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CHAPTER 1-INTRODUCTION AND SCOPE 

1.1-lntroduction 
In North Alnerica, the tenu "sbotcrete" is used and defined 

by the American Concrete lnstitute's "ACI Concrete Termi­
nology" as "concrete placed by a high-velocity pnemnatic 
projection from a nozzle", while in Europe. sholcrete is 
connnonly refetTed to as "sprayed concrete". 

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

The pneumatic projection of sbotcrcte onto a surface at 
high velocity provides speci.lic quality cnhanccmencs that 
interact with the ground surface and prepared subscratcs, 
providing superior bond characteristics, increased density, 
strength, durability, and toughness. lo addition, shotcrcte 
provides the geometric and operational flexibil ity required 
for many underground operations and-especia l! y 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. 
Tiiese qualities are desirable in ground support and lining 
applications and provide economic and technical advantages 
compared to the other initial support syste ms and materials. 

Cast-in-place (CIP) concrete is widely used in under­
ground tunnel ing 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 inveshnent 
for a mechanized fom1work, shotcrete has many advan­
tages over CIP concrete for final linings due to the inherent 
flexibility of the method to cover a large range of opening 

shapes and s izes. This allows for certain structures such as 
enlarged cross sections, imersections, or penetrations 10 be 
constructed with less e ffort in comparison to ClP concrete. 

Geometrical flexibility for final linings is a lso 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 time 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 cenh1ry. 
The evolution of mining and civil tunneling methods has 
placed tmique demands on the materials, equipment, and 
personnel that comprise current concepts of a shotcrete 
syste m for underground support and lining construction. 
\Vith this gradual evolution in technology and trial and error 
came acceptance, adaptation. and new means and methods 
of successful shotcrete application. 

The design, working conditions, and placement of shot­
cre1e underground are unique, very demanding, and gener­
ally much more cballenging than shotcreting above ground. 
The majority of underground shotcrete is ins ta I led overhead 
or sub-vertical, making the coITect installation technique and 
strength development over time crucial. 

The primary focus during shotcrctc installation under­
ground is worker safety, due to cbc occcl to prov ide imme­
diate and effective ground support and to use proper instal­
lation procedures to avoid fallou1s of fresh concrete. For 
the construction industry as a whole, tlie specifica1ion of a 
28-day compre-ssi ve strength is typically sufficient; however, 
the early strength perfonn ance of underground shotcrete 
during the first hours or days is often critical. Much of 1he 
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 avai lable for shotcrete application is 
minutes or a few hours. The use of acceleratillg admixtures 
is a unique feature of underground shotcrete appl ication in 
that it provides a means of controlled and rapid strength gain 
inm1ediately following application. 

Tunneling or 1nining activities typically take place on a 
continuous and cyclical basis. The process of excavation, 
muck remova l or mineral extTaction, and ground support 
installation are repealed 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 re liable. efficient, and effective. 

The underground environment can impose significant 
constraints and demands on the batching, mixing, handling, 
and placement of shotcrete. The unique logistica l demands 
associated with underground shotcrete application may 
require access to the underground work area via shaft, adit, 
and ramp, and 1he subsequent use of long and restrictive 
haulage routes or dropping concrete through a borehole or 
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s lickline. This frequently results in extended handling and 
discharge times and may requ ire the use of hydration­
s tabi lizing admixmres and a lways requires a vigilant shot­
crete crew to avoid plugs in s licklines and shotcrete equip­
ment. At any time, production can be disl'llpted, and shotcrete 
installation delayed or disrupted. This is particularly prob­
lematic if ground conditions deteriorate a nd the demand for 

Fig. I. IC1-TypicC1I heading: large tunnel with drill rig. 

Fig. I. I b-TypicC1I heading: small tunnel with drill j umbo. 

Fig. l. l c-7j1pical heading: mine. 

shotcrete as ground support becomes more critical. Finally. 
the environment can be hostile for worker safety, effic iency, 
and quality control, as well as for qua li ty shotcrete place­
ment and curing conditions. Figures I. I a to I. I c 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, installation procedures, 
and tra ining for underground shotcrete crews. These systems 
require significant invest111ent not only in tem1s of capital, 
but also in providing experienced personnel. Further, the 
process is complemented by a holistic view on the part of 
the designer and specifier. Training and supervis ion have led 
to improvements in the quality and consistency of shotcrete 
in underground shotcrete applications. The consequences 
of deficient shotcrete in any ground support application are 
obvious and can be unsafe for workers. Quality assurnnce, 
qua li ty control, and the associated inspection and testing 
activities are e<Jually important in achieving. a successful 
underground shotcrete progrnm. 

A major task faced by the underground shotcrete industry 
is the abil ity to demonstrate to owner, designer, specifier. and 
inspection and testing personnel that high-quality shotcrete 
can be produced consistently. ll is therefore important that 
owners and others have an understanding and appreciation 
of how a shotcretc systcm- ,naterials, batching, handling. 
placing C{fuipment, and trained qual ity supervisory and 
production personnel- fits into their underground project t0 

ensure that specification requirements arc met. The e fforts 
that go ioco design ing, SJ>ecifying, planning, and imple­
menting a shotcretc 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 preconstrnction testing and mockup program, which is 
typical for large and complex projects. may not be necessary. 
However, there are a lso small projects that involve a limited 
volume of shotcrete (for example, repair or rehabilitation) 
that are both complex and di fficult, and where the quality 
requirements are clearly different. There are a lso many large 
underground projects throughout the world where a signifi­
cant e ffort is required to staff and conduct extensive quality 
assurance programs, of which shotcrete is an impmtant part. 
It is important that owners not be b,u-dened with the cost 
of unnecessary inspection and testing requirements. For that 
reason, this guide carefully distinguishes the requirements 
associated ,vith large, mediutn , small, and complex shotcrete 
projects to assist with identifying the optimal approach for 
the contemplated project. 

1.2-Scope 
Succ-essful application of underb'fOund shotcrete re<Juires 

teamwork and cooperntion of all participants involved in the 
project. This guide is intended to provide a common basis, 
infom1alion, and background on the application of under­
ground shotcrete for i111erested owners, de-signers, specifiers, 
and inspection and testing personnel. 

The guide briefly discusses the concept of composite 
ground support- the combination of shotcrete and otl1er 
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Table 1 2-Metrication table . 
SI to iucb-,pound Inch-pound to SI 

I mm= 0.0394 in. l in,= 25.4 mm 

I 1n 39.37 in. - 3.28 fi 113 yd I ti 12 in. • 0.3048 1n 

I m3/mm = 35.3 15 t\3/min I CFM =I ft1/min = 0.0283 m11mm 

I m/s ,.. 3.28 ll/!l I fl/s = 0.3048 mis 

I Ml'a = 145.04 psi I ksi = 1000 psi= 6.0 MPa 

'C = ('F - 32)1 1.8 •p = (1.8 x 'C) .. 32 

support elements used to provide early and effective 
tunnel sup1>01t. The guide is not a comprehens ive treatise 
on the des ign of these systems but is intended to provide 
sufficient backgrowid to understand how the combina­
tion and sequencing of ground support elements can influ­
ence the perfonnance, application, inspection, and testing 
o f shotcrete. 

The general fonnat of the document is such that each 
section provides a btief introductory overview followed by a 
table that contains po ints considered important to specifica­
tions (example specifications) and brief notes to the speci­
fier, wbere 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 U1is b'ltide is written to those users typically 
involved with c ivil projects involving shotcrete, it is equally 
applicable to users involved with shotcrete in 1he under­
ground mining industry. Whereas terms such as owner, spec­
ifier, and contrac1or are ubiquitous for c ivil projcc1s, these 
key players are nonetheless involved in mining, excep1 that 
they arc typically one or more individuals, groups, or enti­
ties within the mining company, and may be referred 10 as 
engineering, production, or quality control. 

Measurc111cntS in this document are presented in inch­
pound uni1s (followed by SI units in parentheses). Table 1.2 
contains the constants that were used to convert inch-pound 
uni rs to SJ and vice versa. Due to issues of rounding, signifi­
cant figures, and the dimens ions of locally available prod­
ucts. the values resulting from conversion may be mislead­
ingly precise. 

CHAPTER 2-NOTATION AND DEFINITIONS 

2.1-Notation 
Not used. 

2.2-Definitions 
Please refer to the latest vers ion of AC! Concrete Termi­

nology for a comprehens ive list of definitions. Defini tions 
provided here iJ1 complement that resource. 

adit- a horizontal or near-horizonta l passage leading into 
a mine or tunnel for the purposes of access, d rainage. or 
ventilation. 

air lance- refer to blowpipe. 

asperity- an irregular surface projection o f rock, soil, or 
subs1ra1e causing the surface or profi le of a runnel or excava­
tion to appear rough. 

blocking (of s teel sets or lattice girders)-wood or steel 
used to fi ll in and brace between a steel set or lattice g irder 
and the excavated tunnel profi le. 

blowpip-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 ve,tical slickli ne 
to decrease velocity, dissipate e nergy, and receive wet-mix 
shotcrete. 

delivery equipment-equipment that introduces shot­
crete mate tia l into the delivery hose. 

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

kettle--see boot. 
MSHA- l'vlanufacturers' Health & Safety Association 
nozzle body- a device at the end of the delivery hose that 

has a regula1ing va lve and contains a manifold (water or air 
ring) to introduce water or a ir to shotcrete mixture. A nozzle 
tip is attached to the exit end of the nozzle body. 

p neumatic feed- sbotcrcte delivery equipment in which 
matetial is conveyed by a pressutized air stream. 

positive d isplacement- wet-mix shotcrc1e delivery 
equipment in which a pump or other nonpneumatic means 
pushes the matctial through the delivery hose in a solid mass. 

predampening- tbc controlled addition of wate r to shot­
crcre aggregates or premixed sbotcrclc mate rials during 
batching to adjust the moisture contcm o f the shotcrcte 
mixrure to a specified range. usually 3 to 6% by mass, to 
facil itate consistent, uni fonn mixing and dust suppression 
during dry-mix shotcrete application. 

quality assurance plan- written project requirementS 
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
dw·es followed during implementation of the quality assur­
ance plan. 

raveling ground-grotmd characterized by material 
Uiat 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 enca psulated with 
resin or cement grout. 

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

rodman- a worker on a shotcrete crew who trims and 
finishes shotcrete using a rod or other tools. 

slicklin- a pipe to carry wet-mix shotcrete to the area of 
placement. 

spider bar- (i) a bent re in forc ing bar 1bat attaches a rock 
bolt plate to a shotcrete shell: or (2) the bent bar used to 
separate the circumferential bars in a lattice girder. 
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steel set-structural steel used to support the ground 
opening in underground construction. 

wetting- the addition of mixing water to dry-mix shot­
crete materials just before the material ex its the nozzle. 

CHAPTER 3-SUBMITTALS 

3.1- Submittal process 
The submittal process is an extremely important aspect 

of the contracting practice. Complete and comprehensive 
submitials are essentia l 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-

Table 3.2-Example guide specification for submittals 
Section/ 

Part/ 
Article Recommended s1,ec:ifiu1ion l.an11.ual!.t 

3.1 Precom,truc.tion sub,nittaJs. 

3.1.1 The shotcrete work shall be perfonned by a Contractor with a 
minimum of xx years of experience in performing shotcrete work for 
underground projects with similar size aod complexity. 

cally, submittals are required to confirm that specific shot­
c,·ete materials, equipment, methods, processes, practice, 
and 1>ersonnel have the potential to meet or exceed speci­
fied project requirements. The nature and type of submittals 
should be commensurate with the s ize and complexity of the 
underground projec1. 

Submittals are typically required before construction, 
i11m1ed iately following the completion of preconstruction 
testing, and may be required throughout the construction 
phase of the project. These submittals serve as objective 
evidence and confinn that specific conshuction materials, 
it1stallation methods. equipment, proc-edures, and trained or 
qualified personnel have met or exceeded the perfonnance 
requirements identified in tbe project specifications and 

Nou.~ 11) the S1>edficr 

Sub1ninaJs are u..~ua.lly n.."qnired li'o1n construction cootrac.tors at least 
28 days before the start of co11siruction. 17\is allows the. ap~~ro~~riate 
ornie.cL oreanizatiorts titne 10 review aod ace.em the sub1nittaJ. 

'lbe required years of experience should be defined by Lhe designer and 
are typically in a range of 5 to JO years. 

Personnel qualifications and training results will be required at least 
Submit objeeuve evidence that documents the qualificJtions and expc• 28 days before constrnction. 
ricncc orchc contractor and tile work crew with projcc1s whh similar 
size and complexjty. including ,he supervisor. shotcrctc nozzfomen. Shotercte Nozz.lemcn Ccnifica.tion by the American Concrete lnscitucc 
and shotcrcte cq-uipmcnt opcrntor(s), as outlined in ACI CP-60. 

The shotcrc1c nozzlcman shall be ACI certified for the method (wet or Larger and more complex projects may in nddilion spe<:ify minimum 
dry) and oricntalion (vertical or ovcrbend or both) used, years of experience with projects of similar size and complexity for the 

nozz.lcmcn. 

3.1.2 Submit ma:nufoc-Lurcr's certificat ion showing source and proof of Preconstruction tesling results will be rrquired at least 28 days before 
conformance to project specificilliOns or all sho1crete maLeriaJs. construe1ion. 
including: 
(a) Portland cement Consider these addi1ional suhmitrols: 
(b) Silica fume (a) The ho1 and cold weather precautions necessary to meec1 project 
(c:) Fly ash and slag ccmeru specifictnions under these cire.umlilances 
(d) Aggregate source, g.rudation, bulk density (specific gra•.:ity}. and (b) The chemical composition of all additives and admixtures used in 
absorp1jon shotcrNe, specifica.lly mate.rials safety da1a sheeL<. (MSDS). 
( e) Water source 
(I) Chemical admi:(tures with materials safety data shee-ts (MSDS) For shotcrete materials. refer to ASTM Cl436. 
(g) Fiber reinfotcemeru 

fol' waler, releno ASTM C l602/C l602M and C l603. 

3.1.3 Submit test records and proof of c.onfonnancc to project specifications It is recommended that a shotcrete and ground suppon equipment 
of all ground support reinforcement, mcluding: s.ubnunal idemifying the type and performance charnc,eristks of the 
(a) Rock bolts. rock dowels, and grout equipment for ground support installation. 
(b) Anchor plntes and spiders 
(c) Anchor hardware (nms and washers) This infonuarion may be pro\'idcd elsewhere in the projccL 
(d) Reinforcing steel or welded wire reinforcement s.pccificnrions. 
(e) Steel ribs or tauicc girders 

3.1.4 Submit proposed source of shotcrete and sho1crc1c mix.1.urc proportions, Refer to ASTM C 1436 for shotcretc materials. 
including test da!a from prcvioos cxpcrienc-e with mixture proponions, 
if a\raihtble. ff past darn itrl! not available, then trial batcbiC1g: should be 
require.cl. 

