouts addressed in “ASA Underground Committee Posi-
tion Statement #17. When shotcrete 15 applied in layers
that are too thick to adhere to the rock surface and there is
insufficient time allowed for setting, there is a potential for

the weight of the shoterete layer can pull out loose rock and
fall from the tunnel profile. The early strength of shotcrete
15 often tested to establish a re-entry criterion for the crew to
work underneath fresh shotcrete.

For underground rehabilitation/repair projects, mn-place
bond strength shall be tested as per project specification,
Tests can be conducted either at mockup, initial construction
stage, or during construction (Radomsk et al. 2019).

15.3—Required personal safety equipment

Proper clothing should include steel-toed boots, hardhats,
gloves, long-sleeved shirts and pants, safety glasses, and
hearing protection for all members of the shotcrete crew as
well as all other workers, inspectors, engineers, and visitors
to the job site; reflective strips should be used on clothing.
In special cases, visitors may not be required to wear gloves
if their exposure to hazards 1s low. Long-sleeved shirts and
pants are highly recommended for the shotcrete crew.

Rubber gloves should be made available and used when
handling cement, liquid accelerators, or admixtures,

The use of safety glasses or other eve protection by the
shoterete crew and all job site visitors 15 mandatory, Cement
particles and rebound can easily cause enough irritation
or injury to the eyes that the affected person will have to
immediately leave the job site for medical attention, The
nozzleman is especially susceptible to problems of shotcrete
materials in the eyes. An accidental direct spray of shotcrete
into someone’s face can cause permanent blindness. Eve
wash stations should be available at the shotcrete site,

Disposable dust masks, hall-face carbon filter masks, or
respirators (positive-pressure breathing apparatus) should be
used by workers handling cement, supplementary cementi-
tious materials, and dry powdered accelerators, and half-face
masks or respirators should always be used by the shotcrete
crew, inspectors, and visitors during shotcrete placement.
Figure 15.3a 15 a photograph of a shotcrete nozzleman
wearing required safety equipment.

Special consideration should be given to the types of
helmets that combine a hardhat with a face shield and fan
blowing air through a filter and into the helmet/face shield
unit. This puts filtered air in front of the user’s face. The posi-

5 = , Fig. 15 3a—58Shotcrete nozzleman with personal safely
shotcrete to slough and fall. In areas of poor rock qua@géismicism@ﬂfwﬁm B £ yet
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Fig. 15.3b—8hotcrete nozzleman with safety helmet.

tive pressure from the fan keeps the dust from entering the
arca between the face shield and the user’s face. Some types
of helmets use a belt-mounted fan that blows filtered air to
the helmet through a hose. Figure 15.3b is a photograph of
a shotcrete nozzleman with a safety helmet. Other types of
helmets incorporate the fan and filtering unit into the helmet
with electrical power carried to the helmet-mounted fan via
an electrical cord from a belt-mounted rechargeable battery
pack. Although somewhat costly to purchase and maintain,
this type of filtering helmet is vastly superior to a hardhat,
safety glasses, and respirator.

For some helmet units, lavers of peel-off transparent
covers for the face shields are available, When the top layer
of a face shield cover becomes scratched or dirty, it can be
peeled off, exposing a new, clean, unscratched layer. Hard-
ened face shields are also available for some units. The
hardened face shields appear to be supenor to the peel-off
layer types,

Fall protection is another evolving area of job-site safety,
and procedures and equipment that have historically met
standardized requirements may no longer be acceptable, It
15 therefore essential that job-specific fall protection proce-
dures and equipment be developed consistent with current
requirements and codes (for example, OSHA 29 CFR
1910 and 29 CFR 1926). Training is an essential element
of any program, as noted elsewhere in this document,
Special attention should be paid to additional state and local
safety requirements.

15.4—View of shotcrete work

Giood lighting 1s neither expensive nor difficult to achieve.
Light stands with halogen or LED lamps can be easily
fabricated and connected to an available electrical system
or run off a small, portable, air-powered generator. In addi-
tion, adjustable halogen lights can be mounted on mobile
shotcrete equipment and vehicles. A good lighting system
improves line-of-sight communication and improves the
quality of the shotcrete application by making hazardous
ground conditions more visible. Figure 15.4 is a photograph
of a well-lighted tunnel heading.

American Concrete Institute — Copyrighted © Material — www.concrate,.org

@seismicisolation

Fig. 15 4—A well-lighted tunnel heading.

Good ventilation is important; 1t removes dust and mist
created by the shotereting process, enabling the nozzleman
and the rest of the crew to better see the nozzle, the surface
being shotereted, the rebound, and other personnel in the
immediate area.

A supply of water and cloth rags or towels for cleaning
safety glasses and face shields is recommended, as are
backup safety glasses and face shields. Water for washing
eve protection devices i1s usually available because most
projects have air and water utility lines. These, however, may
be under high pressure. Keeping a clean supply of towels
can be difficult in underground operations because there is
usually dirt everywhere, and various objects are commonly
stolen from equipment and job sites.

15.5—Communications

Line-of-sight contact between the nozzleman and the
shotcrete machine operator should be maintained whenever
possible. A system of hand or cap lamp signals is used to
indicate specific operator or crew instructions. This system
has evolved and 1s used by the industry to overcome commu-
nication difficulties experienced underground.

Helmet-mounted, two-way radio systems are also an effec-
tive and preferred method of communication. Low-cost units
available at local electronic stores are usually an economical
solution. Two-way radio commumication, however, has been
found to be less important if the nozzleman has complete
control of the water and the ability to turn the shotcrete
machine on and off as required. These controls can be built
imto the remote controls of shoterete booms, or robots if an
electric-powered shoterete machine 1s used.

Mine and tunnel telephone systems should be in place
before the start of underground shotereting operations,
Should an injury occur that requires immediate outside
assistance, mine telephones enable a considerable amount
of time to be saved. Mine telephones partially covered with
reflective adhesive tape are more visible and are quickly
identifiable in an emergency.

Plugged shotcrete lines are a frequent hazard in under-
ground applications that can, in a worst case, lead to bursting
shotcrete lines and uncontrolled spreading of shotcrete at
high velocity. It is important to communicate and make
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other staft, inspectors, and visitors in the area aware about
the potential hazard.

15.6—Nonpersonal safety equipment

Whip checks or safety chains should be used to tie down
the ends of all compressed air hoses. Hoses that come unat-
tached and are free to whip around as compressed air is
discharged can be deadly.

Fire extinguishers of a suitable size should be available
on or close to the equipment. Fire extinguishers partially
covered with reflective adhesive tape are more visible and
quickly identifiable in an emergency.

Table 15.7—Example guide specification for safety

15.7—Recommended specifications

Recommended specifications for safety are provided in
Table 15.7, The information is provided in a gumide speci-
fication format: the left column provides the recommended
specification language, and the right column provides notes
to the specifier. The MSHA and OSHA (construction as well
as general industry) contain specific requirements for under-
ground safety that are beyond the scope of this checklist.
The specifier should be familiar with these and ensure they
are addressed.