3.1.5 Sub1nit proposed shotcrete. mixture proportions, including: SubmiU.als of proposed sho1crc:1c mixture proportions, supported by 
(a) Batch quantities of fine aggregate, coarse aggregate. cementiliou.s 8Mhour. I-day. 7-day. or 28-day c-Ompressive and nexural t~t results 
materials, fibers, expected wate.r de1nMd (to include all watet from within last 24 rnon1hs a_,; rtquir~d. Component material s-ubmiuals- will 
moisrure in aggregates, water added at batch plant and water added also be required; refer to recommended spec.ifkation Section 3.2.1. 
on site), d1emical admixtures including acccle.ratol's and aU othec 
shotcrete iog.i'OOie11l~, in lb/ydJ (kg/in)) or fl oz/yd.l (Um' ) based on 
satura1ed surface-dry (SSD) aggregates 
(b) Fiber content of steel fiber or o1her 6be-cs. in lb/yd$ (k.~/ml) 
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3.1.6 Submit pl'oposed methods for mixing. conveyi11g. flnisbing, curing. and Recommeod tJ1ese additional submittals: 
tesiing aJong with a complete list of proposed equipme1u for each task. (a) The. shotcrete placetuent plan 

(b) Specific provisions to cure and protect in~place shotcrete 
Submit proposed methods for accelerator dosage control and documen• 
tation, including c-alibl"dtion of accelerator pump. if liquid accelerator 
IS used. 

3. 1. 7 Alternative means and methods pcnuiucd in the cootroct documents Examples include ahcmntc-shotcrctc placing equipment and means of 
should be submiHcd by the contnictor for review and acceptance by the groundwater control. 
owner. 

3.1.8 Submit de1Rils of proposed safety plun: Rcfc:r 10 Chapter l S. 
(a) A description of personal protective equipment, specifically. protcc-
Live clothing: he.ad, eye-, res.pirlltOf)', and hc;iring p(Otcc-tion; tmd other 
safety-related protective devices to be used 
(b) Copies ofMSHA form for all emplO)'e~ <m projec1 showing their 
training is up co date, or submit any related OSI IA !raining forms 
(c) Oes.cripticm of procec:lure .. .:; for handling all potentially hilzardous 
materials. including admixtures. accelerators, and cemenlitious 
materials 
(d) Ventilation plan 10 ensure proper air qualicy and enhance visibility 
for nozzlemao and cre:w 
(e) Plan for monitoring and contt011ing respirable dust and vapor 
(t) Re-eml'V criteria and ,·elated testin!?. if o,•erhead shotcrece is olaced 

3.1.9 Submit QNQC pro~ram for review and acceptance .. 

3.2 Submi1tals during constrnc-tion. 

3.2.1 Submit resuhs of QC a<:tivilies.. 

drawings. Quali fied suppliers or vendors usually provide 
submittals that arc subject 10 evaluat ion before acceptance 
by architect/engineer. Where required, prcconstruction 
testing, mockups, and laboratory test results can support 
these submittals. Such testing may involve prequalifica­
tioo of procedures, mate ria ls, equipment, and personnel and 
applies 10 shotcrete, but also to concrete, rock bolts, the 
manu facrure of lattice girders and steel sets, or other mate­
rials used in underground construction. Ali quality-affecting 
services, materials, and equipment are subject to ongoing 
procurement procedures and controls. 

Finally, it should be noted that some submittals are 
intended for the engineer's review and acceptance prior to or 
during construction, other submittals are tor 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 mutua l benefi ts 
of the submittal process for the projec t to establish a common 
ground and understanding and to make the construction 
process in the field as efficient as possible. 

3.2-Recommended specifications 
Reconunended specifications for submittals are provided 

in Table 3.2. The information is provided in a guide speci­
fication fonnat: the left column provides the rec-ommended 
specification language; and the right column provides notes 
10 1he specifier. 

Refer to Chapter 9. 

Depending on the complexity of the projec1. additional submittals 
may be as specified. When ground support systems. accessories. and 
componcot materials arc delivered to 1hc project. materfols and manu· 
facturcr certifications :m;: required as objective evidence during receipt 
inspcctiot\lacceptancc of these ma:tcrials. These submju~ls co1tfim1 
that the quality aspects of i1cms received arc in compliance with those 
obtained under the project procurement process. 

QC n.'".$ults should be submilled daily or ,veck1y, de~nding on the 
comolexi1y of the iob. 

CHAPTER 4-MATERIALS 

4.1-Accelerators 
Accelernting admixtures (accelerators) are typically used 

in both dry-mix and wet-mix shotcrete to sho1ten the time of 
setting and strength gain. High early stren!,>th is often desired 
in under&rrotmd construction because it: 

(a) provides immediate ,md effective ground support in 
unstable or potemially unstable tunnel conditions or if the 
excavation is advancing quickly 
(b) reduce-s convergenceofthe tunnel and potential surface 
settlements 
(c) ensures a sa re working environment under freshly 
installed shotcrctc , especially overhead 
(d) enhanc.:s the maximum buildup thickness and, hence, 
min imizes shotcrctc fallouts, which arc not only costly but 
also present a hazard to 1bc underground working crew 
(e) improves application ofsbotcre1e in ground conditions 
with dripping or flowing groundwater. 
Accelerators vary widely in their chemical composition. 

The accelerator supplier should be consulted to dete1111ine 
the bes1 type and dosage for 1he specific application(s), as 
well as identify potentia l interaction with other admixrures 
and additives. 

Most accelerators result in lower 28-day strength when 
compared with a non-accelerated shmcrete mixrure (Zhang 
2012). In addition, accelerators often create greater hydrated 
paste porosity and , therefore, may reduce shotcrete durability 

American Concrete Ins titute - Copyrighted @ Material - www.concrete.org <c:ic1) 
@seismicisolation@seismicisolation

https://t.me/seismicisolation


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

with respect to c hloride resistance, penneabi lity, appearance 
of leaching stains , sul fate 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 1>ossible 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. C lear guid­
ance must be given to the shotcrete crew with regard to the 
targeted and maximum accelerator dosage. 

For mining applications, long-tenu durability may not 
be a major concern, depending on the use, location, and 
projected life of the specific underground opening. Where 
shotcrete is used as the final lining for tunneling projects, 
durability is usually a primary concern and, therefore, accel­
erator type and dosage should be se lected and accelerator 
applied so that service life, durabi lity (Zhang et al. 2016), 
and long-term performance is not compromised, and lo□g­
ten11 ma intenance issues do not develop. 

Accelerated shotcrete develops more heat than non­
acce lerated sbotcrete. Thenual expansion and subsequent 
contraction cracking and shrinkage cracks need to be taken 
into consideration, especially for final lining applications. 

Due to the variabil ity in chemical composition, accel­
erators may perfonu differently depending on the specific 
cement used. Observations of setting times based on sbot­
crctc rcst panels for specific ccmcnt-admixmre combinations 
provide a more consistent and reliable indication of actual 
perfonnance under field conditions (Prudenc io et al. 1996). 

As with all chemical re.actions, tbe rate of cement hydra­
tion increases with temperature. Hot or cold shotcrete place­
ment conditions have a s ignificant 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 temperatul'es, the cement hydra­
tion reaction may barely initiate. Surface and near-surface 
stntctures may experience cold conditions during winter 
construction. Add ing additional accelerator to shotcrete in 
these conditions does not necessarily resolve this situation 
becatL~e the reaction is temperature-dependent, and such an 
addition may s ignificantly detract from the long-term dura­
bi lity of the shotcrete and its reinforcing elements. 

Storage of accelerators, especially liquid accelerators, 
may be a challenge on tmderground projects . The pe1for­
mance of some accelerators is highly i111pacted by the envi­
ronmental temperattu-e. Insulation of storage containers may 
therefore be necessary. ln addition, some liquid accelerators 
have the tendency to settle and must be constantly agitated 
to stay homogeneous. 

Accelerator admixtures used in wet-mix shotcrete ,Ire 
usua lly added iJJ liquid form at the nozzle along with the 
compressed air. Accelerator ad1nixtures for dry-mix sbot­
crete are usually in powder form that can be preblended into 
the mixture. These oven-dried, preblended shotcrete mate­
rials can be stored in a dry environment and used without 
derrimental effect on their perronuance for up to I year. 
When mois t aggregates are used with the dry-mix meU1od, 

the accelerator should not be in contact w ith the damp cement 
and aggregates for longer than a few minutes before appl ica­
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 liquid 
accelerators at the nozzle, concu1Tent with the addition of the 
mixmre water, may a lso be used with the dry-mix method. 

\1/hen 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-shoicrete 
method. ln dry-mix sbotcrete, 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 acc1m1cy and control give the contractor the abi lity to 
increase or decrease the amount of accelerator, dependiJ1g on 
the tunnel suppott or groundwater conditions. 

The accelerator dosage is typically defined as a percentage 
of the cement weight. However, especially if using wet-mix 
shotcrete and liquid accelerntors, 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 p\tmp 
that is synchronized with the concrete pump should be used 
for underground applications. The calibration o r accelerator 
dos ing pumps should be regularly checked to ensure that 
the accelerator is introduced 10 the sho1crctc mixture al the 
desired dosage. 

\I/here groundwater is expected, estimates of inflow and 
analyses of the potential groundwater chemistry should be 
made to deten11 ine the potential implications on cement 
type, accelerator perfonnance during application, and on 
the long-term durabil ity of the shotcrete. The ground and 
groundwater temperature should a lso be measured. Hot- or 
cold-water conditions may affect the setting time and long­
tenu perfonnance of the shotcrete. 

It should be noted that, in some instances (particularly in 
potash mining), brine water is 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 C!436 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 C 1436. 

An example ofusingASTM Cl436 is: 
X.l tvlaterials for shotcrete shall conform 
to ASTM C l436. Cement shall confonn to 
ASTM Cl50/Cl50M, Type I or Type U or Type ID. 
Combined aggregates shall confon11 to Grading 
No. 2. It shall be determined by the contractor 
which admixtures to use to meet the perfonnancc 
requirements of this specifi cation. Fibers shall be 
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Section/ 
Part/ 

Article Recommended specification l:mguage Notes to the Specifie-r 

4.1 Cemenl 

4.1.1 Cement shall conform toASTM C l50/Cl50M or be of the type spcci• Usually a Type J. II. or Ill cement is specified. but other types may 
ficd by the owner. be specified under ccnain circums1anccs. Type II or other types may 

require sp~fol attention to 1hc accelerator compatibility. 

4.2 Supplementary cementitious materials 

4.2.1 Silic.a fume shalJ conform. to ASTM Cl240. The improvement~ in shotcrece perforrn.aoce with re.spect I t) rebound 
and maximum achievable buildup by silica fume. use are consequences 
of ils pa.11id e size and shape. Therefore, for dry.mix shotcrete, silica 
furne should be u..:.ed in i1s underisificd fi.)rtn to lhe extent ptacticable. 
Wbene\'C-r diffotent Sl)Urccs of silico fume exist, prefetence should be 
given to l11ose wilh smaller average particle si2e (preferably less than 
0.008 in. l0.2 mmJ). For wet-mix applications in which lhe-re is enough 
mixin.~ ac.tion, densified s ilica fume can be used with equivalent results. 

4.2.2 f ly ash shall conform to ASTM C618 Class for Class C. lhe addition of fly ash is accep1able only if all sholcrete pe1fonnance 
requirements can be dcmonstratod during preconstruction testmg. 
·resting 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 Sl•g cement sholl conform to ASTM C9891C989M. The addition of slag ci:mcnt is ncceptttblc only if {111 sbou:.rctc pcrfoi:-
mance requircmcnis can be dcmons1nucd during prcconstrucLion 
testing. This is especially rdc\'ttnt to c~1rly strcng1h gain. 

4.3 Atrvref[ale 

4.3.1 Agg.l'egate shall be nol'malweiglH aggregate co11formi11g to ASTt,.•t C33/ Some of the pl'ovisions identified in ASTM C.33/C33M may be waived 
C33M, except for grading requil'ements. by the specifying authol'ity. Ags.regatc~~ should be clean. sound, and 

free ot nntemiallv deleterious materials. 

4.3.2 Coarse aggregate shall have a 3/8 in. (9.5 nun) ma.xlmum size and Grading No. 2 limits arc nomtally preferred for ground support and 
be combined with fine aggregate to produce a combined aggrcga1c linings. Grading No. I materials are sometimes used in finish coats and 
grading that meets thcASTM Ct436 Grading No. I or No. 2 limits as other thin layers. 
spc<:ificd by d1c owner. 

4.3.3 Lightweight oggrcg•tcs shall confonn to ASTM C330/C330M. Typically, Ughtwcight n.ggrcgatcs arc only used for special shotcrcte 
:1ppJica1ioos. 

4.4 Wtlter Water shall be as •-ified in ASTM C l6021Cl602M. 

4.4.1 All mixing water tL.;;ed fot shotcre[e shall meet the requiremi!nls of Recycled mixing water should not be used, ,o avoid pore.ntially adverse 
ASTM C l602/Cl602M reactions from residual traces of admixtures. 

4.4.2 If nonpotable water is used. it shall be free of oil and chemical or 
organic imourities or any other substances hannful to sholcrele. 

4.4.3 All water used for high·prcssurc washing of rock surfuccs before 1hc 
application ofshotcrctc. or used to remove rebound. ovcrspray. surfucc 
h1itanccs, and for shotcrctc curing. shall be free of oil and chemical or 
organic impuri1ics deleterious 10 achieving shotcretc bond. 

4.4.4 I leat water to c.on1rol the specified in-place shotcre.te tempera1ure. In addilil)n to protecting and hea1ing l\hotcrete aggregates., 1he mixture 
waicr can be heated to offs.et some cold weather conditions during 
shotcrcte placetnent Appropria1e safo.ty measures should be taken with 
the hot water healing sysw1n and lhe use of hot water during shot-
creti11g. I ligh-pressure stream should not be used to heat Md hydrate 
the shotcrete mixrure. 

4.5 Admi:rluft•s 

4.5. 1 Air-entraining admixtures shall conform to 1hc requirements of ASTM Liquid air•cn1raining admixtures arc 1ypically used in wet-mix 
Cll41iCll41M. sho1crctc. 

4.5.2 Waler-reducing, set-retarding. and hydnition-controUiog admix1urcs ~fal-ninge waler reducers have been used to achieve required slumps. 
shall c-0nfoon to the requirements of ASTM Cl 141 /Cl 141 M. They have: also bi:en used in conjunc.1ion wi1h high•rangc water reducers 

to incn::n.sc 1he slump while pumping dist:mccs over I 000 ft (300 m), 
withOul changing the water-cem(..--nlilious ma1erials ratio {wkm). 

4.5.3 I ligh-range water-reducing ad111ix1ures shall cor1fom1 10 l11e require.- To e.nable weHriix pumpability at a cement conte.nt of approximately 
menlS of ASTM Cll4 1/CI 141 M. 750 lb/yd3 (450 kgfmJ) and w!cm below 0.45, ui:e or a high.range 

,va1er-re<h1cing admixrure is usually necessary h) achieve. a slump of 
approximately 3 in. (80 mm). t\•1id-range water reducer~ have bee.n 
used to achie,•e the saine 1-equired sh.tnip. They have also beeo LL~ed in 
conjunction with high-range water reducers to incre.ase the. s1ump while 
oumoin2. distances over IOOO ft (300 m), without chan2.io2. the wkm. 

American Concrete Institute - Copyrighted @Material - www.concrete.org 

@seismicisolation@seismicisolation

https://t.me/seismicisolation


10 SPECIFYING UNDERGROUND SHOTCRETE-GUIDE (ACI PRC-506.5-22) 
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4.5.4 Sho1crete accelerators shaH nol be more alkal ine lhaJ1 the ponland Rel'er to the extended disc.ussio1l of accelerators in Section 4.1. 
cemem used and shall not present a heaJth ha1..ard 10 the shotcre1e crew 
or other .,.,.rso1rnel. 

4.5.5 Hydration•stabilizing admixn1res shall confonn to the requucmcnts of Hydration•stabitizing admixmres are used to limit prehydration of 
ASTM C494/C494M. wet• and dry•mix shotcrctc and to extend the retention rime of batched 

shotcrclc when the handling and logistical constraints typically associ• 
lfhydration·stabiliziug admixtures arc used in combination with acccl· atcd with underground construction cause proloagcd transport and 
croting admixturcs1 both need to be tested during the prcconstruction. discharge time. 
tested to cvt1luate potential pertbnnn11ec impacl, and verify admixture 
com1xuibility. 

4.5.6 The introduction or admixtures shall be limited to the types specified The addition c.w adjustment ofnll specifi<..'(( admixtures shall be dc.x;u-
and shall be added in the prescribed manner tmc:I dosage approved by mcntcd in accordance with 1hc project quality assurance and quality 
the owner. Admixtures O(mtaining c-hloridcs shall m)t be used where 1he contl'()I rcquircmenrs. The. geologic-al, 1unnel stability. or groundwalt-r 
sho1crt1e C()ntains l)truttural elements. such as reinforcing bar. conditions nete..ssitating use. of additional accelerating admixtures 

sh1)uld be duly recorded by the owner and contractor. The quantities of 
accelennor used in these loc.ation.s and Clmditil)nS should be recorded. 

4.6 Fibers 

4.6.1 Steel 6ber Steel and macrosynthetic fibers are used in \Ulderground shotcrete 

4.6.1.1 Steel 6ber shall confonn to ASTM A820/A820M ond be suitable for with d1e prima1y objective of providing post-crack reinforcement. 

production of ASTM C 1116/CI 16M Type I steel fiber-reinforced One advamagc of fiber over welded wire reinforcement is rda1ed 

shotcrttc. to execution time and to less sbotcrete spent covcri1\g the welded 

4.6.1.2 Steel fiber shall be bent or deformed low-carbon, <:-Old-drawn 
wire reinforcement and filling the rock contours cau.scd by irregular 
overbn:ak. The use of fibers in shotcre1c also leads to a rcduc,ion in 

s1cel wire. Type I, wi1h a minimum 1ensile strength of 160,000 psi 
the number and wid1h of shrinkage cracks tha1 may eventually lead to 

( 1100 MPa), it minimum length between I and 1.375 in. (25 and wntcr leakage (Campbell 1999), Other types of ASTM A8201A820M 
35 mm), and a minimum as.-....--ct ratio of 40. 

steel fibers may be applicable. 
4.6. 1.3 Steel 6ber shall be free of oil, grease, corrosion, or other cootaminants. 

4.6.2 Svnthetic fiber Microsy,uhetic fibers. used at 0. l to 0.2% by volume. are known to 

4.6.2.1 S)11thctic fiber shall be a type suitoblc for production of ASTM CI 1161 reduce plasric shrinkage crackjng of shotcrete and miugate explosive 

Cl l J 6M TYJ>e lll synthetic fibcr-rcinf«Jrccd sholcrelc. s1xilling effects in fire. Macrosymhetic fibers, at dosages of 0.5 to J% 
by volume and al high deflections. can provide a high post-crack load-
col1)sng caoacity (Bernard 2013, 2019). 

Table 5.1-Support functions of composite ground support components (after Kaiser et al. [1996]) 
Support characteristics Reinforcing Retaining lloldl11g 

S1i1T Grouted reinforcing bar Shotcrete Grouted rcio.forcing bar 

Soft - Welded wire reinforcement Long mechanical bolt 

Strong cable bolt Reinforced shotcrete Cable bolt 

Weak Thin reinforc.ing bar No. 9 (.1.35 mm diameter) gauge welded wire re.inforeement Split se.1 

Brittle Grouted reinforcing bar 

Yielding Cone bolt 

steel, Type l. defonned, and shall be I to l.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
v idual materials are provided in Table 4.2. The infol'mation 
is provided in a guide specification fonnat: 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 tenn "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: 

Plain shotcrcte Grouted reinforcing bar 

Chain-link mesh Yielding rock bolt 

(I) Sealing: Th in layer of sho1crete (typically I to 2 in. [25 
to 50 mm]) seals off the soil or rock surface to avoid expo­
su re to the elements and prevent or mitigate deterioration 
of the soil or rock. 
(2) Bridging: TI1icker layer of shotcrete (typically 3 to 
5 in. [75 to 125 mm]) acts as a member to support soil and 
loose l'Ock between main support members (rock anchors. 
steel sets) and to collect and transfer load to the main 
support membel's; often combined with mesh and optional 
lattice girders. 
(3) Arching: Thick layer of shotcrete (typically 4 to 12 in. 
[ I 00 to 300 mm]) acts as the main structural member 
and creates a s tnicnu-al 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. 
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5.2-Shotcrete with pattern rock bolts or anchors 
Shotcrete used with rock bolts is primari ly used to protect 

the rock surface from weatbering (refer to "(I) Sealing" 
in Section 5.1). In some cases, the shotcrete with welded 
wire reinforcement and reinforcing waler bars may actively 
act as lagging between rock anchor members (refer t0 "(2) 
Bridging" in Section 5.1). Figures 5.2a and 5.2b arc photo­
graphs of rock bolts; Fig. 5.2c shows a tiinnel with pattern 
bolting, photographed just before sbotcrcting. 

Fig. 5.2a- Rock bolt i11stallation. 

Fig. 5. 2b-Rock bolts and grout. 

Fig. 5.2c~TI11111el with pauern bolting before shotcreting. 

5.2. l Thickness ofshotcrete laye,~The thickness of the 
shotcrete w ill be determined by the design e ngineer consid­
ering the function required of the shotcrete. 

5.2.2 Timing of rock boll a11d sholcrete application-1n 
poor ground conditions, shotcrete should be applied imme­
diately after excavation. With robotic placing arms, quick 
appl ication of shotcrete may temporarily stabi lize the 
heading, with rock bolting to follow immediately. Addi­
tional shotcrete may be placed later, when the crown and 
walls have stabil ized. 

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

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

\I/here welded wire reinforcement is included as a compo­
nent of a rock bolt and sbotcrete support system, shotcrete 
application can become difficult under c-ertain conditions. 
This typicall y occurs when limited pattern bolting aL1d 
relatively thin layers of shotcrete are specified for moder­
ately blocky ro very blocky ground, and where drill-and­
blast excavation methods arc used. The profile irregulari­
ties produced under such conditions typically rcsul t in an 
increased number of rock bolts to force the welded wire 
reinforcement tight to the rock surface profi le. Figure 5.2c is 
a photograph of a dlill 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 
shotcrete infi ll ing behind the welded wire reinforcement in 
areas of greater overbreak. 

\I/here specifications stipulate that the welded wire rein­
forcement should be covered by a minimum layer of shot­
crete, substantia l volumes of shotcrete are required to fi ll 
voids and overbreak. If insufficient rock bolts are used to 
secure the welded wire reinforcement, then shotcrete 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 re il1forcement. 

ln civil tunneling applications, where a final lining is typi­
cally installed later, the initial lining must be brought to a 
predefined profile. Sbotcrete placed into overbreak and the 
payment thereof should therefore be c learly rei,rulated in the 
contract to avoid dispute-s. 

5.3.I Type of welded wire reinforcement- A stiff 4 x 4 in. 
( 100 x 100 mm) or 6 x 6 in. (150 x 150 mm) welded wire 
reinforcement is typica lly used for underground support. 
Lightweight, chain-link mesh is not recommended for use 
as shotcrete reinforcement. Excessively stiff welded wire 
reinforcement is difficult 10 handle and form where over• 
break or asperities arc encountered. This can result in loose 
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Fig. 5. 3. 2- fflire mesh in t1111ne/ with considerable overbreak. 

welded wire re inforcement, which requires additional rock 
bolts to secure the welded wire re inforcement and the addi­
tion of excess shotcrete where the distance between the rock 
and welded wire re inforcement is more than a few inches. 
Lf chain-link fabiic is used to stabilize nibble or gouge, it 
should not be included in the design. Additional welded wire 
re inforcement or reinforcing waler bars should be used lo 
add tensile strength to the shotcrete lining. lf the welded wire 
reinforc-ement is stn1cturally used in the design, sufficient 
overlap in radial but also longitudinal direction should be 
specified. If possible, longitud inal and radial overlaps at the 
same location should be avoided by offsetting the overlaps. 

5.3.2 Placing and securi11g welded wire rei11forceme111-
The welded wire reinforcement should be firmly tied to 
the rock rc inforcen1ent before shotcrete application so that 
wire vibration does not lead to debonding and voids. Addi­
cional fixture bolts should be used LO tighten che welded 
wire reinforcement when re.quired and to form it into areas 
of overbrcak. Care should be taken to ensure that rebound 
is 11ot trapped behind the welded wire reinforcement, and 
that overbreak areas a re not fi lled so rapidly that debonding 
occurs. Figure 5.3.2 illustrates welded wire reinforcement 
instal led in a tunnel with considerable overbreak. 

5.3.3 IVelded wire rei11fi>rceme11t p/aceme111- Placement 
can be determined empirically or by a s tructural analysis 
of the composite shotcrete/welded wire rein forcement liner 
using tools similar to those used in conventional reinforced 
concrete analysis. 

5.4-Fiber-reinforced shotcrete 
Alternatives to welded wire-re inforced shotcrete are avail­

able in the form of fiber reinforcement. Figures 5.4a through 
5.4c show varieties o f steel fibers and macrosynthetic and 
microsynthetic fibers, respectively. Steel and macrosynthetic 
fibers are primarily used for stn1ctural purposes, whereas 
microsynthetic fibers mitigate s llrinkage cracking and 
spalling behavior in case of fires. Structural fibers are typi­
cal ly used to avoid the potential problems associated with the 
instal lation o f 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 unsupported 

$M.ShHI 
Enl•,;K £no 

Fig. 5. 4a-Close-up ofsree/fibers. 

SIIISheel 
o,ro,med 

Fig. 5.4b-Close-up ofmacrosynthetic fibers. 

Fig. 5. 4~~Cl<>se-11p oj'micr<>Synthetic fibers. 

ground LO attach welded wire re in forcement. Tn highly 
stressed ground, it may be necessary to reduce the induced 
s tresses imposed on the excavated opening by allowing 
controlled d isplacement of the opening. A thin, I to 2 in. (50 
to 75 mm) layer of fiber-re inforced shotcrete (sea.ling) can 
control superficia l degradation, such as spalling and raveling 
o f the excavated surface, while providing temporary support. 

Ste.el fibers have been used since the early 1970s in 
underground support applications. Steel fibers are typi­
cally used at the rate of 40 to I 00 lb/yd3 (25 to 60 kglm3) 

(0.45 to 0. 76 vol.%) to provide post-cracking load-carrying 
capability (sometimes called residual strength) to meet the 
spec ified 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 s tresses resulting in increased load capacity 
(Vandewalle and Bekaert 2005). 

Macrosynthetic fibers have been increasingly used in 
underground suppo,1 applications that require a large defor­
mation of the lining, such as in deeJ> hard-rock mining. 
Addition rates are typically IO to 25 lb/yd3 (6 to 15 kg/m3) 

for these applications. Fiber material is typically polypro­
pylene or copolymers of the polyolefin family. Fiber length 
is typically 1.75 to 2.25 in. (45 to 55 111111), with diameters in 
the 0.03 in. (0.8 mn1) 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 lb/yd3 (0.9 kg/m3) for plastic shrinkage control, and 3 lb/ 
yd3 ( 1.8 kg/m3) for explosive spall ing mitigation. Fibers for 
explosive spalling protection should be 0.0013 in. (32 11m) 
or less in diameter, and ,1pproximately 0.5 in. ( 12 1nm) long. 

Unreinforced shotcrete subjected to the same stresses may 
crack and lose capacity as a resuh of yielding. The post­
crack ductility and residual load-carrying capacity of fiber• 
reinforced shotcreLc may be used cffecrively to accommo­
date tunnel displacement while retaining adequate support 
capaci1y of the sbotcrete lining sys1cm. The engineer should 
sele.ct the appropriate fiber-reinforced shotcre[C wughncss 
and thickness to provide appropri ate post-crack loading 
capacity and lining stiff ncss (Kaiser ct al. 1996; K irs1in 1983; 
Morgan et al. 1999a; Papwon h 2002; G11msiad ct a l. 2002). 

5.5-Shotcrete with lattice girders 
Lattice girders are arch structural members made of bars 

with an open Janice. The girder can provide initial support 
for openings and allow placement of a thick shotcrete 
lining !hat acts as a CQncrete arch. The shotcrete between 
the girders acts as lagging between 1hese concrete arches. 
Figures 5.5a through 5.5c 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 shotcre1ing. 

Fig. 5.5a-Close-up ,~fa typical la/lice girder. 

5.5.l Size a1ul spaci11g-Lat1ice girders can be manufac­
tured with diJfereJI\ bar sizes and sizes of spacers for lattices 
to provide a section modulus tha1 meets the tunnel support 
requirements. 

Fig. 5.5b-1ypical lauice girder during shooting (robotic). 

Fig 5.5c-Typical la/lice gin/er during shooting (manual). 

Fig. 5. 5d-Ttmnel with la/lice girders. 

American Concrete Institute - Copyrighted@ Material - www.concrete.org 

@seismicisolation@seismicisolation

https://t.me/seismicisolation


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

5.5.2 !11s1al/atio11 a,ul 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 is 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 Shotcre1e placement-Care should be taken to avoid 
trapping rebound and leaving pockets behind the reinforcing 
bars that form the lattice girder. It is impottant that the lattice 
girder be fully encapsulated, which may require sbotcrete 
application 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, 

mostly in mining applications. A steel arch support transfers 
its load-carrying capacity 10 the rock by blocking. The wider 
the blocking, rhe more moment stress is placed on the steel 
set. figure 5.6 is a photograph or steel sets with s ignificant 
wood blocking rbat illustrates how wood blocking transfers 
irregular loading conditions to the steel set. In rhcory, the 
max imum support is attained when continuous blocking is 
achieved. Shotcrcte or concrete cmbcdmeot 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 is used to fi ll 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 

Fig. 5.6-Steel sets with sig11/fica111 wood cribbing. 

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

\1/hen combined with shotcrete and rock bolts, steel sets 
can provide substantial support capacity that is equivalent to 
most concrete lining structures. Support installation usually 
takes place using phased or staged installation sequencing 
of the ground support. The initial application of shotcrete 
is 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 fom1 of pattern 
bolting or spot bolting used to supplement the initial shot­
crete application. Steel sets are then installed and may be 
backfi lled and lagged with shotcrete such that shotcrete 
is used to fill the gap between the steel set and rock or 
initial support. 

Though feasible, the simultaneous installation of steel set, 
rock bolts, and shotcrete at the tlmnel face is difficult because 
so much equipmem is required. Steel sel~ are com1nonly 
used in conjunction with wood lagging. 