Section/
Part/Article Recommended specification language Notes to the Specifier
15.1 The contractor shall prepare and submit a safety plan addressing all | Refer to Section 15.2.
potential hazards to be encountered on the job site,
15.2 The contractor shafl supply personal safety equipment for all Refer to Sections 15.3 and 15.6.
personnel involved with shoterete, both underground and at the
surface. Submittals shall be in accordance with Example Specifica-
tion Section 3.1.8.
153 The contractor shall provide a well-highted and ventilated work area | Refer 1o Section 15.4.
for shotcrete appheation. Submattals shall be in accordance with
Example Specification Section 3.1.8,
154 The contractor shall provide an adequate and safe means of commu- | Refer to Section 15.5.
nication between all members of the shotcrete crew.
15.5 The contractor shall devise and implement an cscape plan consistent | Escape plans should be devised before the commencement of any
with the owner's reguirements., shotcreting work. A quick and safe exit is imperative to the safety
of workers and visitors. Escape plans should be discussed with all
workers and visitors. These plans should be posted in the project
surface operations office and underground near the job site.
15.6 The contractor shall provide re-entry critena allowing staff o Refer to Section 1 5.2
re-énter into an area undemeath freshly installed shoterete.
The re-entry ¢riteria may need o be developed in cooperation with
the designer, based on the weight/thickness of the green shoterete,
shape of the tunnel, and strength development.
157 The contractor shall provide and implement procedures for cleaning | Refer to Sections 13.5 and 15.6.
of concrete lines and removal of plugs, while protecting non-shoterete
crew personnel and visitors.
15.8 In areas where existing permanent tunnel ventilation systems are in
use for active portions of the svstem, the work area shall be 1solated
from the ventilation system to stop dust and other matter generated
b the shotcreting process from entering the permanent tunnel venti-
lation system, or wet process shotcrete shall be used.
159 Protect drains to prevent effluent from entening drains,
Collect all waste concrete and wash and dispose of in accordance
with all laws and regulations.
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CHAPTER 16—PREPARATION FOR
SHOTCRETING AND GROUNDWATER CONTROL

16.1—General

The bond interface between shoterete and rock has long
been recognized as critical to the performance of shotcrete
used for ground support. Although bond properties are not
typically accounted for quantitatively in ground support
design, the effectiveness of shotcrete, either as a struc-
tural support or as a sealant, is influenced by the effective-
ness of the bond between the shoterete and the rock or soil
substrate. For this reason, wash-down, blow-down, and/or
other surface preparation procedures before shoterete appli-
cation are typically imposed by specification and are subject
to inspection in most tunnel QA/QC programs.

16.2—Factors affecting shotcrete adhesion
and bonding

Surface preparation is important for achieving adequate
shotcrete bond. Inadequate preparation can result in little
or no bonding in the worst of naturally occurring condi-
tions. Factors that can inhibit or reduce the development of
adequate bond are described in this section.

Surface laitance, dust, and other impurities, which can be
expected in both drill-and-blast or mechanically excavated
openings, can lead to poor bonding if not removed before
shotcrete application. Dust often results from the blasting
process, which produces fine-grain particles that adhere to
the profile of the excavated openings. General construc-
tion activities and the shotcrete operation itself are other
sources of dust. If not removed during surface preparation,
these particles act as an mterfering layer or laitance and can
cause the mitial layer of shoterete to spall or slough from the
profile during application. Cleaning 15 therefore necessary
before each successive layer of shoterete 15 applied.

In most instances, high-pressure air washing, water
washing, or both, is sufficient. In some special geological
cases, such as raveling conditions or low-cohesion soft
ground, aggressive pretreatment can be detrimental. Substrate
types that result in lower bond strength, or no measurable
bond strength at all, include weathered, geologically aliered,
or soft friable rock; highly mineralized materials; soft, slip-
pery coatings on joint surfaces; raveling ground behavior, or
low-cohesion soft ground. Where these conditions occur in
proximity to faults or intensely fractured rock, establishing
immediate and effective ground support 15 made difficult by
spalling, sloughing, and debonding shotcrete. The normal
requirement for surface preparation may have to be curtailed
because the effects of exposure to air and water can cause
rapid deterioration of the profile that leads to opening insta-
bility that may place personnel at risk. If such conditions
are encountered, surface preparation requirements should
be adjusted to avoid unnecessary exposure of construction
personnel to hazards. In these conditions, time is typically of
the essence and an immediate installation of shotcrete after
excavation or even during excavation (pocket excavation)
Is required.

@seismicisolation
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Certain coal-measure rocks; weathered, friable shale; and
soft mudstone can be difficult to bond to because of their weak
and friable nature. When these materials show a tendency
to develop swelling pressures, the effects of debonding are
further exacerbated. In hard rock, the presence of clay or
micaceous materials, talc, and pyritic or chlorite minerals
may result in mmmal bonding. Naturally occurring oils and
hydrocarbons associated with carboniferous deposits and
oil shale can, in sufficient concentrations, act as debonding
agents and make shotcrete application difficult. Some types
of rock, such as chalk, some dolomites, serpentinite schists,
cretaceous shales, and kimberlite ores, may soften or slake
when exposed to air and water, causing shotcrete to spall
and slough during application. Such materials may require
pretreatment with surficial sealants such as sodium sili-
cate to facilitate shotcrete application and the development
of adequate bonding. In extremely weak sandstones and
mudstones or in soft ground, the weight of shotcrete may
overcome the apparent cohesion of the surface coating and
induce failure before the shotcrete has achieved final set.
The use of water and compressed air during washdown and
surface preparation can have the same detrimental effect on
poorly cemented, low-cohesion materials. Brecciated, loose,
or gravel-like materials can impose similar problems duning
shotcrete application,

Poor curing practice (refer to Chapter 19), lack of protec-
tion for freshly-placed concrete, or over-accelerated shot-
crete can result in undesirable shoterete shrinkage and lead
to debonding. Thin sealing coats of shoterete are particularly
susceptible to separation from the rock. Groundwater can
also be problematic if water pressure is permitted to build
up behind freshly applied shoterete. The use of accelerating
admixtures can also add to this problem by causing increased
shrinkage, leading to separation between the shotcrete and
ground surface. Alternative methods, such as embedded
channel sections and pipes. can relieve water pressure while
channeling and controlling water inflow sufficiently to allow
shotcrete application,

Remedial mining or tunnel restoration projects can
impose unique surface preparation requirements. In some
nuning operations, where mineral extraction has previously
taken place above development levels, mud, water, and
other mining related by-products such as dust suppression
emulsions and diesel particulates, can seep into the lower
development areas. These materials carried in solution or
suspension can cause localized bonding problems when
encountered in development openings. In road and railroad
tunnels, buildup of soot from diesel emissions may require
sandblasting to provide a sufficiently clean surface on which
to bond remedial shoterete. Underground structures that have
been fire-damaged require careful remediation, including
removal of fire-damaged concrete, shoterete, grout, or rock
to expose a clean, intact surface before the application of
remedial shotcrete.

Vibrations from adjacent mining or development opera-
tions can cause freshly applied shoterete to separate or spall,
In drill and blast excavation, the subsequent blast round
may destroy shoterete placed up to the face of the opening,
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Damaged and debonded shotcrete should be removed by
scaling until intact material is encountered. Subsequent shot-
crete should be used to bond the adjoining layers together
and to establish integral support. Where multiple shotcrete
applications are used to install a thick hining, the surface
of the previous layer of shotcrete should be cleaned. This
will remove the laitance and provide a substantial bond
between layers. Where carbonation has occurred, surfaces
should be scoured with compressed air and water before
shotcrete application.

Extremes in temperature can exist for a surprising distance
into the tunnel. This is a special problem for remedial work
in existing tunnels with natural airflow. In cold condition
applications, surface water and groundwater can freeze.
All observable ice should be removed before shotcrete
placement. Freezing of surface water can cause spalling or
weaken the shotcrete bond.