5.7-Recommended specifications 
Recommended specifications for anchors and re inforce­

ment are provided jn Table 5.7. The information is provided 
in a guide specification format: the left column provides tl1e 

Table 5.7-Example guide specification for 
anchors and reinforcement 

Se<tion/ 
Part/ Rttomme11ded spedfic.ation 

Artl<l• language Nolt$ to tht Spcc:ifier 

5.1 Shotcrctc anchor bohs or dowels Conside.r 1he provi-
sions cited in AC[ 
3 18. 

5.1 . 1 Sh0Lcre1e an<:-lw r bollS or dowds Ste.e.l grade may be 60 
shall he made from ASTM A615/ or 80 (420 or 550). 

A615M Grade60 (420) steel or 
equivafe.111 as specified by the 
owner. 

5.1.2 Sbotcrete anchor bolts or dowels 
sha.11 be of the type, diameter. and 
length specified in the comract 
documents. 

5.1.J Provide shmc.1'<!te anchor bolts or Means may be plate 
dowels wilh nttachment mear1s t◊ wnJ1 nuts. hook ends, 
the shotcrere. plates with reinforcing 

bar spiders, or welded 
studs. 

5.1.4 Provide level pads for the anc.hor 
plates as specified in the contract 
documents. 

5.1.5 Pro,•idc roc.k boll and a.ochor boh 
setting groul as specified in the 
ton1rnct cle)(:uments. 

5.2 Ri,; nJOrcemNU 

5.2.1 Welded wire reinrorcemc:nt sbnll be 
of the 1ype specified lo the contract 
documents and shall conform to 
ASTM A l8SIA l85M. 
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Table 5.7, cont.-Example guide specification for 
anchors and reinforcement 

5.2.2 Deformed steel reinforccmem for Ultticc girder 
ribs and lattice girders and s.trncturnl spccifk.at ion example: 
reinforcement shall conform io ·•Each of 1he prim.t1ry 
ASTM stondards (or as define<! in re-1aining bars of a 
the S1mctural Steel Section) and be lattice-girder segmen1 
of the type. size. and strcng1h spcci- shall be composed 
ficd in the controct documents. <>f only one picc.e of 

high-$t.rtngth s1cel 
of60 ksi (4 15 MPa) 
yield s1re.ng1h or 
more .. The connectiog 
elcmenls a1 the end of 
lattice girder segme,ns 
shall be constn:1c1ed or 
angled SltuC[Ul'3I S[eel 
having yie.ld strength 
of36 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 s torage 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 scored and handled [O limit 
segrega1ion and to maintain relatively uniform moisture 
content. Bagged and bulk cemen1 should be stored io sucb a 
way as to avoid pre-hydration. Liquid adm ixtures should not 
be allowed co freeze, and if they are in the form of suspen­
s ions or nonstable solutions, agitating equipment should 
be provided. Accelera1ors are especially sensitive and have 
been discussed in detail in Section 4.1 . 

6.2-Temperature considerations 
Difficulties can be encotmtered for underground support 

shotcrete if the temperature of the shotcrete materials is 
a llowed to become excessively low or high. At shotcrete 
temperattu-es below 40°F (5°C), the amount of rebow1d can 
increase markedly, and 1he setting and strength develop­
ment can be seriously s lowed. 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 
sa fety hazards. Therefore, during cold weatl,er, constituent 
shotcrete materials should be stored in wann enclosures 
whenever possible. In addition, heated water should be used 
in the batching or shooting process to enhance and control the 
bydration process. Specifications should include a t.cmpera­
rure range outside of which a batch should be rejected. 

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

Table 6.3-Example guide specification for material handling and storage 
Sttllon/ 

Parl/ 
Article Recommended sneclfkatlon la11!!Ua!!e Noles to the Soeclfler 

6.1 Materials handling and storage As a general note. it should be stated in the specification lhat aJI 
materials should be stored in confonnaoce with the manufacturer·s 
recommendation unless n.1ore stringem requirements are cited in the 
contract S•'M>cification, 

6. I. I Store porthmd ccmcn1 and supplcmcnuuy ccmcntitious m:'ltcrials to In the case of packaged. prcbkndcd. dry. combined material used for 
protccl from exposure to moisture. shotcrctc. adequate protection from humidity should be provided to 

prevent premature cement hydration, which would niin the nuueria1. 

6.1.2 Stockpile and handle aggn:gates to prcve111 segn:gt11ioo. Maintain \Vide ranges in the mohture content of sho1.crctc aggregate.s shouJd be 
fine a,B.b>regatc within a ,1 t() 6% moisture t.:Onte-nt range. Use sheller:; avoided. This may require storage of aggregates in sheltered enclo-
or tarpaulins to pro1cc-1 aggregate stockpiles during: periods \)f we1 or sures or under tarpaulins, purtic:-ularly for volumelrically batched shot-
cold weather. crere. Variable moisture content will resuh in an irreg:ular quality of 

1hc in-place shotcrele. Moreover, excess moisture content can re.suit 
in aggregates that bridge over gate$ in hoppers and emuic aggregate 
feed. resuhin~ in variableshotcrcte mix1ure pr()p()rtion .. 1o. 

6.1.3 Smmge areas shall maintain shotcrete aggregates above 40QF (S"C) Refer co Section 6.2. 
and below ss~F (309C) whenever rt0ssibtc .. 

6.1.4 Store fibers in dry, sealed container until ready for batching. fibers Care should be taken to see that fibers are s.tored in a manner tl\31 
shall be free from corrosion. oil. grease, or 01hcr contaminants. will prevent their de1crioration or the intrusion ofrnoisrurc or foreign 

maner. 11 may be necessary to cover the. shipping containers with 
tarpaulins. Refer to ACI 544.JR. 

6.1.5 Control tcm1x-rnturc of components such as roc,:;k bolts, steel sets. or Refer to Section 6.2. 
lattice girders within the 40 to 85°F (S to 30cc) range. 

6.1.6 Liquid admixtures. especially ac.ee.lcrators, shall be Slorcd and Refor t() Sections 4.1 and 6.1. 
protected fr-Om the environment, t()ld weather, frl."~ing and ~ riodi-
calh' a,::itated ner the manufacturer's recommenda1ions. 
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available beti.veen 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 eal'iy drying-snrinkage cracking. 
In hot underground environments, particularly mines at 
depth, the inclusion of hydration-controlling admixtures in 
a wet-mix de,~ign is strongly recommended. 

6.3-Recommended specifications 
Recommended specifications for mate,ial handling 

and storage are provided in Table 6.3. The infonnation is 
provided in a guide specification fom1at: the left colwnn 
provides the recommended specification language, and the 
right column provides notes to the specifier. 

CHAPTER 7-SHOTCRETE MIXTURE 
PROPORTIONING 

7.1-General 
Equipmenl and placement techniques have an impact on 

the properties, placement, and performance of the shotcrete 
mixture. Shotcrete mixtures should therefore be developed 
and tested under field conditions during the preconstruction 
period because it is essential that sufficient confidence is 
develo1>ed in the mixture before construction and that any 
potential problems arc effectively recognized and elimi­
nated. tvlixturc proportions arc usually developed in one 
of two ways: by trial batching and tcst panels, or based on 
historica l 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 pennit the 1imely developmem of 
shotcrete mixture proportions, QA review, and acceptance of 
submitta ls. The preconstruction testing should simulate the 
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acrual construction conditions (materials, equipment, crew, 
procedures, environmental condi1ions) 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 lest data 
that verify material properties, mixttu-e proportions, field 
conditions, test data, and J>erformance-related information. 

Adjustments can be made to trial shotcrete mixture 
propo11ions during production and may provide an oppor­
ttmity to optimize mixture proportions to satisfy specific 
requirements or pro1>e11ies. 

If materials and 1nixture proportions used on previous 
underground projects have demonstrnted 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, al a minin1um, aJI material 
data, mixture proportions, project conditions, test reports, 
data summaries, and analyses. This approach may reduce or 
e luninate 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 materials, bowever, modifies 
the distribution and the initial proporti ons of the constitu­
ents due 10 phenomena such as rebound. compaction, and 
preferred orientation of fibers, and other, when used. These 
phenomena should be considered because 1hcy affect the 
properties of the in-place shotcrctc. For the wet-mix process, 
a re latively low a111ount of rebound is expected; it mainly 
depends on the shooting position, orientation, technique, and 
mixmre composition (an average of 5% on vertical surfaces, 
and 15% on overhead surfaces [Morgan and Pigeon 1992]). 

7.3-ln-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 is a set ofmeasure-

l.eglftd: C: cam.nt 
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G: Gmll 
W: W"1K 

W/C: W"1K- Cemen!Rallo 
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Fig. 7.3- Meas11re111e111s ofrhe percentage of various d,y-mix co111po11e111s before and ajier shoo1i11g. 
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ments o f the percentage of the various components before 
and after shooting dry-mix shotcrete measured in one 
research rroject (Parker 1976). Because the larger aggregate 
particles rebowid 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 
because proper embedn1ent of the mesh is an issue. Note 
that the rebound of steel fibers may vary from 35 to 80% by 
mass for dry-mix shotcrete, and from IO to 20% by mass for 
wet-mix shotcrete, depending on shooting orientation, mate­
rials, and geometry and length of the fibers (Banthia et al. 
1994). Rebow1d of some synthetic fibers in wet-mix shot­
crete can be negligible. 

The composition of a shotcrete mixture should be propor­
tioned and adj usted to ensure its resistance to weathering, its 
compatibility with hydro- and geo-chemist1y, and its meeting 
or exceeding the project's design durabi lity, strength, 
and strength-gain requirements. The water-cementitious 
materials ratio (w!cm) (strength and durability), amount 
of entrained air (freezing-and-thawing resistance), silica 
fume (adherence. permeability. and durability), steel or 
macrosymhetic fibers (ductility and toughness), and aggre­
gate grading are some of the parameters that wi ll need to 
be adjusted. The initial composition of a shotcrete m.ixture 
should also be formulated to optimize shotcrcte projection 
and placement. Generally, this optimizat ion is achieved by 
rais ing 1he propor1ion ofccrnentitious materials by reducing 
the proportion and size of tbe coarse aggregates and by 
adding si lica fume. Temperature plays an importan1 part in 
this phenomenon. 

7.4-Dry-mix shotcrete 
ln the case of the dry-mix p1·ocess, determining the exact 

amount of water added is difficult because it is regularly 
adjusted by the nozzleman according to the placing condi­
tions. It should be noted, however. that thew/cm is generally 
between 0.35 and 0.45. For this reason, the propo11ions of a 
shotcrete mixture are often expressed as a percentage of the 
mass of the dry constituents. If a n01ni nal w!cm 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 sho1crete is usually proportioned for 20% of 
cement by mass of dry materials (equivalent to 705 lb/yd3 

[420 kg/m3]) when a 0.40 w/cm is assumed). For under­
ground applications, coarse and fine aggrega1es are usually 
blended to obtain a smooth curve for the ACI No. 2 grading 
{ACI 506R). Coarse aggregate is essential to high-quality 
shotcrete, but because coarse aggregates tend to rebound 
more than sand, the maximum aggregate s ize is usually 
limited to I 0% retained in the 3/8 in. (9 .5 mm) sieve, 
and I 00% passing the 1/2 in. ( 12.5 mm) sieve. Packaged, 
preblended, dry, combined materials for use in shotcrete 
should meet the reqttirements of ASTM CI 480/C 1480M. 

Undensified silica fume is non11ally 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 s ilica fume content is usually between 8 and 12% 
by mass replacemenl of cement. A 20% by mass cementi­
tious content is maintained . 

\Vhenever packaged, preblended, dry-combined materials 
are used, powdered accelerating admixtures may be added 
to the dry materials during the packaging operations. The 
usua I dosage may vary from 2 LO 5% by mass of cement, 
depending on 1he type of accelerator and the application. 
Higher accelerator dosages (up to 6%) can be used ror 
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 

Sfficelume Steel fiber 

• 

Cement 

Fig. 7.4a- Typical mix111re desig11jor d,y-mix underground 
shotcrete (percent by weight). 

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

Fiber-rein.forced shotc.rf.'1e with silica fume 

Constituents Usual quantiUes lb/Id' kg/m' 

Water According to placing conditions 316 ISS (for wlm, • 0.40) 

Cement 18 to 22% by mass of d1y materials 705 420 

Silica fumf. 0 to 15% by mass or cementil iOLL<\ materials 85 50 

Sand 50 to 80% by mass of dry ma1erials 2025 1200 

CoaT$C aggregate (maximum 112 to 3/8 in. [9.510 12.5 mm]) Oto 25% by mass of dry ma1crials 675 400 

Sreel fibers Up to 1% by volume 85 50 
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should be contacted for additional information regarding 
impact on ultimate strength and durabi lity. 

~'hen powdered accelerating admixtures are used, pre­
dampeners should not be used because premature setting 
may occur in the hoses (Jo lin et a l. I 997). 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 it possible to inject 
metered accelerator directly into the water stream to the 
nozzle. This gives the contractor the abil ity to adj ust the 
dosage of accelerator, depending on the ground conditions 
(and pump rate). Tilis system eliminates the rapid set times 
in pre-dampened dry mixtures with powdered accelera­
tors. The normal 45-minute rule for pre-dampened material 
works well with this system. 

are aimed at impl'oving the application and pumpabi lity of 
the shotcrete. Table 7.5 g ives typical compositions o f th l'ee 
shotcrete mixntres with a wlcm of 0.45. Figures 7.Sa and 

••OO 
1200 

1000 

1100 
kll'ft' 

ll00 

•oo 
200 

0 -Non-fibrous unclerground shotorete 'A1hen frost resistance is necessary, an air void spacing 
factor lower than 0.012 in. (300 11m) may be obtained in 
dry-tnix shotcrete if a liquid or powdered air-entraining 
admixture is used. The liquid air-entraining admixture is 
diluted in the water used for shooting at a dosage of approxi­
mately l.3 to 2.6 fl oz/gal. ( IO to 20 mUL) of water. The 
powdered air-entraining admixture is prepackaged with the 
dry materials (c-ement. s ilica fume. and aggregates). The 
dosage may vary depending on the type of powdered air­
emraining admixture (Beaupre et al. 1996). 

Fig. 7.5a-Typical wet-mix design for urulergnnmd shot­
Crete ("/4). 

Fiber reinforcement is often used for underground appli­
cations co reinforce the shotcretc. For dry-mix shoteretc, 
s teel fiber is mostly used, but some types of synthetic fi.bers 
may also be used. 

7.5-Wet-mix shotcrete 

klfm' 

'"°° 
1200 

1000 

1100 

"°° 
200 

0 
Sileo -Steel fiber Underground Shotcrete 

--
For wet-mix shotcrete, che modifications o f the composi­

tion (increase in the cementitious materials proportion and 
reduction in the size and proportion of the coarse aggregate) 

Fig. 7. 51>-Typical wet-mix design for umle1gro11nd shot­
crete with Silicaf11111e and steel fibers. 

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

\\lef.•mix shotcrete ("'le:"' "" 0.4S) with en1rained air 

Constituents Ordinary sbotcrctc \VIU1 s-ilic:n fume \\' ith fibers and silica. fume 

Water 300 lb/yd' ( 180 kg/m' J 300 lb/yd' (180 kglm') 300 lb/yd' (180 kg/m') 

Cement 675 lb/yd' (400 kg/m') 605 lb/yd-' (360 kSim') 605 lb/yd' (360 kglm1) 

Silica fume - 70 lb/yd' (40 kglm') 70 lb/yd' (40 kglm'J 

Sand 2 100 lb/yd' ( 1250 kg/m1) 2 100 lb/yd" (1250 kglm') 2100 11,Jyd' (1250 kSim') 

Coarse aggregate (maximum 3/8 in. f9.5 mm)) 840 lb/yd' (500 kg/m') 840 lblyd' (500 kglm') 800 lb/yd' (475 kg/m1) 

Steel fibers - - 85 lb/yd' (50 kg/m') 

• Air-entraining admixture 8 Roz/yd' (0.3 Lim' ) 8 11 oz/yd' (0.3 Um') 13 fl ozfyd' (0.5 Um') 

Watcr•reducin.g admi;,cturc 
. 

40 R ovyd' ( 1.5 Lim') 40 fl oi/yd' ( 1.S Um') 40 fl odyd1 ( 1.5 L/m-1) 

High~range water~reducing admixture· - 26 fl ozlyd1 ( 1.0 Um') 40 fl ozfyd1 ( 1.5 Um') 

Slump before pumpingt 3 to Sin. (75 to 125 mm) 3 t<J 5 in, (7S to 125 mm) 3 to S in. (75 10 125 mm) 

Ai1· content before pumping' 7 to 10% 7 to 10% 7 to 10% 

• Ad1nilm11~ dosages p fCSCI.Ucd in 1his 1:iblc ace only ror ge1lC1':II info,tma1ion ond depcod oo type of 3dmixmn~ 3nd on cba1':.lc1cris1ics desired in fresh sho1crctc, 

tEspcdally in mining. where hanlUing and 1r:m~pona1ion <>f shotcrctc occurs cxcc1)Si\lcly before !)Umping and pl3ccment, slump$ in the tange of 610 10 in. (ISO to 250 mm) may be 
spec:1ficd. 'rhls approach. consistc:nl with the contemporary buropc:-im shotcrcic: cuhure. fc:alures grealer slump rctcn1.1on and work.ibihty of the: muturc. and j:, gaimng popularity in 
1hc North American un<krground cn\'il'onmcnL 

:The pro,ccs;f; Qf !.h()C)ling 1hc wct•mix re.suits in a reduction (lf air contcru. Air contC1u of n.~•.shoc, in~(ll:tee .shCNcretc is rypicolly reduced by :tpJ)roximatc-ly half compared with air 
contc:n1 l,,efOfe pumping.. 
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7.5b illustrate these data graphically. The dosages ofwater­
reducing admixtures, high-range water-reducing adm ixmres, 
or both, and air-entraining admixture should be adjusted 
by means of trial batches and field tests so that the desired 
s lump and air content are obtained before pumping. 

Similar to dry-mix shotcrete, the wet-mix technique a lso 
requires that aggregates be blended to conform to a smooth 
curve within the AC! No. 2 grading limits. Because the 
maximum wlcm is usually specified at approximate ly 0.45, 
the desired workability (slump of3 to 5 in. (75 to 125 mm]) 
can only be obtained at a cementitious material content of 
approx_imately 675 lb/yd3 (400 kg/m3) 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. t\1id­
range water reducers and hydration-c-0ntrolling admix111res 
bave also been used to reach the sm11e sltm1p requirements. 
For higher s lumps, high-range water reducers have been 
added at the job s ite before shooting. 

Admixtures, such as air•entraining admixtures. are avail­
able that, in the case of p-0or pump,tbility of a wet-mix shot­
crete due to deleterious characteristics of available aggre­
gates, may be included to enhance the pumpability aspects. 

For underground applications, liquid acce lerator admix• 
ture is ma inly used for overhead shooting to increase tl1e 
buildup thickness and 10 accelerate the early strength devel­
opment. The accclera1or admixture is added a1 1be nozzle 

and the nozzlcman can control the quantity with a val vc, 
depending on the placing conditions. Calibrated tneteriog 
pumps sbould be used to prevent over- or under-acceleration 
of the concrete that is placed. Accelerator is used in both 
ve,tical and overhead applications 10 achieve the requ ired 
thickness. Vertical appl ications generally requ.ire less accel ­
erator than overhead appl ications for the same thickness. 
Many underground projects are using higher slump for 
pumpability and accelerator to make the shotcrete placeable. 

ln the case of wet-mix shotcrete, entrained air prov ides 
good freezing-and-thawing resistance and facilitates the 
pumping process (Beaupre 1994 ). The air content before 
pumping should vary from 7 to I 0%. The air e-0ntent of the 
in-place shotcrete would be approximately 3 to 5%, depend i11g 
on the pumping pressw·e and the length and configuration 
of the hoses. Note that bigb-volume air entrainment (7 to 
I 0%) should not be used in shotcrete that is dropped down 
supply pipes. The air can be knocked out dming the drop 
and impact in the receiving boot or kettle, which adversely 
affec ts workabi lity (slump). lf air entrainment is required in 
such a case, it should be added in a re-mixer unit under­
ground after tbe shotcretc has been dropped down the supply 
pipe. If the 4 to 5% displacement of air is not ach ieved by 
the proper compaction upon impact to the receiving surface, 
low strength and durability will result High a ir content in 
the concrete wi ll also change the yield per cubic meter. Air 

Table 7.6-Example guide specification for mixture proportioning 
Section/ 

Part/Article llecommendrd spedfication language ~~otes to the Specifier 

7.1 S/u)tCrtlt' mixture proportl<mi11g 

7.1.1 Proportion shotcrete mix.lures 10 meet the p,erforma.nce n:quire- The performance requirement$ shO\\tn in Chapter 8 should be compat-
ments dern.i!('{I in the projec.1 specifications. ible wilh the abilily 10 prop0rtion mixtun:s 10 co mply with them. 

7.1.2 Make allowances in shotcrctc m~xturt proportioning for the The shooting application process should be ;_tddrcsscd for both 1hc 
fol lowing critcrin: owner and the c;ontroctor. 
(a} Shotcrcte applfoation process (wet-mi.x or dry-mix shotcrctc) 
(b) Shooting orientation (overhead or vcnlcal surfaces) Shooting orientation needs to be bandied carefully. There arc times 
(c) Clumges in in-place mixture proportions as a result of rebound when condi1ions cre~lc a situation thal mus1 be handled by different 
(d) Changes in required time of scuing of sh<.llcrcte under dilfercnl m~ms outs ide tfic description in the contract documents. 
tunneling/mining conditions (for example. groundwater inffow) 
(c) Changes in groundwater ooaditions io .subs1rn1c rock Ver1ical surfaces arc ofte-n shol<:reted firsl before carryi.ng 0111 over-

head spraying. This practice pn)vides an Opportunity 10 troubleshoot 
the mixture, thereby incn..--a$ing: $afoty anti minimi:dng overspray. 

Using hyd.nuion control admixtures in the concrete mixture gives the 
contractor the necessary lime for placeme-nt in case a problem aris~. 

The ability to adjust the proportion of accelerator in the mixture gives 
the. contractor the range or set time. in ca.:;e the ground conditions 
chonge. {Note: the range of accelerator do~ge is usually set during 
the ptelesting phase of lhe. 1>roject.) -7.1.3 Provide an easily identifiable code or number on ull batch docu- The 1es1 panel number and test cores should be correlated 10 shoicretc 

mcn1a1ion. in-place shotcrcce, and tesl panels to identify the u.sc or mixture used. nozzleman, time. date. aod physical loca1ion of shot-
ditTerenl sho1crcte mixtures. crt-1c placc:menl in the tunnel section (that is, by station number). This 

rel,nionship is important if panel or core 1est rcsul~ indicate below-
s.pecified shotc-rete strength. 

7.1.4 Shotcrttc uccelerator do.sage shall not exceed maximum valuc.'8 Refer to th.e extended discussion or accc.ler::tlor.s in Section 4.1. 
provided by the supplier respectively as cvahmtcd during prccon-
Structi()n testing. 

Ir accelerator is used for final lining applic.ations, the c:onlratior 
l>hall nrovide evidence. that durability is not ne~ativel}• imi,acted. 
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helps in the pumping process but should not be rel ied upon 
as a pumping aid. The use of water reducers wi ll gene,·ally 
aid rumping. 

Steel or macrosynthetic fibers are oflen used as rein force­
ment when shotcrete is placed underground. TI1e addition of 
fibers to the mixture increases the load-carrying capacity of 
the shotcrete after cracking. Such characteristics are gener­
ally important in w1dergro,md support. 

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

7.6-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 spedfication language, and the right colmnn 
provides notes to the specifier. 

CHAPTER 8--PERFORMANCE REQUIREMENTS 

8.1-General 
Perfonnance 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 concc111cd. For example, whereas 
final lining shotcrcte 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. 
Generally accepted values for performance requi rements 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 materia ls ratio (wlcm) should 

be as low as possible, consistent with the application and 
tunnel conditions. to achieve high-strength performance and 
provide durability. Practical limitations ex ist, however, and 
a maximum ratio of0.45 is usually specified. 

This specification is difficult to verify for d1y-mix shot­
crete tmless special measurements are made on the fresh 
shotcrete after shooting. Instead of specifying a wlcm for 
dry-mix shotcrete, a mininunn compressive strength and a 
maximum volume of permeable voids are often specified. 

8.3-Air content 
Entrained air content is not norma lly specified for ,mder­

ground suppo1t shotcrete unless freezing and thawing oftl1e 
shotcrete (final) lining is expected. In the wet-mix process. 
the initial air contenc (at the pump) should be sufficiently 
high (7 to I 0%) to provide an adequate spacing factor for 
the a ir voids aflcr compaction has occurred during shooting, 
producing an in-place air content of between 3 and 5%. 

\Vet•lllix shotcrNt Dr)'•llllX shO(Cretc 
Sbotcrete properties Test method Age specified Umits specified Limits 

Maximum w/cm - - 0.40 IO 0.45 

Aircoment as shot .... :. % 4 ± 1 

Air contcnt- immcdiutcly before the pump ft, % 
ASTM C23 I/C23 IM 

- 7 lo 10 

Slu1np al discharge into pumptl, i1L (mm) ASTM Cl43/C l43M - 3 ± I (80 ic 30) 

Maximum s1>acing fac«or--as shot. in. (J.lm) ASTM C457/C457M - 0.012 (300) 

Maximum boiled absorption,% ASTM C642 7 days 8 

f,.,1aximum volume ofpcnneablc voids.% ASTM C642 7 days 17 

S hourS 800 (5.5) 

I day 1200 (8) 
f,.•l inimum compres.sivt s1reng1h. pSi (M Pa) ASTM Cl6041l604M 3 days 2200 (15) 

7 days 4350 (30) 
28 days 5800 (40) 

Minimu1n flexural stre11g1h'", p~i (MPa) 
ASTM Cl609/C l609M 

7 days 
600 10 650 

or ASTM C78/C78M (4.0 lo 4.5) 

Minimum flexural toughness for a 40 mm deOec1ion11
, Joules ASTM CJ550 7 days 280 

Minimum toughness performance level Morgan ct at. ( I 995)" 7 days I IJ 
. . .. . . A1r content detcrimnod as sh04 into an ASTM C2J I/C23 IM tllr prt"SSurc mc.1cr b.1sc or usc trcsh shotcrcle recovered from tn•place or n test panel. 
1Requin-menls ior wc·Hmx shotercte only. 

lltigh au· content results in lowcrcoocrete yields. durabk concrete. and lower strengths. 

~These values do not rt'Otcl the air conlcltl ol' hardened shotc-retc. 

'Generally. h1gti air content is pref«ublc because i1 givci; h1gticr i;lump and. hence, better pumpabili1y. 

-

-
-

0.012 (300) 

8 

17 

800 (5.5) 
1200 (8) 

2200 (15) 
4.150 (30) 
5800 (40) 

600 lo 650 
(4.0104.5) 

280 

111 

' Only i;pccifled if6bcr.s are added to shotcrete mixlure. llithcr llcxur;iJ .strength and tt"lughncss performanoc le,,.el or minimum tou~ energy should be. specified • 

.. Toughness testmg only rcqui.red for libt:r-rcinforc~ sbotcrctc-. l1111t re-quires poi;t-crack load <.·apadty. ioughn<ss P.c-rfomumce Level Ill roquirci a minimum poi;t-crack llexum.1 
strength of 50"~ of the modulus of rupiure of the- sh()1crctc 3t 3 deflection of the t~t specimen of 1/(,00 of the- 1c,t !':l):m, and a minimum post-crnck flexural strt."flg1h of 30% of the 
modululi of rupeure of tht shotcr<:tc al a Jcllectioo of the tci;t spc,c,:imcn of 1/ 1 $-0 of the test span. 
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Testing ca11 be made on the pumped concrete according to 
ASTM C231 /C23 1M. For shotcrete, the air content can be 
detennined e ither by shooting directly into rhe base of an 
ASTlvl C23 I/C23 IM air pres_~ure meter or by removing 
applied shotcrete from a test panel or in-place and recon­
solidating it in the a ir pressure meter base. \1/ith accelerated 
shotcrete, the former method should be used. lfthe appl ica­
tion of shotcrete does not result in a reduction of 4 to 5% air 
during pumping and shooting compaction, it will result in 
lower strengths and less-durable concrete. 

Ln 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 
witb the dry materials. Lf requi red, the spacing factor and 
a ir content should be evaluated on hardened specimens 
using the ASTM C457/C457M procedure. Again. the nozzle 
velocity wi ll detennine how much air 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 in-place weeks 
earlier. If using ASTM C457/C457M, it is recommended to 
quali fy the a ir content in preconstruction testing ralher than 
in production testing. 

8.4-Slump 
The slump requirement is applicable on ly to concrete sbot 

usiog t.be wet-m ix process. Slump should be measured at the 
pump to monitor the relative consistency from batch to batch. 
The max imum s lump is a function of: I) the distance wet-mix 
shotcrete has to be pumped; 2) temperature; 3) e levation; 
4) retention time; and 5) other shooting conditions, but w ill 
nonnally be between 2 and 4 in. (50 and 100 mm). As air 
content is lost upon compaction on the shooting surface. the 
s lump is reduced. Th is s lump-reduction e ffect is ve,y benefi­
c ia l to the shotcrete 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 (measw·ed 
at the point of discharge to the pump) between 2 and 4 in. 
(50 and LOO mm). 

8.5-Boiled absorption and permeable voids 
The absorption test, a procedure described by ASTM C642 

to asse-ss the dei,'Tee to which the pores within bardened 
concrete are interconnected, deten11ines tbe amount of water 
that shotcrete can absorb and thereby evaluates the porosity 
of the shotcrete. Both boi led absorption and permeable void 
data can be used as indicators of sbotcrete quality because a 
correlation exists between the two parameters. 

Several factors can influence boiled absorption and the 
volume of permeable voids in shotcrete. The use of accelera­
tors can increase boiled absorption and permeable voids in 
bardened shotcrete. The type and quality of curing can a lso 

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 a lso affects boiled absorption and volmne of perme­
able voids. Aggregates with higher absorption show higher 
test results of absorption and volume of permeable voids. If 
high-absorption aggregates are used in the shotcrete, precon­
stmction samples can be tested for boi led 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 mixtw·es are designed to 
be durnble, such as those for final tmmel linings and perma­
nent openings in underground mining. 