Where groundwater is encountered in  underground
construction,  appropriate groundwater control  and
handling procedures should be employed as described n
Section 16,4, Shoterete application can become difficult
and time-consuming where widespread seepage and flow 1s
encountered. Washdown (where permitted by rock type) and
surface preparation is still important in promoting adhesion
and the development of adequate bonding. Nevertheless,
shoterete should not be applied to wet surfaces (unless it is
unavoidable), as water on the surface creates a high water-
cementitious materials ratio (w/cm) at the critical bond inter-
face, thereby reducing bond strength,

16.3—Surface preparation

At the end of the excavation phase of the underground
construction cycle, the tunnel profile is inspected and the
surface prepared. Immediately before shotcrete applica-
tion, the profile of the tunnel is cleaned with compressed
air, water, or both, using the shotcrete nozzle, blowpipes,
or ancillary air-water jet. Additional hand scaling may be
done as determined by the construction crew. Only when the
surface of the opening profile has been prepared can shot-
crete application be initiated. Immediately before shotcrete
application, the surface that is about to receive the shot-
crete should be clean and damp, a condition best described
as saturated surface-dry (SSD). This permits the shotcrete
applied to the excavated profile to adhere and, in the course
of achieving initial and then final set, remain bonded to the
ground. Both the shotcrete strength and the bond are limited
and fragile, particularly at early ages. The weight of the shot-
crete, vibration, or disturbance can be sufficient to cause the
shotcrete to fall or partially separate from the rock. In this
case, the bond may be reduced or eliminated.

Debonding can be identified after hardening by a dull or
drummy sound when the shoterete 1s hit with a hammer or
bar. The performance of the shoterete can be significantly
reduced when debonding occurs. Thin sections of shoterete
are subject to localized bending moments and can become
the focal point of stresses and cracking, all of which indicate
that the debonded shoterete is only partially effective as a
ground support system.
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16.4—Groundwater

The presence of large volumes of water or water at high
pressures generally precludes the use of shoterete unless
specific measures are used to dewater or precondition the
ground using grouting or other measures. If groundwater
control is carefully factored into the design and effectively
implemented during construction, shoterete application only
needs to consider low to moderate water inflows at low pres-
sures. This may still result in localized areas that are difficult
to shoterete and in the need to implement specific temporary
measures to control, handle, and dispose of groundwater.

Shotcrete can be applied in conditions where groundwater
1s encountered, but doing so may require skillful adjustments
by the nozzleman. The extent of these adjustments depends
on the nature of groundwater inflow. If specific measures are
prescribed by specification and include the use of embedded
drainage channels, pipes, or hoses, then these approaches
should be employed. If groundwater is incidental in nature,
ranging from general weeping to damp surfaces, reducing
nozzle water and increasing accelerator dosage in dry-mix
shotcrete or increasing accelerator dosage in wet-mix shot-
crete may address the condition.

Shotcrete should not be placed on surfaces with flowing
groundwater because its adhesion to the substrate surface
will be impaired. If a moderate volume of water is flowing
from a fissure or joint, the best approach is usually to
systematically shotcrete around the flow to confine the water
to single point source while allowing the peripheral shot-
crete to achieve final set. A short hole should then be drilled
into the single source flow to a depth of 2 to 3 ft (0.67 to
1 m). A preassembled pipe and valve are then inserted into
the hole. The valve on the free end of the pipe should be left
fully open to allow the water buildup to flow through the
pipe. The pipe should be shotereted and may require the use
of accelerated shoterete, The secured pipe allows the water
that has accumulated behind the shoterete to flow without
building up adverse hydrostatic pressure. This pipe can later
be closed and intermittently opened to rehieve the buildup
of water pressure until shoterete application is complete, at
which time grout can be injected and the pipe can be cut off.

Several basic elements of shoterete application in wet
ground should always be considered. Avoid trapping water
behind the shoterete lining because water pressure will build
up that can be strong enough to cause a failure of the lining.
Surficial moisture or surface water should be confined to
a single point as previously described. Water should be
worked to the lowest point, if possible, for collection in a
groundwater control system (for example, invert channel or
temporary sump). It shotcrete 1s used as temporary ground
support in shaft construction, water should be channeled,
controlled, and drained to avoid the increased buildup of
hydrostatic pressure at a lower level due to migration behind
the shotcrete lining or shaft wall.

Where the treatment described does not control the water,
grouting methods should be considered before ground condi-
tions become significant problems,
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Recommended specifications for surface preparation
are provided in Table 16.5. The information is provided in
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a guide specification format: the left column provides the
recommended specification language, and the right column
provides notes to the specifier.

Table 16.5—Example guide specification for surface preparation

Section/Tart!
Article

Recommended specification language

MNotes to the Specifier

161

Surface preparation

Consideration should be paid to the overall design of the shotcrete
support system as well as the more general aspects of surface prepa-
ration. Some general guidelines in this area are provided in Section
16.1; however, these Notes to Specifier are not intended as a design
guide,

16.1.1

Prepare surfaces to receive shoterete to meet specified bond strength,
giving proper consideration to the geological, geotechnical, and
hydrogeological conditions.

16.1.2

To prevent excessive absorption by the ground surface of the
mixing water [rom the shoterete, pre-wetting of the ground surface
by spraying with clean water prior o applying the shoterete 18
permitted. Pre-wetting i5 prohibited or shall be stopped immediately
if the stabality of the ground surface 15 disturbed. The amount of
pre-wetting will be dependent upon the absorption qualities of the
ground. Puddling, ponding, or leaving freestanding water shall be
avorded.

The ground should be conditioned to a saturated surface-dry (55D)
condition prior to shoterete application.

16.1.2

If shotcrete is applied in several layers, pre-dampen the receiving
surface.

16.1.3

Before shotorete is applied over stecl surfaces, all debnis, shotorete,
loose mall scale, rust, oil, paint, or other contaminants shall be
removed by sandblasting or other methods approved by the engineer.

1614

Where shoterete 15 1o be used for repainng deterniorated concrete, all
spalled, severely cracked, deteriorated, loose and unsound concrete
shall be removed by chipping, scarifying, abrasive blasting, water
blasting, or other mechameal method approved by the engineer.
Abrupt changes in the repair thickness shall be avoided. The perim-
eter of the repair shall be saw cut to a depth compatible with the type
of repair, but not deeper than the concreie cover over reinforcement.
If saw cutting is impractical, the edges are to be chipped with a slight
taper. Feather edging 15 not permitied.

16.1.5

Where shotcrete is to be placed against a smooth concrete surface,
the surface shall be roughened by sandblasting, bush hammering, or
other suitable mechanical means as approved by the engineer.

16.1.6

When surface preparation i1s completed for repair applications, all
repair arcas shall be thoroughly cleaned by sandblasting, watcr
blasting, or other methods to remove any trace of dirt, grease, oil,
and other substances that could interfere with the bond of newly
placed shoterete, All freestanding water shall be blown away by
compressed air.

i6.1.7

Porous surfaces in a repair application shall be kept damp for several
hours before shoterete 15 applied.

16.2

Drainage

16.2.1

Drainage materials used to control groundwater in shotcreted areas
shall be of the type specified in the contract documents,

16.2.2

Altermative means of groundwater control may be submitted by the
contractor for review and acceptance by the owner.
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CHAPTER 17—GROUND REINFORCEMENT
INSTALLATION

17.1—General

Effective installation of ground support requires that appro-
priate ground support elements are installed as specified, in
locations identified in the project drawings, or as dictated by
the conditions encountered during construction. The subse-
guent location and installation of ground support largely
depends on the care and control achieved during the exca-
vation phase. Shotcrete tolerances should reflect the effects
of the excavation, required thickness, and finish required
during application. Rock bolt locations, spacing, and orien-
tation are also influenced by the process of excavation and
the consistency of the opening profile. The performance of
steel sets or lattice girders 15 influenced by over-excavation
and profile irregularities. Reduced contact between the exca-
vated profile and the steel set or lattice girder may require
additional shotcrete or alternatively blocking or cribbing,
which may not be desirable (refer to Chapter 5).

Composite lining systems can combine plain or fiber-
reinforced shotcrete, rock bolts, welded wire or steel rein-
forcement, and possibly, when needed in soft ground, lattice
girders, or steel sets. The specific combinations, sequence,
and timing of ground support elements and their installation
are usually established by the design engineer and safely
implemented by the contractor. These factors can affect
the short-term stability and long-term performance of the

Note: To be adjusted
as required in fisld
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Fig. [7.2b—Rock bolt anchor plates with reinforcing bar
“wings,”
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opening and, in soft ground, surface settlements, and are
therefore the subject of QA/QC inspection, documentation,
and record keeping as described in Chapter 9.

17.2—Rock bolt installation

Numerous types of proprietary rock-reinforcement
systems are currently available as ground support. The most
common categories include rock bolts grouted with cementi-
tious and epoxy resin, mechanical bolts with end anchors,
and cables. Each of these systems has recognized attributes
and deficiencies; no single system is optimal in terms of
performance and cost for all conditions. Figures 17.2a and
17.2b illustrate a rock bolt plate that enhances interaction
between the rock bolt and the shotcrete layers.

The engineer should decide whether shotcrete should
be installed before or after the installation of the rock-
reinforcement system regardless of the system used. In
certain circumstances (for example, raveling ground), shot-
crete may be applied before muck removal to seal the rock
against deterioration and to provide early imitial support for
safety. Bolts would then be installed in holes drilled through
the shoterete. Worker safety 1s an important consideration
in shotcrete iming. Robotic shoterete arms, however, allow
shoterete placement 1n advance of the mstallation of the
rock-reinforcement system without exposing the nozzlemen.

17.3—Steel set installation

Steel sets can be installed in partial headings with benches
or full face openings and in sections or assembled, To avoid
having tights in the tunnel profile and provide adequate
space for installation, excavation needs to be large encugh
to provide sufficient clearance. This permits the steel sets to
be erected, but also leaves an aperture between the shotcrete
or rock profile.

To secure the steel set, blocking is usually required and,
as previously indicated. the extent of blocking influences
the performance and support contribution provided by the
steel set. If shotcrete is used as blocking, difficulties arise
when trying to place the shotcrete in the space between the
steel set and the rock. If the tolerance is tight, it is nearly
impossible to completely fill the aperture while avoiding
the inclusion of rebound. A greater distance between the
steel set and the rock makes shooting the shotcrete blocking
easier, but may lead to a substantial increase in the volume
of shotcrete required as blocking and lagging between steel
sets. Excellent excavation and ground support installation
control within proper tolerance is necessary to minimize
these problems.

17.4—L attice girder installation

Lattice girders are frequently used in tunneling applica-
tions, where the lattice girder is fully embedded and becomes
part of the mitial shoterete lining. The use of lattice girders
can mitigate several installation problems associated with
steel set installation. Although they have limited structural
capacity, lattice girders can, when combined with shoterete,
increase the support capacity, especially during the period

@seismicisoldlowing excavation. Lattice girders provide immediate
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Table 17.6—Example guide specification for reinforcement placement

Section/Part/
Article . Recommended specification language Notes to the Specifier
17.1 | Reinforcement
171 . Reinforcement materials used in conjunction with shoterete shall | A change in ground conditions may resull in a reinforcement
{ be of the type specified in the contract documents. change. The range of tunneling conditions anticipated 15 usually
17.1.2 | The layout and fastening of reinforcement shall be as detailed on | established in the geotechnical baseling report for the project.
| the project drawings and specified in the contract documents.

support for the ground before the shoterete gains its strength.
The advantage of the lattice girder system is that the lattice
girders are relatively easy to install. Shoterete can be applied
through the lattice structure and effectively envelope the
lattice bars without trapping rebound or leaving voids,
provided that the nozzleman is both experienced and skilled.

17.5—Face support

Especially in soft ground, face stability may be an 1ssue
and require face support. Face support can include an unex-
cavated portion of the ground (face wedge), face bolts
with or without mesh, or a combination of the two. Often,
these measures are combined with shotcrete to either seal
the ground surface or create structural members supporting
the face.

In weak ground conditions, face-sealing shotcrete is
applied as a systematic support measure. Similarly, face
wedges are also frequently sealed with shotcrete to avoid
deterioration. If face bolts are used, typically relatively long
bolts are installed to provide face support for several excava-
tion rounds before another set of face bolts must be installed.
Often, fiberglass bolts are used because they tend to break
during excavation without negatively impacting the integ-
rity of the ground. For longer stoppages, thicker shotcrete 15
typically installed in a dome shape to support the face and
may be anchored by face bolts.

Because excavation typically continues, all face support
measures will be subsequently demolished during the
process, Fiber-reinforced shoterete 1s therefore advanta-
geous versus shoterete reinforced with mesh.

17.6—Recommended specifications

Recommended specifications for reinforcement placement
arc provided in Table 17.6. The information is provided in
a guide specification format; the left column provides the
recommended specification language, and the right column
provides Notes to the Specifier.

CHAPTER 18—SHOTCRETE APPLICATION

18.1—Methods used to control thickness
Several methods are available for use in controlling the
thickness of shotcrete applied to the wall of a mnnel or
underground opening:
(a) Mails or pins may be installed either intermittently or in
set patterns to ensure a minimum thickness. The shotcrete
is applied until the nails are covered. In a large under-
ground opening, an operator may have difficulty seeing
the nails or pins while shotcrete is being applie% and the
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nails can be inspected after the shoterete 1s in place; when
welded wire reinforcement or reinforcing steel is attached
to the tunnel wall as part of the lining, it may serve as
a thickness control guide. The shotcrete operator can
observe when the welded wire reinforcement or steel 1s
covered. Guide pins serve to verify the proper thickness of
cover over welded wire reinforcement installations. The
welded wire reinforcement should have openings large
enough to ensure that the shotcrete envelops the welded
wire reinforcement and is not impeded as the applied layer
bonds to the wall or surrounds any reinforcement. Lattice
airders or steel sets provide an indication of alignment and
minimum thickness, but these elements also require guide
pimns to ensure the proper thickness of cover.

(b) High tensile wire may be used when a final thickness
is required to a fine tolerance. The gauge wire method
usually involves overshooting the thickness and cutting
or trimming back the fresh shotcrete to the wires with a
straightedge (also called a cutting rod).

{c¢) The final shotcrete thickness may be verified by using
a template to identify any under- or over-thickness areas
for correction.

(d) Final shotcrete tolerances can also be verified using
surveying techniques. Photographic survey and three-
dimensional laser systems can also be used for rapid
profile assessments. Thermographic or infrared tech-
niques can be used to identify areas where groundwater
sgeps through the liner.

(¢) Electronic survey systems with real-time feedback to
the shoterete crew,

18.2—Cover, alignment, and tolerance

The coverage, alignment, and dimensional tolerance of
the applied shoterete are important to performance of the
tunnel support structure. The coverage may be estimated by
calculating the vield of the shotcrete applied. The surface
area of the tunnel shotereted divided into the volume of shot-
crete placed, less waste and rebound, gives a nominal thick-
ness for the coverage. In drill-and-blasted excavation, the
coverage should be 150 to 200% of the design thickness to
account for overbreak and surface irregularities. In mechani-
cally excavated tunnels, the yield more closely reflects the
actual shotcrete placed.

The tolerance requirements for thickness, alignment, and
finish should meet the final design and performance require-
ments as specified and be economically feasible. If required,
shotcrete can be placed and finished to the same tolerances
as formed concrete. The cost of this finished shotcrete lining
is much higher than for a hand-held or a robotic nozzle
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finish. A close tolerance finish requires the installation of
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shooting wires on a maximum spacing of 3 ft (1 m), cutting

the shotcrete back to the wires, and finishing by a crew of
finishers. In many cases, a close tolerance shotcrete lining 15
not required. Shotcrete applied to a minimum thickness and
nozzle finish is generally acceptable for most underground

structures supported by composite lining systems.