8.6-Compressive strength 
The required minimum compressive stren&>th at a given 

age is dependent upo□ how the shotcrete lining is required 
to perform. \¥hen i1nmediate support is required, a specified 
compressive strength at 8 hours or earlier may be critical. 
On the other band, if the lining does not require any specific 
early s trength, only a 7- or 28-day compressive strength may 
be specified. Specifications can be made for 8 hours; I, 3, 
and 7 days; aod 28 days if the strength gain characteristics 
are critical (refer to Section 8. 7). Eight hours is generally 
the earliest time specimeos can be obtained without damage 
for conducting ASTM C 1604/C 1604M testing. An average 
28-day compressive strength is generally specified as greater 
than 4350 psi (30 MPa). For some applications, such as a 
pennanent runnel lining, an average 28-day compressive 
strength of 6000 psi (40 11,fPa) 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 w1less 

fiber-re inforced shotcrete is specified. The flexural strength 
is usually specified using the flexural toughness test, 
ASTM Cl 609/CI 609M, but the ASTM C78/C78M 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 perforniance level, or 
Japan Society of Civi l Engineers (JSCE) toughness), general 
guidance can be found in papers by J\1organ et al. ( J 995) 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 C 1550 (Papworth 
2002; Clements 2003; Bernard 2004; Grimstad et al. 2002) 
and ACI 506. I R. 

8.8-Early-age strength 
Early-age strength development is a requirement frequently 

imposed on shotcrete used for ground support. Early-age 
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. 1999b), or the stud driving method. 
These are followed by 24-bour, 72-hour, 7-day, and 28-day 
strength tests described in ASTM C42/C42M. Coring, at an 
early age, can potentia ll y cause damage to the cores (refer 
to ASTM C42/C42M and C 1604/C I 604M). Alternatively, 
an index of strength and strength ga in can be obtained, 
even immediately after shooting, from special penetration 
tests (Ben1ard 2005). Strength-penetration tests are used to 
crudely approximate the in-place strength (ACI 506.4R). 

Some accelerating admixtures may faci litate 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 CI074. 

8.9-0ther tests 
Occasionally, shotcrete used for ground support requires 

other properties that may affect durability, resistance to 
freezing and thawing, or penneability where it functions as a 
sealing system. Tests for absorption, drying shrinkage, resis­
tance 10 freezing and thawing, pem,eability, or bond may be 
required. Specimens for such testing may be obtained from 
shotcrctc tc.st panels or from in-place shotcretc by extracting 
cores or sawing cubes and beams (ASTM C42/C42M and 
CI 604/Cl604~1). 

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 (I 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 san1ples should be visually inspected to 
detennine inclination of the interface relative to the core 
axis. If the angle of the inte,face is more than a few degrees 
from a right angle, the results of tension or indirect shear 
loading can meastu11bly distort the estimate of bond proper­
ties. At the completion of such testing, the failure surface of 
the cored interface should be inspected. Often, fai lure 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 is unusual 
unless some latent conditions det,·imental 10 bond exist. 

If the interface between the rock and shotcrete is rough, 
irregular, or undulating, the measured bond properties wi ll 
be subject to variabili ty, and the s ize of the specimen wi ll 
influence the results. The nature of shotcrete bond is not 
complete ly understood. The bond can, in pmt, be attributed 
to mechanical or physical keying and fiiction, 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 sm11pling program is used to statistically dete1111ine 
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. 

\¥here a limited number of core specimens have been 
extracted from a shotcrete lining, the bond strength test 
results should only be used to c-onfinll that the required 
mi nimum bonding has been achieved . A nominal bond can, 
and should, be achieved between shotcrete and tunnel or 
opening profi le using standard shotcrete practice. Reduced 
shotcrete bond can occur due 10 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
cretc 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 evems can cause stre.ss conditions that re.suit 
in explosive spall ing (ACI 506. 1 R). 

8.12-Recommended specifications 
Recommended specifications for mixture proportioning 

are provided in Table 8. 12. The information is provided in 
a guide specification format: the left column provides the 
recommended specification language, and the right colunm 
provides notes to the specifier. 

Table 8.12-Example guide specification for performance requirements 
Scctio11/Pitrt/ 

Article Recommended spedfiutlou lang1Jage Notes 10 lht Specifier 

8.1 Pcrfonuancc requirements: Proponion the shotcrctc mixture to The specifier should adjust the typical values shown in Table 8. 1 
meet the performance requirements shown in Table 8. L to meet the specific roquircments for the project at hand. 
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CHAPTER 9--QUALITY ASSURANCE AND 
QUALITY CONTROL 

9.1-General 
The contractor placing the sbotcrctc should cm1Jloy a 

QC program. On large uodcrground projects, the project 
specifications may dic1atc tbat the contractor provides a QC 
function that includes inspection and testing. Under 1hesc 
c ircumstances, the contrac1or should actively and effectively 
participa1c in the overa ll projec1 QN QC program. If subcon-

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 shotcre1e. Contractors 
operating their own shotcrete production facil ities 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 grorn1d support systems in mining, trn1neling, or 
underground construction projecls. 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/ 
Artie.le Recommended speci.ficalion language Notes to the Specifier 

9. 1 General: Tht: owner shall implemenl a QA program for tht: work. Such The owner is typically responsible for quality 1,lanning and oven.II 
a program shall include, but not be limited to. these specific~1tions. management that includes the selection of competent org.ani~ tions and 

individual~ and the establishment of a QA sy::;tem that will meet thc 
owner's obieccives. 

9 .1.1 Review or c-0mrac1or subminals. Refer to Chapter 3. 11,e implememmion of established controls should 
be described in a quality pl'ogram that documents 11,e. procedures and 
insm.1ctions co be carried out. Established controls ma}' include suppliet 
evaluation ruld selec.tion, procuremeot documents. receiving inspection. 
storaae and handlin~ of materials., materials qualification, and records. 

9. 1.2 Review and approve contraclor·s proposed materials. supply. equip-- Refer to Chapter 10. 111c owner should also reserve the right to access 
mcnt. and crew, In particular. all shotcrc1c nozzlcmcn proposed for all applicable records and documents, such as: contractual documcnls. 
use on the project shall be evaluntcd in lhe preconstruction testing quality procedures and instructions, personnel qualifications records. 
program-only noulcmcn ap1>roved in writing by I.he owner shall be design drawings and calculations, spccifica1ions.. procurement docu• 
used on the project, mcnts. material qunlific,ttion re<:ords, field s.kclchcs, shop and working 

drawings. change orders. technical reports, photographs~ inspection and 
The owner shall also reserve the righl to either remove the nozzlcnum tcs1 records, nonconfonna11cc reports. shotcrclc mixture proponions. 
from the project or require re-trnining. and rcapproval. if nozzleman as-built drawings, contrnclOr's logs, survey rcpo11s. and check reports, 
repeatedly produces deficient work or resuhs. 

9.1.3 Examine and approve all areas, prepan."<I for shotcreting, including Rercr to Chapte--r 11 for de1ails on tunnd inspections before sho1cre1ing. 
preparation or roc.k, installation of water con1rol measures. anchors. 
reinforce-men 1, wa1e1prooflng membranes. and device~,;; to control shot-
cn:--te thickness. before annlication or any shotcre1e. 

9. 1.4 Provide inspec.tors to monjtor shotcrete installation. witl1 the amho1·ity Ret'er to Chapter 11 tOr details on inspector qualifications and 
to require removal ruld replac.ement ofnoncontOm1ing shotcrete while responsibilities. 
s.uJI fresh. 

9. 1.5 RcguJarly monitor the results of the contractor's qualhy control testing. 

9. 1.6 Jmplemem a program for evaluati ng in-place shotcrete tOr acceptance Refer to Chapter 11. 
or rejec,io1L where construction ,c-st results indic.ate shotcre.te not 
confom1ine. to ,he l)rQject SO\...~ifications. 

9 .1.7 Jmplcmcn1 a program of remedial work. where QA program results 
indicate remediation is necessary. 

9 .2 Quality control: The contrac-lOr sh11II imp)e11.1ent a QC prog.rnlu for The provisions of a proj~t QNQC plan m-e osually impkmented using 
the shotc-rcte wo"'. to ensure compliam,--e wilh the contmcc docu- a framework of proj(..-ct procedures and drawings. These provide 1he 
mc-n1s. Such ~ progrnm shall include, but noi be limited 1.0. these projecl ,xu1icipan1:, with 1he necessary and sufficient infonnation for the 
specifications. contrnc1or 10 ~•lisfv 1he OAIOC reauircmenls established bv 1hc dcsiu.n. 

9.2. 1 Maintenance of lest records for all QC operations. Each organization should he responsible for the technicaJ comen1 and 
accuracy of their re.c.ords or docu1nems that l\lmish evidence. of quatity 
of materials, equipine111. or activi1ies. Rccordl> ot document,:; should 
be signed, or othel'wi.se authcntkated, and da1ed by a responsible indi~ 
vidual froll\ the org.anization initiating the cecord(s). An index should 
be established aild maintained 10 identify and retrieve a specific record 
by the designated individual or organi1..ation. 

The project Q1VQC. organi1.ation should retain these records typically 
produced during shotcrete opera1ions: batch time delivery, discharge 
time, and batch proponions used: admhtture quanuries used: time 
and temperature of batching; placement location; special precautions 
for hot or cold weather conditfons: and the identity oflhe qualified 
nozzlemen who pcrfonned the work. 
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lattice girders, and steel sets when used as composite ground­
suppo,t systems, and it focuses on the shotcrete application. 

9.2-Recommended specifications 
Recommended specifications for quality assurance 

and control are provided in Table 9.2. The information is 
provided in a guide specification format: the le ft column 
provides the recommended s1>ecification 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. 

ln certain special cases (that is, use of prototypes, final 
lining, installation on waterproofing membranes, embedment 
of reinforcement/latt ice girder), the owner/engineer may 
require the contractor to demonstrate certain aspects of U1e 
shotcrere installation by in-place testing or by constructing a 
mockup. This may require use of part or 1l1e tunnel structure 
or an alternative surface or subsurface facility. An example 

Fig. 10.Ja-Shotcreling a test panel. 

of this type of resting is a demonstration of ground support 
installation that includes rock bolts, lattice girders, and 
shotcrere in concert with the excavation process. Prototype 
testing can also include both the excavation of test tunnels 
and grow1d support installation. To evaluate the perfonnance 
o f the ground support including shotcrete, these test tunnel 
sections may use geotechnical instrumentation, monitoring, 
and numerous sampling and testing methods that require 
in-place destructive and nondesttuctive tests. 

\1/here specific excavation tolerance or finishes are 
required, shotcreie appl ication and finishing procedures 
should also be demonstrated. If special eqLLipment is to 
be used, such as batching, mate1ial handling, or shotcrete 
placement equipment, the contractor should demonstrate 
the suppo1ting logistics, mate rials-handling methods, and 
procedures. Figures JO. l a and 10. lb illustrate shotcreting a 
test panel, Fig. JO. le shows underground tesl panels, and 
Fig. 1 O. ld shows shotcreting of overhead test panels. 

10.2-Recommended specifications 
Recommended specifications for preconstruction test ing 

are provided in Table I 0.2. The information is provided in 
a guide specification format: t.he left column provides the 

Fig. I 0.1 ,~U11dergro1111d test panels. 

Fig. I 0.1 h- Shotcreling a test panel wil/r a roholic 110:.zle. Fig. I 0.1 d-Sho1creli11g over/read pa11els. 
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Table 10.2-Example guide specification for preconstructlon testing 

25 

Section/ 
Part/ 

Artie.le Recommended specification language Notes to the Specifier 

I 0.1 Materials qualification Refer 10 Chapter 4. 

I 0.1. I Materials, cxiuipme-nt, personnel, and proceduri."-"S used in precons1ruc- On large or time-sensitive projects, consider specirying and prequali-
l ion testing shall be 1hose I.hat will be used for the W\)rk. fying ahemalive .sources of shotcrete com,Litue-nts U) minimize risk or 

project ddays. If normal sources are disrupted, alternative materials 
that have be.en prequalified during preconstruction can be substituted. 
The potential d isruption due to the lack o r availability of these 1nate-
rials is therefore. minimized. 

10.1.2 Materials used in preconstructlon te-sting shall be s.tored and handled Reier to Chapte.r 6. 
as s1>i.~cified for the work. 

10.2 Nozzlcman prcqualification The application of shotcrete cannot tolerate inexperience or margintil 
workmanship. This is particularly ,me where early and elTcc-live shot-
crclc application is esseniial to providing a safe working environment. 

I 0.2.1 The prccon$truc1ion trial shall be used to prequalify the noz-,demen A shotCrt·le dernonstrnlion, using test panels, provides a simple and 
proposed for use on the project, in accordance with ACI CP-60. dirt-ct means of evaluating workman.ship, slrength, unifonnily, and 
Nozzlemen may also be ce11ilied by the Amcric.an Concrt-le lnsti- other applic.able properties as required by project specification. In the 
lute as outlim!d in AC( CP-60 as a prerequisite LO pn:qualification. case of robotic applications. the noz:demtm should also be n.:quired 10 
Nozzlemen who ha,1e not been prequalified shall not be pem1ined to shoot pand s by hand. 
annly shotcrete f1)r the work. 

10.2.2 Ir a prequalification test pa1lel is rejected, lhe nozz.leman shall be Acceptance of 11022.lemen is usually contingent upon a nozzlemnn's 
perinined to shoot a second lest panel. If the second 1e-st panel is also successful placl!'inent of shotcrete ove.rhead on a tes1 panel while 
rejected, the nozz.leman shall not be permitted 10 shoot fol' the work moo6ng all test cequil'ements. Nozzlemen are required to shoot a 
until succe-ssful c.omple.1ion of' an appropriate training program and venical panel before they ca1l shoot an overhead panel. 
demonsu·ated abilitv to shoot suitable aualhy test 1xi.nels. 

10.2.3 Each nozzlcman shall sbooi two pf(X:onstruction tcsi panels for each The test panel configura1ion typically used to qualify both mnlcrials 
shooting orientation in the work. The fi rst test panel shall conmio no and acccptabJc equipment and personnel is described in ASTM Cl J 40/ 
reinforcements (with the exception of fiber reinforcement) 10 allow for Cll40M. 
extraction of shotcrcte specimens for compliance testing. The second 
tesl panel shnll contain a shotcretc anchor plate and/or :Uly other .rein-
forc ing as detailed in the contract documents. 

10.2.4 The t~t panels shall be produced in accordarn;e wi1h the f'C(1uirc- This re<.'-Qmmended si1.c of 1cst panel allows a1 least nine cores wi1h 
ments of ASTM C 1140/C 114-0tvl e;ii:cc:pt that they shall hi1ve minirnurn a mioil.Tl\lJU diamete-r t.)f 3 in. (75 mm) and three ASTtvl C 16091 
dimensions (at the top of the form) of 2 ll ~ 2 ft ;ii: 6 io. (600 x 600 x C1609M lfoxurnl s1rength and toughness beams lo be ex1r.1C'lt.·d. If 
150 mm deep). Tes1 panels shall be mack from wood, sealed plywood, more-1han 6 io. ( 150 mm) of sh0tcrcte is applied to 1he pt1.nel, core..s 
or Steel, and shall have 45•deg:ree slopcd--edg:e fom1s l() pennit escape with acteptable leng.1h--<liame1er (LID) aspec1 ratios can be removed 
or rd><'und and fac ilitate removal of the ~h-01cre1e pa.net Tes, panels as destribed by ASTtvt C 160411604M. A nominal J in. (75 mm) core 
will weigh over 300 lb ( 136 kg) and ,:viii n:quirc lifting assif.;tance. diameter should be used. \Vht'.'re an LID is less than 2 but gre.ater than 

I, an adjus1mcn1 to lhe core compres.';ivc strength should be made .as 
described in ASTM Cl604/CJ604M. 