18.3—Recommended specifications

Recommended specifications for shotcrete application

are provided in Table 18.3, The information 1s provided in
a guide specification format: the left column provides the
recommended specification language, and the night column
provides Notes to the Specifier.

Table 18.3—Example guide specification for shotcrete application

tion procedures, temperature approaches freczing and the shotorete

cannot be protected, or water causes wash out of the fresh shotcrete.

Section/
Part/

Article Recommended specification language MNotes to the Specifier

18.1 Shoterete application

18.1.1 Shoterete shall be applied in accordance with good practice as outlined | Both dry and wet methods are employed for ground-support applica-
in ACT 506R. | tions. Skilled, expenienced, well-trained crew members are essential

to successful applications. Although certain technigues are specific
| to cach method, the nozzleman requirements for proper application
| are well deseribed in ACL 506K and should be followed as a basic
i requircment of all underground shoterete operations. For an additional
| reference, refer to ACI CCS-4,

I18.1.2 | Shotcrete application employing additives such as silica fume and

accelerating admixtures shall comply with manufacturers” recommen-
| [dations for proper practice.

18.1.3 | Precautions shall be taken to prevent overspray, rebound, or waste from
being incorporated into the work area.

I18.1.4 | Areas adjacent to the receiving surface and substrate shall be main-
tained in a clean and 55D condition until shotcrete is applied.

I18.1.5 Adequate ventilation and lighting shall be provided to the work area
to ensure good visibility, Precautions shall be taken to prevent unusual
airflow, wind. or water from influencing the guality of work at the
substrate, material spray, or fimished surface.

I8.1.6 | Safe and adeguate working platforms or mechanical nozzle manipu- With the dry-mix shoterete process, matenal 1s transported through the
lators shall be employed to access the work area in a manner that delivery hose in an air stream, and manual nozzle control 15 accepi-
provides proper nozzle distance and angle of incidence at all umes. able, though modern robotic equipment is preferable for safety reasons.

| Wet-mix shoterete application often employs concrete pumps with

| output capacity bevond a person’s ability to support a nozzle system

| comiortably and safely. Modern wet-mix ground support applications

! typically employ méchanical means to hold and manipulate the nozzle.
Robotic units are best operated by skilled nozzlemen with relevant
training and experience in manual shoterete application.

18.1.7 | Excess materials shall be trimmed, cut. or removed from the appli-
cation area and be properly disposed of in accordance to project

_ requirements.
18.1.8 | The contractor shall clean and maintain all shoterete and ancillary
I equipment,

[ L Aur and substrata temperatures shall be maintaimed at 40°F (4.4°C) or
hugher during shotereting. Shoterete temperature shall be maintained
at 30°F ( 10°C) or higher for a minimum of 7 days following shot-
creting or compressive strength exceeding T0% of the design strength.

The layout and fastening of reimforcement shall be as detailed in the
contract documents. Reinforcement shall not be loose or vibrating
during the shotereting, When water 18 encountered, suitable means,
such as the use of drainpipes, shall be employed o direct the water
away from the area (o be shotcreted.

18.1.10 | Shotcrete mixture temperature as placed must be maintained at 35°F
(12.8°C} or higher. Adjustments to the mixture design including the use
of a non-chloride-containing accelerator may be used to meet strength
requirements during cold weather.

18.1.11 | shotcrete shall not be placed on any frozen or spongy surface or where For ground freezing, refer to Section 19.2.
freestanding. ponding, flowing. or dripping water cxists.

18.1.12 | Shotcreting shall be suspended if high air flow prevents proper applica-
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Table 18.3, cont.—Example guide specification for shotcrete application

18.1.13

18.1.14

18.1.15

18.1.16

18.1.17

18.1.18

18.1.1%

182
18.2.1

18.2.2

18.2.3

18.3
18.3.1

18.3.2

Shoterete application shall be made from an angle as near perpendic-
ular to the surface as practical with the nozzle held approximately 2 to
6 ft (0.6 1o 1.2 m) from the work. In all cases. shoterete shall be built
up to required thickness by making several passes of the rotating nozzle
aver a section of the work area. Shoterete shall be applied from the
boitom and proceeding to the top of the work area on vertical surfaces.
Deefects such as slugs, sand spots, or wet sloughs shall be cut out and
replaced after initial set but before final set.

Special attention shall be given to encase reinforcing bars, steel sets,
and lattice girders. The nozzle shall be held closer than normal and

at a slight upward or sideward angle to permit better encasement. In
addition, the mixture shall be sufficiently flowable to force the shotcrete
behind the bar or steel set,

The layout and fastening of reinforcement shall be as detatled in the
contract documents, Reinforcement shall not be loose or vibrating
during the shotereting.

Construction joinis or énd of workday joints shall be angled off to a
thin, clean, regular edge, preferably at a 45-degree angle. The entire
joint shall be thoroughly cleaned and wetted to 55D condition prior o
application of adjomning shotcrete.

Shotcrete shall be applied in lavers or in a single thickness, depending
on the position of the work, Overhead and vertical work shall be
shotereted in layvers just thick enough to prevent sagging or dropouts,
usually 1 to 2 in. {25 to 50 mm) at a time. Where a laver of shotcrete
is to be covered by a succeeding laver, it shall be roughened before
setting. All loose, uneven, or excess matenal, glaze, and rebound on

a receiving substrate shall be removed by brooming, scraping, sand
blasting or water blasting, or other means acceptable to the enginecr
and the surface cleancd and brought to S5D condition before placing
subsequent layer of shoterete, Curing compound or other bond-
breaking materials shall not be applicd to surfaces that will be covered
by an additional layer of shoterete,

Rebound shall not be salvaged or reused in the work but shall be
collected and disposed of by the end of the work shift in which it was
created,

Use blowpipes or similar means to avoid overspray of rebound, espe-
cially while shotereting at or close to the invert.

Thickness control

Shotcrete shall be placed to the thickness and tolerance shown on the
project drawings and cited in the contract specifications,

The nozzleman and crew shall provide sufficient and acceptable control
system 1o provide proper thickness and grade. Use adequalte ground
wires, pins, nails, or other accepted means to establish the thickness,
surface planes, and fimish lines of the shoterete,

Shotcrete thickness for any single layer shall be limited to avod
debonding or sloughing.

Surface finish

Mo surface finishing work shall be allowed if the ground support is not
properly supported by older shotcrete that has gained sufficient strength
and, if finished overhead. the freshly applied shoterete layer is thicker
than 2 in. (50 mm).

The surface of shotcrete initial linings for ground support shall not
receive a special finish during the excavation and support.
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A minimum shoterete thickness 15 usually necessary to provide an
integral ground support system. A minimum thickness may also be
required to protect the reinforcing steel or other support steel from
corrosion or from abrasion (for example. in water tunncls) or to serve
as fire protection

The maximum thickness applied is also important so that the shoterete
lining docs not infringe on the tunnel design envelope.

Refer to Section 18,1 for further discussion of thickness control.

The gun finish, a textured. uneven surface, is the natural finish left by
the nozzle after the shoterete is brought to approximate line and grade.
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Table 18.3, cont.—Example guide specification for shotcrete application

1833 [f a waterproofing membrane is installed on top of the shotcrete

iitial lining, apply a smoothing shoterete layer as reguired to achieve

smoothness criteria prior fo waterproofing installation.

Meet substrate requirements of the waterproofing membranes installer.

The depth-to-distance ratio between two crests (wavelength) as

measured with a 10 ft (3 m) straightedge in random direction to be one-

fifth or less or as required per contract documents.

Cut off and patch projecting portions of any support elements flush
with the face of the shotcrete surface and remove temporary supports

and hangers installed in shotcrete for construction process,

Ensure that embedded elements of the shoterete lining are covered by
at least 1 in. (25 mm) of plain shoterete prior to installing the water-

proofing membrane system,

Repair damaged or spalled surfaces, voids, and cracks having depths
greater than | in, (25 mm) with shoterete, quick-set grout, mortar, or

equal.

Ensure that surfaces are free of oils, grease, and gasolines, and remove

loose 501l and debris,

18.34  If a better alignment, appearance, or smoothness is needed—that 15,
for a repair application or substrate for a wateérproofing membrane—
the shotcrete shall be placed a fraction beyond guide strips, ground
wires, or other gurdes. T shall be allowed o suffen to the point where
the surface will not pull or crack when screeded with a rod or trowel.
Excess material shall be trimmed, sliced, or scraped to true line and
grade. The guide strips, pins, or ground wires shall be removed, and

impressions removed, by floating.

18.3.5 For shotcrete final linings, the use of accelerator shall be avoided or
limited. The surface shall receive a wood float finish or natural gun

finish, as indicated in the contract documents.

CHAPTER 19—CURING AND PROTECTION

19.1—General
To a significant extent, the strength development of shot-
crete applied in underground construction is determined by
the subsurface environment and the efforts made shortly
after shotcrete placement to facilitate and complete curing.
Underground environments can provide beneficial curing
conditions. Temperatures and relative humidity are gener-
ally more consistent than those experienced by surface struc-
tures, and extreme conditions are moderated. In deep mines
or in regions with high geothermal gradients, rock tempera-
tures can be high. This does not, however, eliminate the need
for curing and protection of freshly placed shotcrete.
Mining and tunnel ventilation systems or the natural
air flow after breakthrough have a considerable capacity
to remove water from the surface of hydrating shotcrete
through evaporation. Failure to complete hydration can
result in surface or plastic shrinkage cracking and reduced
strength. Specific measures that can be taken are to wet-
down the surface of maturing shotcrete periodically to main-
tain a4 moist surface condition, and to install brattice curtains
or misters to fog the environment, The provisions for curing
shoterete should be consistently and systematically imple-
mented to achieve consistent-strength shoterete and mini-
mize potential cracks.

(aci®

19.2—Protection

Shoterete should not be allowed to freeze until it has
reached a minimum compressive strength. Such conditions
may occur at portal or shaft collar structures during winter
or cold periods. A shotcrete that reaches 500 psi (3.5 MPa)
before freezing takes place will not be damaged by freezing
in one freezing-and-thawing cycle. Shotcrete temperatures
should rise, however, above the freezing point to further
develop strength. Even though shotcrete 1s known to
develop greater heat of hydration than most concretes due to
its higher cement content, it is generally placed in relatively
thin lavers that allow rapid loss of heat, partially counterbal-
ancing the high heat-of-hydration benefit. In general, shot-
creting operations should be stopped if the ambient tempera-
ture falls below 40°F (5°C).

In a hot-weather environment. the problems encountered
with wet-mix shotcrete are the same as for conventional
concrete; increased water demand, increased rate of slump
loss, rapid setting, and difficulty in regulating the entrained
air content. For dry-mix and wet-mix shotcrete, the finishing
operations, if any, should proceed as rapidly as the shot-
crete condition allows. Curing should also start as soon
as possible,
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19.3—Recommended specifications
Recommended specifications for cuning and protection
are provided in Table 19.3. The information is provided in
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a guide specification format: the left column provides the
recommended specification language, and the right column
provides Notes to the Specifier.

Table 19.3—Example guide specification for curing and protection

Section/
Part/
Article Recommended specification language Notes to the Specifier

19.1 Curing Curing 18 typically not required for shoterete used as temporary support

in a tunnel or shafi, but should be mandatory for final lining, rehabilita-
tion, OF FEPair projects.

19.1.1 | After application, shotcrete shall be cured using a curing membrane, The rough surface of the shoterete natural finish usually requires more
covering, water sprinkling. or misting. Membrane curing and covering | curing agent than is normally specified by the supplier (fypically twice
must start soon after the shotcrete has been apphied. Misting shall the recommended rate). Overhead surfaces may require even more
commence as soon as shotcreting is finished, but water sprinkling shall | curing agent because it 15 subject to dripping. Curing agent should
start only after the shotcrete has set. be applied with equipment adeguate to ensure sufficient velocity so

that the product reaches the shotcrete surface, especially in overhead
situations.

19.1.2 | When a membrane-forming cunng compound 15 used, it shall be Cunng agents usually impair the bond between shotorete layers.
applied at a rate mesting the moisture retention requirements of ASTM | For this reason, field tests should be carried out if the compound 1s
C304, Curing compounds shall be applied immediately after the to be left in place between layers, In all other cases, water jetting or
shotcrete has been placed and finished in a manner that will not disrupt | sandblasting should be used to completely remove the product before
bonding to the substrata, applying a subsequent layer of shotcrete,

Curing compounds shall generally not be applied to shoterete where
additional layers of shoterete will be placed at a later dage.

Areas where additional shoterete layers will be placed shall be cured
with a curing membrane only if 1t has proven nondeleterious 1o bond
of il it is properly removed by water jelting, sandblasting, or a similar
process before the application of the next laver.

When a latex material has been added fo the shoterete mixture, only a
water-based curing compound shall be used.

Rapid drying of shotcrete at the end of the curing period shall be
avoided.

19.1.3 | If ne curing compound is used, shotcrete shall be cured by using one
of the following matenals or methods for a minimum of 3 days, until
a subsequent laver of shotcrete is applied, or until specified strength 1s
obtained:

i 1) Ponding or continuous sprinkling

{2) Absorptive mat or fabric, sand. or other covering kept continuously
Wil

(3) Vapor mist bath or continuous steam {not excecding 150°F
[65.6°C]).

19.1.4 | Natural curing is allowed only if the underground environmental condi- | In the case of natural curing, an 85% relative humidity condition is not
tions are satisfaclory, such as when the relative humidity 15 above 85%. | by itself sufficient and may need to be augmented by spraying water on

the finished shoterete. Extremes of heat, cold, or ¢xcessive evaporation
| | and d._T:ETliH..Il due to airflow should always be avoided.

19.2 Protection

19.2.1 | Shotcrete shall be protected to maintain an internal temperature above | Refer to Section 19.1.
40°F (5°C) until the specified compressive strength is reached.

19.2.2 | Before setting, shotcrete must be protected against anning frec water | Before setting, fresh shoterete quality can be impaired if the shoterete is

or any potential impact and vibrations,

vibrated, impacted, or moved. Finishing operations, if required, should
be conducted by experienced finishers to prevent tearing or breaking of
the shotcrete mass,

Shoterete in a developimg dnll and blast heading will always be
subjected to vibrations from & subsequent round being excavated, Blast
vibrations have hittle effect on previously applied, accelerated shotcrete,
even, in some cases, Tight up to the face.
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CHAPTER 20—SHOTCRETE FOR REPAIR
AND REHABILITATION OF UNDERGROUND
STRUCTURES

20.1—General

Underground structures are similar to surface infrastruc-
ture in that they require repair and rehabilitation to maintain
them in a safe, functional, and economic condition. Modem
urban environments, such as highway, mass transit, water
supply, sewer, and railroad tunnels, are subject to varying
degrees of deterioration over time. Concern for infrastructure
has created an interest in the rehabilitation of existing under-
ground structures. Many of the tunnels in North America
were constructed during the first part of the last century and
are approaching or have exceeded their anticipated design-
life expectations. Due to the high cost of replacement,
many tunnels are being rehabilitated to extend their useful
life. Rehabilitation of underground structures 1s becoming
commeon, and shotcrete 1s often the preferred repair method.