10.2.5 Field cure pt"-~onstruc,ion test panels in the wood fonns in lhe same 
manner as che proposed shmcrete wort (keep out of sun. keep from 
freezing, koop damp) fora minimum of2 days and 1101 1uore than 
3 days before transport 10 the test laboratory. Transpo11 tesl panels in 
their fonns. raking care not {O crack or damage the shotcre.te during 
trnnsnnnat ion. 

10.2.6 Al the labornlory. remove the test panels from their forms and p1ncc 
in n moist room that is maintained at a 1cmpcran1re of 75 ± 2°f (23 ± 
I °C). Maintain 1csl specimens in a moist sl31C in the moist room until 
the time of testing. 

10.2.7 Al appropriate lest ng:es. extract le$l specimens from the panels using Refer 10 Chapter 8 and AC1 506.1 R. Visual cxnminaiion or cores or 
di.ttmond sawing. coring, or both, and test them for the specified cut surftK~S of beams provides a simple and direct means of deter-
pe-rfonnance paramete.rs. mining the uniformity of Sh<>ICretc. Note 1.hm this is a qm1litative, and 

not Quanlilalive. evaluation. 

10.2.8 Exuac.t at least one 3 in. (75 mm) diameter core from che location of a Preconstruciion testing of cock bolts based oo l'OCk bolt in .. itallation 
rock bolt i1l the second test panel to check the adequacy of consolida- and puJlou1 1e.~Hng is conside.red .standard on mosl projects. 
tion of shotcre1e arou11d tlle spider and a1lchol'. Two cores shall be 
extracted a1 locmions of reioforcing steel (if any). 
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Table 10.2, cont-Example guide specification for preconstruction testing 

10.2.9 Specimens for compressive strength testing to ASTtvf C 160411604M 1 f cubc spedmens arc required by projc<:-L specification, then the corn:-
and for boiled :1bsorption and volume of pcmieable voids 1.csting la1ion factor of 0.85 should be applic.'<I. Core or cube testing becomes 
to ASTt-.•f C642 shall be 3 in. (75 mm) dittmcter cores at least 4 in. problematic when etirly strength ICSIS are required. This TC(1uiremen1 
( I 00 mm) long, or 4 in. ( I 00 mm) cubes cut from the broken ends of is usually imposed when higher shotcrete strengths arc required. Typi-
flexural prisms. tally, 8-hour strengths of 1200 pSi (8 tvf Pa) are. verified by te.s1 panel 

specimens. 

This means that test faei litie:,.. equipment, pen::Onnel, logislics, and 
handling musl be capable of expediljng such tes1ing. Cores can typi-
cally be removed a tier 6 hours and 1ested at S hours. Cubes can be 

acquired as early as 4 hours if coring is impmc1ical or dismrbs 1he 
shotcrete. Whe-ther the indic.ated 1i1t1elines can be. met is highly depe11-
dent on the shotc.rete inixrure propo11ion. including accelerator type 
and dosaJte, aod on shotcrete and substrate 1einneratures. 

10.2.10 Specimens for flexural strength and toughness testing to ASTM Fiber-reinforced shotcrete is nom1ally tested in accordance with 
C 1609/C 1609M shall be 4 x 4 x 14 in. ( I 00 x I 00 x 350 mm) prisms. ASTM C l609/Cl609M. lfpost•crncking propenies were specified 
Specimens for flexural toughness tesung to ASTM C 1550 shall be m the ground suppon design. demonstrating that the fiber reinforce-
32 in. (800 nun) diameter by 3 m. (75 mm) thick. mcnt system is perfonning as required is importam. Tot1ghness values 

arc typically used but should be comp~tible with the projcc:t service 
condjtions, 

10.3 Mix1t1rc proportioning qualification Refer to Chaotcr 7. 

10.3.1 Mixture u$l"(I in pn::c.onstruction te:=iling shall be the same pmpo::.ed ror Ri:for ti) Chapter 12. 
produc1ion work. 

10.3.2 If tlle preconslr\.lclioil test specimens fail 10 meet the pedbnnance 
requirements, make the necessary adjt1stmems in shotcrete materials, 
mixture pl'oportions. or application pl'ocedures, and reshoot test 
panels. No shmcl'ete work shall commence until the precons11'Uction 
oerformance tesdne. reouire.ments have been met. 

10.4 Final lining qu<t!ific01io11 

I 0.4. I Shotcrctc final linfr,.g inst;dl:.uion and finishing procc;<lures sh:;iJI be 
demonstrated to the satisfaction of the owuer on n large-scale mockup 
prior 10 the start of construction. The nlC>ek-up shall sfrnula1c the 
in•placc conditions as realis1ic as possible and shall include reinforce-
ment, lattice girders. and waterproofing membranes. as applicttblc. ln 
addirion, finishing procedures and tolerance. as speci6cd by A/E. shall 
be tested. 

rec-0n1mended specification language. and the right column 
provides notes to the specifier. 

CHAPTER 11-CONSTRUCTION ACCEPTANCE 
INSPECTION 

11.1-General 
Construction acceptance inspection is key for an effective, 

efficiem, and safe project, especially io the case of ground 
supp-0rt or final lining installation and sbotcrcte application. 
The tenn "inspection," as used in this chapter, includes not 
only visual observations and field measurements, but a lso 
laboratory testing on samples taken during production work 
as well as assembly and evaluation of test data. The ability 
-0f 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 (AC! CPP 661. 1 ). 

11.2-Acceptance inspection 
The owner's project engineer should evaluate the need to 

conduct preconstn,ction testing and detennine the overall 
scope of associated testing requirements. Sampling and 

testing of shotcrete at established intervals during constrnc­
tion is usually required. Some properties need to be moni­
tored on a shifl-b)'•Shifl basis, and others on a daily, weekly, 
or month!)' basis. Where ground support installation bec.omes 
critical during the excavation cycle. shotcrc1c placement 
may become subject 1.0 inspection and testing oo a shifl-by­
shi ft basis. lnspcc1ion requircmeots should be commensu­
rate with complexity and scale of the project {ACI 506.4R). 

Qual ification tests may be repea1ed during construction 
when the source ofshotcrete materials. batching methods, or 
shotcrete personnel changes. Mill analyses for cement, batch 
receipts for aggregates, and admixture supplier information 
usually satisfy the requiremems for receipt inspection and 
acceptance. Daily inspection of both ma5$- 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 preplacemem and 
post-placement basis as part of the acceptance process. To 
the extent external cond itions atrect 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 shotcrete acceptance inspection program 

Activity Complex projed 

Before consltuClion: sampling a1,d Co1nplete prequalifica1ion or 
testiog of sllotcrete materials cequired properties 

Before construction: inspcc-
In accordance w iLh ASTM C94/ 

tioo and calibration of batching 
C94M or ASTM C685/C685M 

cquipmcu1 

Before construc.tion: shotcreting Preconstruction te.t;ting on panels aod 
equipment, skill of 1he crew. and large-scale rnocku1,s 

procedures (final lining only) 

During c.onstn1ction: inspection of Al csrnblishcd intervals for selected 
critical properties on a shift {daily, shotcrete n1aterials 

weekly. or monlhly basis) 

During C,l)rm1'llctio t1: inspection of 
batching operations with checks Full time 

for yields 

lnspcctfon of prcplaccmcnt and 
placemcm activitfos (including Full time 

curing) 

Monitoriog ofshotcrete ,uaturity 
using test panels. in-place cores, Comprehensive 
and evaluation of shotcre.te using 
nondestructive testing progran,s -

Laborotory tests of shotcrclc 
cores, cubes, or beams for acccp- Fully require<! 
tancc ofshotcrctc pcrfom1ancc 

transpo,ting. TI1is can cause logistical and scheduling prob­
lems when construc1ion operations take place on a 24-hour 
basis. Alternatively, methods such as penetration needle and 
s tud driving methods can be used in place or on test panels. 

ll.2.l Duties of i11spectio11 team- \Vl1ereas 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 inspection force will often place 
emphasis on inspection of the finished structure, inspection 
of shotcrete malerials as they are delivered to the project, 
and testing of the fresh shotcrete and hardened sho1crele. 
On 1be other hand, the contractor's quality control inspec­
tion force will emphasize inspection of materials, produc­
tion processes, and placemenl of reinforcement. These are 
the most frequen1ly encountered assignments: 

(a) Identification, examina1ion, and acceptance of shot­
crele ma1erials. This includes verification of quality based 
on certifica1ions and tesl resulls from producers and 
suppliers, as wel l as sampling and lesting of ma1erials 
delivered to Lbc job site 
(b) Comrol of mix1ure proportioning and adjustments, 
ba1cbi11g, and consistency testing 
(c) Exam.ina1ion of the tunnel heading and all surfaces to 
receive shotcrctc, including strnctural steel, reinforcing 
steel. embedded items, ground surface preparatioo. control 
of water flow, and 01her preparatory work 
(d) Inspection of batching, mix ing, conveying, placing, 
finishing, curing, and protection of shotcrete 
(e) Inspection of other support elements, such as lattice 
girders, rock b-Olts , welded wire reinforcement, or steel 

Projec1 m agnitude 

Mod.erate project l\rlino1· project 

On selected critical properties 
Not required; use. of proven material 

as specified 

Rcgulnr inspection at intervals cstab--
lishcd by the owner or lhe owner's No~ required 

rcpf\!.Scnt;J.tivc 

Preconsttuction testing on panels and Qualified or ccr1ificd nozzlcman 
reference prOJe<:ts of 5;imilar size and 

(ACJ CPP 660.1) 
complexity 

Regular inspection a1 intervals cstab-
lishcd by the owner or the owner's lnitially. then 1u mndom 

rcprescnlalivc 

Regular inspection at intel'vals es1::ib-
lished by the owner or the owner's Random 

repre..,;;e.ntative 

Regular inspection al imervals cstab- Regular inspection of placement activ-
lishcd by the owner or 1bc owner's itics al intervals established by the 

-

representative owner or the owncr·s representative 

As needed Conlractor submits test samples 

- -
Fully rcquirc-0 Shotc-retc srrcng1h only 

sets, that are an integral part of or affect the installalion of 
the shotcrete lining 
(f) Preparation of any required test panels 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 condilions, external weather condi ­
tions, and other items affecting shotcrete or other related 
parts of the tmderground opening 
(h) Evaluation of test results and performance chaits 
(i) Verification that unacceptable ilems (that is, defeclive 
shotcrele) and procedures are COJTected 
(j) Preparation of records and reports 
(k) Documentation of sequence and liming of shotcrete 
placemen, and subsequent testing 
11 .2.2 Qualifications of i11spectors- lnspeetors should 

be individuals who have both prac1ical experience and 
technical understanding of the principles involved in 1hc 
assigned construction. They should k11ow 1he 1echnical 
rcquiremcn1s required [or nozzlcman certifi cation. lncxpcri­
cnce<I but technically trained individuals should serve for a 
period of on-the-job training under the supervision of more 
experienced individuals before working al.one. 

11.2.3 Experience, educatio11, a11d certifica1io11 of i11spec-
1ors-lnspectors need knowledge of and experience in 
quality control to ensure effective and efficient shotcrete 
placement for underground support. Inspectors should 
have some general experience in underground construction, 
specifically excava1ion and ground support ins1allation: 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 attemion to important matters. 

Inspectors should be completely familiar with a ll 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 meditun-to-large underground construc­
tion projecis. Train ing and ce11ification provide third-party 
assurance that the inspector or technician possesses at 
least basic skills and lmowledge to perfonn the job. AC! 
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 sbotcrete 
system for ground suppo,t is provided in this guide. The 
information in the next few paragraphs is a summary of 
important points 10 guide project quality control personnel 
during the inspection and test iag of shotcrete used for 
underground support. Guidelines and checklists for trouble­
shooting problems with shoccrctc arc given in Mahar ct al. 
( 197 5). Though the foHowing paragraphs address quality 
control for the complex project, lhcy apply in a general. but 
less comprehensive, way to moderate and minor projcclS. 

11.3.1 Study of project drawings and spec[fica1io11s-The 
project contract documents are the main criteria governing 
the decisions and actions of an inspector; therefore, a c le.ar 
understanding of the specifications and drawings is essen­
tial. The project drawings and specifications constitute the 
basis of a ll 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 wider­
standing on the prut of the inspection or testing staff can lead 

to inconsistem application of the acceptance criteria. Inspec­
tors should know all pennissible tolerances and procedures 
required to document, record, and report the project work. 
The owner/engineer's inspection staff· should also become 
famil iar 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 ravel ing ground), it might be neces­
sary to waive some quality criteria and emphasize the need 
to get shotcrete support installed quickly to mitigate the risk 
of greater damage. 

11.3.2 Shotcrete proportioni11g- 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 1neans of proportioning the shol­
crete mixture, including mixture compurations (grading of 
mixed aggregates. cement content, wlcm. batch quantities. 
and yie ld). 

ll .3.3 Selection. acceptance inspection. and testing of 
ground suppor/ materials- In addition to a genera l back­
ground and experience with a ll ground support materials 
(spec ifically shotcrete), 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
rial s teslS shown in Table 11 .3.3. 

ll.3.4 Twmel inspections before shotcreti11g-The fi.rst. 
and most important, inspection involves inspection of the 
tunnel or excavation heading 10 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. 111e line, grade, and 
profile should be inspected for tights or overbreak to deter­
mine if excavation tolerru1ce 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 type Tt'Sted elements 

Acceptability 
Grading, organic maner, deleterious substances, soundness, 

and resistance to abrasion 

Aggregates 
Control 

Includes moisture absorption. specific gra\'ity. and density; 
refer to ASTM C33/C33M 

1\ s.c.e~c.smen t Slorage conditions, pmtec1ion rrom dampness 

Sampling for laboralory tests Refer to ASTM CI 436 
Cements, pozzolans. and admixtures 

Assessme.nt Storage conditicms. prQLection from dampness 

Sm1ctural and reinforcing steel: steel sets. lattice girders. Size. section, weight bending. surface condition. condhion 
and other reinforcement of connections. such as butt platc-s and accessory bolL~ 

Rock boll" Length and type. (mechanical or grouled) 

Fixtures. such as bolts. plates. tie rods. and collar bruces Acceptance inspectfon Size. section. weigh1, condition 

Welded wire reinforcement Size. sec1ion. weight. condirion 
I Other materials, such as epoxy resins and cementitious 

Stomgc conditions. prolcctfon from dampn~s grouts for rock bolt installation, and laggmg and blocking 
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inspection should include the location, dimensions, shape, 
drainage, and preparation o f surfaces, and, if appl icable, 
installed reinforcement. 