In subsurface mining, shafts, ramps, main access drifts,
and a variety of secondary structures important to safe and
productive mining operations are also subject to deterioration
and require maintenance and repair due to mining activities.
Unlike civil structures, the ground support used in perma-
nent mine openings may include rock bolts, welded wire
reinforcement, shotcrete. or steel sets, either individually or
in combination. Deterioration of these support systems may
range from bulging welded wire reinforcement loaded with
raveled rock to partial collapse of the mine opening due to
mining-induced seismic events (Kaiser et al. 2000).

Typically, the deterioration of tunnel and mine openings
can be readily observed, Common indications of deteriora-
tion are cracking. displacement, discoloration, raveling, and
spalling, which raise concerns during maintenance inspec-
tions that require further assessment and evaluation. For
both ¢ivil and mining structures, careful assessment of the
cause and effects of the deterioration are important as well as

Table 20.2—Additives for dry-mix shotcrete

the original assumptions during the design—that is, ground-
water drainage. Such assessment assists in establishment of
the methods and means for rehabilitating the underground
structure and in selecting the materials and installation
methods for the repair to be completed safely and effectively.

20.2—Materials selection

selection of shotcrete matenals that meet all necessary
properties established by the conditions and requirements can
be difficult. Some require load-carrying capability and dura-
bility. Shotcrete used for defects deeper than 1.5 in. (40 mm)
uses portland cement and well-proportioned fine aggre-
gates. Durability can be enhanced by using special pozzo-
lans, silica fume, or admixtures that reduce the permeability
(Zhang et al. 2016). The use of site-batched or preblended
bagged shotcrete requires special attention to shrinkage and
curing. All shoterete mixtures should be tested to select and
confirm sufficiently low shrinkage properties.

Cuning of shoterete 1s eritical in reducing early shrinkage
and for future long-term performance. In structural applica-
tions, understanding the behavior of shoterete in response
to loads 1s important. Two important properties Tor load-
sharing apphications are the elastic modulus and creep.
Whereas elastic modulus properties can be easily obtained,
creep values are much more difficult to ascertam.

The use of shoterete materials and additives that contain
unknown ingredients or where new, unproven technology
15 being used should be avoided, except in expernimental or
pilot projects, Also, the combination of known additives and
admixtures can lead to unexpected results and should there-
fore be tested prior to use.

The use of materials that contain gypsum results in
uncontrolled expansion and extremely low durability when
subjected to moisture. Some materials have been found to
contain high amounts of alkali material that may result in
early deterioration caused by alkali-silica reactions if the
aggregates are reactive. Some materials are sensitive to

Additives Benefit

Silica fume

| compressive strength,

Increased thickness; increased density; increased resistance to | Accelerators may not be necessary if used,
freczing and thawing; increased chemical resistance; reduced
| rebound; increased adhesion/bond; and nercased fiexural and

Comments

Accelerators
increased early sirength gain.

Steel fiber

toughness (residual strength after cracking).

Increased buildup of layers; reduced initial set time; and

Eliminated shadows and voids that are created with conven-
tional reinforcement; may replace awkward-, difficult-, and

| expensive-to-place welded wire reinforcement with improved
i guality control; improved impact resistance; and increased

I Adverse effects:

| Increased drying shrinkage (critical especially for final linings,
rehabilitation or repair projects); reduced 28-day shotcrete

{ strength.

Limited encapsulation of reinforcing bars or lattice girders
elements if dosage and nozzle handling is not adapted.

Synthetic fibers

fibers provide similar benefits to steel fibers.

Microsynthetic fibers reduced plastic shrinkage cracking and
[ improved spalling behavior during fires; and macrosynthetic
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At proper addition rates, macrosynthetic fibers provide similar
toughness to steel fiber-reinforced shotcrete. Structeral
behavior of macrosvnthetic fibers during tunnel fires {final

i lining applications) may be critical.
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the methods of application. Latex modifiers have proven
exceptional in overlays, but when used in some applications
involving dry-mix shotcrete, have resulted in interlayer bond
fatlure. Failure was caused by latex films forming on unfin-
ished surfaces. The shotcrete process uses high-velocity
air, which accelerates the formation of a bond-inhibiting
latex film.

Polymer shotcrete i1s a special class of matenals used to
repair concrete surfaces. Epoxies and acrylics blended with
graded aggregates produce strong and chemically resistant
materials. They can be used for thin or thick applications
where service or exposure conditions do not cause dimen-
sional incompatibility problems. Polymer materials have
a high thermal coefficient of expansion as compared with
concrete. The use of such materials in confined underground
environments requires serious consideration of potentially
hazardous environmental, health, and safety conditions.
Specific safety provisions should be emploved when these
materials are used.

Typically, shoterete repair materials comprise a blend of
materials, as indicated in Table 20.2.

20.3—Shotcrete placement methods for repair

Selection of the shoterete placememt method includes
these important steps:

(1) Selection of the method (wet-mix or dry-mix) that best
reconstructs the strength, integrity, and performance required
by the structure’s original design and current situation,

(2) Selection of the method of placement that will deliver
the repair material onto the prepared surface, substrate, and
repair configuration.

(3) Checking the feasibility of the selected shotcrete
placement, taking into consideration site conditions, time
available to complete the operation, and the specific means
of conveying the shotcrete to the repair location,

The placement method should deliver the shotcrete to
the prepared surface or substrate with specified results. The
shotcrete should achieve satisfactory bond to the receiving
surface or structure. The shotcrete placement should facilitate
filling the prepared cavity without segregation or entrapment
of rebound, and fully encapsulate any structural, reinforcing
steel, or welded wire reinforcement. Without achieving the
aforementioned requirements, the repair may not perform its
intended structural. protective, and aesthetic duties.

The bond achieved depends to large degree on mechanical
interlocking with the prepared receiving surface. For this to
occur, a high velocity should be used to compact the applied
shotcrete to bring it into intimate contact with the prepared
surtace. The shotcrete mixture should also have an adequate
cement content to adhere and bond with the prepared surface.

Constructability is defined by these questions: Can the
shoterete repair be completed within the constraints speci-
fied by the engimeer or owner? Can the necessary shotcrete
and ancillary equipment be located in proximity to the repair
arca? Will the shoterete placement system allow the repaired
structure to be placed in service within the time specified?
Is the approach to shoterete application conducive to the
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underground working environment? Are there experienced
contractors available for the underground project?

20.3.1 Drv-mix shofcrete—The dry-mix process varies
depending on the necessary thickness and orientation,
Where the repair 1s thick, the process may mnvolve the
placement of multiple layers. Otherwise, overly thick indi-
vidual layers may result in sloughing. The use of silica fume
improves adhesion and cohesion of the shotcrete and reduces
sloughing. Typical problems with shotcrete repairs include
the presence of voids due to encapsulated rebound and
shrinkage due the high cement content, improper curing, or
excessive water content used during application. Shotcrete
can be placed on demand; thus, this system has operational
flexibility. Because the volume of shotcrete associated with
repair and rehabilitation is usually small, hmited shotcrete
production capacity is required because preparatory work
and finishing consumes most of the production time.

20.3.2 Wet-mix shatcrete—In  the wet-mix process,
premixed repair materials are shot onto the substrate with
compressed air. Additives and admixtures used to enhance
the shotcrete mixture mnclude silica fume, fibers, and air-
entraining admixtures, which can enhance the durability
of the repair material (specifically, improve freezing-and-
thawing resistance),

Intermittent  shoterete  placement required in  limited
repair areas using relatively small volumes can lead to
production problems, waste of materials, and setup prob-
lems if system selection and production planning are not
properly conceived,

20.4—Quality assurance requirements for
rehabilitation of underground structures

The QA program for rehabilitation of underground facili-
ties should conform to the recommendations found in
Chapter 9.

20.5—Repair considerations

Numerous factors influence shotcrete repairs of existing
underground structures, including the type of construc-
tion, facility operations, and the severity of the defects, The
elements that most directly affect the selection of the shot-
crete process are:

{a) Strength of repair material (largely dictated by the
strength of the original construction)

(b) Durability requirements (a function of the strength and
the long-term suitability of the repair configuration)

{¢) Environmental setting of the repair location (of prime
importance due to the varied environments that exist within
the underground setting [the presence of water, atmospheric/
temperature changes in ventilation shafts, shaft stations,
and portal locations]; and the chemical composition of the
groundwater and soil and rock that surround the tunnel have
a strong influence on the selection of proper repair products)

(d) Allowable time frame for the implementation of the
repair (one of the most important elements in the shot-
crete selection process). The time frame 15 dependent on
the owner’s concern for public or worker safety and opera-
tions, including hours of shutdown for repair construction
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Table 20.6—Example guide specification for repair and rehabilitation

Section/
Part/
Article Recommended specification language MNotes to the Specifier
20,1 Om the project drawings, the engineer shall locate and identify areas | Archival, as-built, and facility operations drawings arc a considerable
to be repaired. assct when repair and rehabilitation of structure is an issuc.
202 Using acceptable methods, remove deteriorated rock or substrate that
cannot be repaired in place.
_-v. ¥ roL . 3.|.' = 2 7 4 I J :
20.3 Prepare surface repait boundaries to shoterete as outlined in ACI S:ﬂmplmg sn testing per -*;ST.M CRZVESIIM, C .EJCHM ﬂn.d
A C1604/C1a04M. Nondestructive test methods or simple sounding can
SB6E. ; R B
determine the extent of the condinon in need of remediation,
204 Clean surface of the exposed structural and remnforcing steel, rock,
and concrete using high-pressure air and water.
20.5 Exposed comoded reinforcing stecl encountered i the repair process
requires shoterete to be removed around the circumference of the bar,
20.6 Heavy oxides or other bond-inhibiting matenials must be removed by
a cleaning method acceptable to the enginecr.
20.7 Reinforcing bars damaged during removal operations or with
critical section loss may require repair or replacement and should
be subject to structural assessment and, if necessary, replacement or
supplementation,
20.8 In certain situations, special coatings may be applied to add additional |
protection to the structural steel and reinforcing bars.
20.9 Surfaces of existing concrete exposed to receive the repair maternial
must be sound, clean, and free from bond-inhibiting materials, An For cementitious repair materials, the prepared substrare should be
ideal sound surface is one of adequate compressive strength, freeof | brought to an 550 condition before application of the repair material.
defects, with matrix aggregate bonded to cement matrix.
20.10 After initial removal, repair surfaces must be sounded for delamina-
tions, laitances, and vords.
20.11 Any rock or substrate arcas found to be unsound must be rechipped Sandblasting or high-pressure water-blasting should be used to
or removed, remove the damaged surface layer caused by chipping,
2012 Complete repair to line, grade, and tolerances indicated in project Surface finishing should be commensurate with original architectural
drawings and specifications. considerations.
1 : : i : ing s teri struct I
20.1 Cariplie ARl A e bﬁ;::;s tz:snng data to confirm material and structural propertics

and maintenance of clearance envelopes for revenue service
during the rehabilitation construction period.

A successful rehabilitation project culminates in the
economical implementation of repairs to the underground
structure. These repairs should be durable, easy to perform,
and capable of being implemented rapidly during non-
operational hours. In addition. they should not constitute
a safety hazard to facility operations. It should be recog-
nized that each underground rehabilitation project is unique.
Attention to specific site requirements and conditions ulti-
mately dictate the suitability of the shotcrete process as a
viable means of repair or rehabilitation.

20.6—Recommended specifications

Recommended specifications for repair and rehabilitation
are provided in Table 20.6. The information is provided in
a guide specification format: the left column provides the
recommended specification language, and the nght column
provides Notes to the Specifier.

Table 21.1—Suggested measures for basis of
payment for shotcrete

Suggested pay
Pay item Category or application umnit
1 Category | Linear meter
2 Category 11 Linear meter
3 Category Portal A Linear meter
4 Category Portal B Linear meter
3 Cross Passage Category A Each
] Cavern Zone, 3 in. (75 mm) thick Square meter

CHAPTER 21—MEASUREMENT AND PAYMENT

21.1—Basis for payment

Payment methods should be based on a predetermined
quantity of readily wverifiable completed work. Refer to
Table 21.1.
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Table 21.2—Example guide specification for basis of payment

Section/
Part/
Article

Recommended specification language

Motes to the Specifier

21.1

Measure of completed work:

Shoterete for the (funnel, drifi, cavemn, or the hke) will be
measured by the (limear ft [lincar meter], square vard [square
meter], cubie vard [cubic meter]) of complete work certified and
measured for payment by the engineer,

The preferred method for measurement of shoterete is for some unit

of in-place shoterete because the amount of rebound and waste 1s
usually unknown and always controversial. This is particularly true for
underground projects because the amount of rebound is greater when
sheoting overhead and when shooting irregular overhead surfaces and
imregular reinforcement. In addition, relatively long shicklines may
cause significant waste material during clean-out on a regular basis or
plug removal.

I. The measurement of square vard (square meter) shall be along the
centerline of the completed work.

2. The measurement of square vard (square meter) shall be of
completed shotcrete surface area having the minimum specified
shoterete thickness that also meets all other requirements of these
specifications.

3. The measurement of cubic yard (cubic meter) shall be of completed
shotcrete using the measured area of completed shotcrete, multiplied
by the minimum specified thickness for its location, which also meets
all other requirements of these specifications.

Thickness and area measurements shall be performed by the engineer.

The excavation surface 15 irregular and highly dependent on the over-
break. Overbreak 15 dependent on the contractor’s means and methods
and the gealogy. Typically, the contractor must assume a certain
amount of overbreak and the backfill of this overbreak with shoicrete
15 the contractor’s risk. Therefore, the payment is based on the surface
area, while the thickness is assumed “as shown on drawings™ and the
CONractor’'s rsk.

Omly if the overbreak is over certain limits and not caused by the
contractor’'s means and methods will additional backfill shoterete
beyond the contractual limits be paid per volume as measured in the
field.

| £ ]

Basis for payvment;

The accepted quantities, determined as provided in Example Speci-
fication 21.1, will be paid for at the contract umit price bid per unit
of measurement for the pay items listed in the accompanying table,
which price and payment will be full compensation for the work

Refer to the suggested pay items in Section 21.1.

In some projects, the shoterete 1s not measured separately for payment,
lts work is incidental to the work specified for tunnel initial supports,
which 1s normally paid by unit prices, mcluding all labor, material,

preseribed 1n this section,

21.2—Recommended specifications

Recommended specifications for basis of payment are
provided in Table 21.2. The information is provided in
a guide specification format: the left column provides the
recommended specification language: and the right column
provides Notes to the Specifier.

CHAPTER 22—REFERENCES
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The American Concrete Institute (AC) is a leading authority and resource
worldwide for the development and distribution of consensus-based
standards and technical resources, educational programs, and certifications
for individuals and organizations invalved in concrete design, construction,

and materials, who share a commitment to pursuing the best use of concrete.
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