11.3.4.1 Inspection of swfaces-Preshift ins1)ections of 
underground work areas are a mandatory pa11 of any wider­
ground construction program. The owner's inspector is not 
responsible for contractor safety. The inspector is respon­
s ible, however, for determin ing if the surfaces to receive 
shotcrete are appropriately cleaned and ready. The inspec­
tion is typically carried out by the supervisor for the work 
activity and may or may not be pat1 of a regulated process. 

11.3.4.2 Preparation of swfaces-\1/ork involved ,vith 
the preparation of surfaces is discussed in Sections 16.2 and 
I 6.3. The inspector should ensure that these processes are 
carried out. Ln cases where a waterproofing membrane is 
installed on top of the surface, additional smoothness and 
other requirements may apply. 

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

11.3.4.3 Wate1proofing membrane in place- Inspection 
items may include: proper fixation, sagging, welded seams 
(visual inspection and testing), and repair of punclure-s. 
A11er installation of reinforcement on top of the membrane, 
an additional inspection be.fore shooting (or casting) Lhe 
final lining should be conducted to detect punctures of the 
membrane. In general, welding, burning, and cucting of rein­
forcement should be avoided or special protection measures 
mus t be used to prevent puncmre of the membrane and fire 
hazard. For detailed inforrnation about shotcrete application 
over sheet waterproofing membrane, please refer to "ASA 
Underground Committee Position Statement #2''. 

11.3.5 Tunnel inspections during shotcreting 
11.3.5.1 Shotcre/e 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 is 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 adjush11ents to water and admixtures 
in mixtLu-e 
(d) Monitoring of air content in the hopper and out of the 
nozzle (for wet-mix shotcrete onl y) 
(e) l\,1ixture temperature 
(f) Accelerator dosage 
(g) Conveying: No segregation ofmate1ials: no excessive 
stiffening or drying out: time limits (can use hydration 
control admixtures to e liminate these problems) 
(h) Placing: Materials (acceptabi lity and quantities); 
condition of equipmem; preliminary mixing pressures (aiT 
and water); preparation of surfaces; application (nozzle 
distance and angle; thickness; no sagging, no embedment 

Fig. IJ.3.5. I-Well-ligh1ed tunnel heading. 

of rebound; full embedment of re inforcement; no spalJ ing; 
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 sholCrete, deficiencies 
observed should be reported at time of placement 
I 1.3.5.2 After shotcrete placeme111- Inspec1ion items may 

include: protection from damage, impact, and vibration; 
rebound removal and clean-up; curing (surfaces cont inu­
ously moist; time when curing begins; length of curing 
period [hot or cold conditions]); applied thickness; defic ien­
c ies of hardened sbotcrcte al1cr placement; and repair and 
rehabilitation of defective shotcrete. 

1 t.3.6 Inspection reconfs and reports-Records aod 
reports may include: materials; mixture computations; 
batching and mixing, p lacing, and curing; testing results; 
daily summary reports; diary; and photographs marked with 
date, station. and direction. 

11.4-Cold placement conditions 
Special care is 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, drying. 
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 

is typical ly subject to inspection, testing, and acceptance on 
1.he !)art of the project. QNQC organization responsible for 
such activities. 

In-place shotcrctc is considered acceptable when a ll 
ii1spection and testing reports required by the project QN 
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QC program verify that the performance requirements 
identified in the project specifications and drawings have 
been satisfied. 

Such deficiencies can on ly be detennined by means of 
inspection, testing, and evaluation, as noted previously, in 
accordance with project QA/QC procedures, as specified by 
the project engineer. Specific deficiencies can include but are not limited to: 

excessive voids; debonding rrom receiving surface or stnic­
ture; delamination; improper encapsulation of reinforcement 
or other suppo,t members, la itance, sand pockets, or trapped 
rebound; cracking, s loughi ng, or spalling; low compres­
sive strength, density, or high permeability; or deficiency in 
another property considered critical to perfonnance. 

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 

Stttio11/ 
Part/ 

Article Recommc.nded snecificatiou laneuaee Notes ro the Soecificr 

I I. I SJ,01cre.1e nwu•rials 1es1ing 

I I. 1. I For mixtures wcigl1t-baichcd on site, rcguk1rly monitor aggregate grading The suggcsled frequency is daily unless moisttirc contenl obvi-
tmd moisture content. One moislurc content check shall be made at lhc ous1y lms nol changed, 
st1mup of cuch sbotcrcting opcrn1ion nnd with :.'In)' indication or change in 
aggregate moisture content. 

11. 1.2 For dry-bag,g:ed, premixed materials. conduc-t washou1 testing t (> check The suggested rre<i_uency is one washouL 1es1 aller each 
ccmentitious content, aggregate-grading. and fiber (:.(Intent in fiber-reinfr,rced delivery of dry-bagged pri:mixcd material:s until quality is 
-shoterete. at 1he rreQuencv ::,'nl"Cified h\' 1he en~ineer. confirmed. 

11.1.3 For mixtures vohune-batched on site, check aggregate moisture content and The suggested frequency is daily unless rnoisture content obvi-
mixtUl'e pronMt..ions at the frenuency snecitied by the en~ineer. ously ha..1, not chan_gOO.. 

11.1.4 Perfonn physicaJ testing for the hardened shotcrete perfonnance param- The suggested frequency is eve1y 40 yd3 (30 m1), or for each 
e{ers specified m the contrnct doc.umen1s. a1 lhe froquency specified by the day·s shooting. 
engmecr. 

11.2 Co11stmc1io11 lesting Sampling ~md testing of shotcrctc at es.lablishcd iD1cn~1ls 

11.2. 1 Shoo1 one construction test panel for cac.h noz::r.le orientation for each day during construclion is US\i.ally required, lfnozzfcmcn arc 

of sho1crct~ produc1ion. or ~VC•I)' 50 ydi (40 m3) of sht)tcretc, whichever is worlong: in multip1e.shifls1 each nozzleman should com1,ly. 

more frequenL 
In large, Jong.•lasting projects, the frequency of testing may be 
rehi.Xed :,u 1he disc~1fon <.1f the owner or the engineer. if consis-
1cnlly compliam test re,,su l1s an: demollstratetl during initial 
cons1ruc1ion and tes1in2. 

l 1.2.2 Test panels shall have the same. dime.nsions as preconstruction test panels Refer to Example Specification and Notes 10 the. Specifier 
but shall contain no reinforcement or embcdment" (other than fiber Se.ccion 10.2.4. 
teinfol'CCment). 

11.2.3 For each test panel shot, keep a record of date/time shot. shotc.rete mixture. 
personnel shooting panel, temperature and weather conditions. dace panel 
shipoed. and date received by laboratory. 

11.2.4 Tes1 specimens shall be prepared and tested in lhc same manner prescribed Refer to Example Specifications and Notes 10 lh-c S1xcificr 
for preconsm1ction tes1 specimens. Store, handle, and cure construction lest Sections I 0.2.5 1hrough I 0.2.10. 
panels in the manner pn..-scribcd for preconstrnction test panels, 

11.2.5 Adju:.1 mcasun::.-d cornp~siw strengths t() equivalent 2: 1 length: djameler ln additio1.11 if early :.1rength is important, s1reng1h lest will also 
cores, using lhe core correction factors given in ASTM C42/C42M. Three be conducted at 1he age of 8 hours <.)r as otherwise .specified by 
3 in. (75 mm) diameter cores shall be 1es1cd at both 7 and 28 davs. 1he Cnj,,1,inecr. 

11.2.6 The mean compressive stte.ngth for a s.ec of three cores from test pat1els shall 
eoual 0 1· exceed lhe sne<::ified strem.?th. 

11.2.7 Specimens for boiled absorption and pttrmeable voids testing to ASTM 
C642 shall be4 in. (JOO mm) cubes cut from the broken ends of flexural 
tes1 prisms orextrac1ed 3 in. (75 nun) diameter cores a1leas14 in. (100 mm) 
long. Test three soec:imcns. starting the {est 7 days af\er shooting, 
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Table 11.7, cont-Example guide specification for inspection 

11.2.8 

11.3 

Early strength shall be tc.-sted either in-place or at tesl panels with penctrom­
cters nndlor s tud driving rn.ctbod. F'or each test, keep a record of dutc/tlmc 
shot, shotcrcte mix1ure, personnel shooti11g panel, temperature and weather 
condi1ions, and test res~1h. especially if used for ri::-cntry criteria. 

lnspe<:tion/acceptance: Using Table 11.2.1, create specifications based on 
pl'oject size, and complexity. 

Often, a certain early stren,gth tested with a pcnctrometcr or 
stud driving method as re-entry criterfo is used when the shot­
crete strength is insufficient 10 allow for extrac.1ion of cores. 

The tests are quick, easy. and provide a good indication ir there 
tire problems with lhc strength development. However. 1es1 
results need 10 be properly doclonented. 

The tests are a crude correlation to the in•placc compres­
sive s1reng1h and a repre$t::ntative number of tests need to be 
c-0rnple1ed. Criteria for p.ass/fail should be esrnblished by the 
contractor, as 1he early-age. strength impacts the comaruc.tion 
schedule and generally does not have an impac.t on the final 
strength or durability properties. 

J\cceprance inspections should be sufficiently frequent and 
detaHed to penujt adequate evaluation of the shotcrete process 
and the products resulting from that process. 

I 1.4 Acceptanc(' 

11.4.1 

11.4.2 

11.4.3 

11.4.4 

11.4.5 

I 1.4.6 

Shotcrctc 1ha1 docs 1101 confonn lo the specifications may be rejected by the Refer 10 11.6 for a definition of deficient sho1cn::1c. 
owner either during the shotcn:te applicalion process or based on tests on 
test panels or on the c-0111pletcd work. 

0¢(iciencies ob.~erved during the llhotcrete applicaLion include, but are. not Refer to 11.6 for a definilion of deficient l\hotcrete. 
limited 10: 

(a) Failure to properly c.ontrol and remove buildup or oven;pray and rebl)und 

{b) Incomplete embedment of reinforcing sreel a.nd aochots by shotcrete 
{c) Excessive .shoterete rebound, or m>er rebo\Jnd 
(d) locorporation of excessive voids. sand or rock µockets, delaminations, or 
laitartce 
(e) Failure to apply shotcrele to the required thick11ess 
(t) Cracking, sagging. or sloughing 
(g) Unacceptable strength, density, pemleability. or a deficiency ill another 
property critic.al to 1>ertbrmance 

Perform remedial work to correct deficiencies while the sb01crete is still 
fresh. 

The engineer shall examine 1hc hardened shotcrcic for any evidence of 
c;xccssivc plastic or d1y ing-shrinkage cracking, tears. feather edging. 
s loughing, or other observable deficiencies. 

If the re~ulrs or compliance tests from shotcrc1e test panels or assessment 
of the in-place plastic and harde.ned shotcre.tc indicate m)nconrormancc or 
the shotcre.te to the specific.arion.;;, the engineer will implement a program of 
eva1umion or the in-plact:: shotcrete. Such evaluation 1r1ay include. but 001 be 
limited to: 
(a} Excractioo of c.ores from £he. in-place sho1cre1e a11d testing of such cores 
for compliance to 1he project specifications 
(b) Chocking for de.larninations OI' dt::bonded .shotcrete using sou1lding or 
other appropriate oondestructive testing procedures 
(c) Diamond saw...cutting or coring to check the adequacy of encasement of 
rock boles and reinforcing bars or welded wire reinforcement. 

Shotcrete that is nonconformin.,g shall be re1uoved and replaced by rhe 
contractor. Alternatively. if approved by the owner. additional shotcrete shall 
be applied. 

Fresh shotcrctc is more easily removed th.an hardened 
shotcre1e. 

Sounding rod or hammer should be used to check for dclamina­
tions and debondcd shotcrctc. 

11,e di$position of the nonc()nfonnance. should he eommtnl\u­
ratc with the C(lmplexity and perfonnance requiremenL<: of the 
struc.turt::. 

Destructive. tests for final l inings .should be lin1ited 10 the abso­
lute mininlum, especiaJly if a waterproofing membrane is used. 

lfthe projec.t QA orgamzations de1ermine to acceJ)t the shot• 
crete ·•as-is;· no funher remedial accion will be necessary. 
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11.8-Recommended QC Inspection and Testing 
Checklist 

Recommended QC Inspection and Testing Checklist ,s 
provided in Table 11 .8. 

Table 11.8-Underground shotcrete quality control inspection and testing 

fnspection during References 
Dthlils construt.tion (ACI documents) Frequency" 

Aggregate moisnll'e contenl Mixture batch ticket Daily 

Once for new source. new 
Aggregate gradMion produc1ioo. or once for every 

Mix(ure design 
3 mon1bs 

1 
Cement cenHicates 

Poz~..olans/cemc:ntitfou~ malerials lni1i;ll submiual 

Chemical admixcun.--s 

Marerials added on site 
Count rouuiou for mix.ing, fibers, site-

Eve1y truck load 
based b~1tching, chemical admb:lurcs 

Mixing nlethod o r batch plant 
Central mixing or truck mixing Stan of the projec1 

Batch time, dcliYC:J)' time Evc1y tn1ck load 

Wet-mix delivered mate.rials' 
Temperature £vcly truck load 

,emperature 

Bagged dry-mix. ' Tempcn1turc E"cry SO yd' (40 m') or daily 

Wel-mix slump Every lruck lo.ad , __ 
Wet-mix air COlllCOI E,•cry SO yd' (40 m') 

Steel set 

Strucrural and remf'orcing steel Umicc girders Rigidity. 111ign-

prior to placemenl Welded wire rci1,forcement 
men11 coverage~ Daily 

. splicing 

Other reinforcement 

C~libration of batching ASTM C94/C94M or Before cons1n.sction and 

equipment - - ASTM C685/C68SM 
during co,1.~truction (011ce for 
e.vet'y month) 

Verification of accelerator use R~tc of ac<:clerator to sJ1otcrcte volume Accelerator dosage Daily 

Veritication of prede.111pener 
Daily 

ope.ration. if used 

Yields 
Concrete mixture design 

Initial submittal 
and s1>ecificatfon 

Scaling, SSD. possible loose behind 

Surface preparation 
wire mesh. excessive moislure. on the 

Al.I 1hc area 
surface. wate.r diversion, logging and 
blocking 

Loose wire mesh rightness All the area 

Adequate underground lighting All the arc.a 

Services including air volume, 
power, w;:itcr pr\."'Ssurc and All the•= 
vc111ilation 

Application Proper no1.2ling techniq\1es 

Finishing As specified 

Curing (if specified) Follow munufacturer•s ins1n,1ctions 

Shotcrete fie ld and laboratory 
Air content As submitted 

testing 

Slump As subm.itte-d 

Panel production. handHng,. curing and 
As submitted 

protection 
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Table 11.8, cont-Underground shotcrete quality control Inspection and testing 

33 

One set of throe cores every 
Compressive strtog-th for con.'$ ASTM Cl6041CJ604M SO yd' (40 on') or everyday 

sho1cre1e work 

Penetration needling 1es1ing for early• 
ASTM CII 17 

lnuial submittal or as 
age strength specifie<i 

E.arly-ag.e compressive strength for end ASTM Cl 16 modified 
Initial submiual or as 

beam testing s-pecifiec:I 

Volume ofpenneable voids and boiled 
ASTM C642 

Initial submittal or as 
obsorption (if specifie<i) specifie<I 

Flcxoml toughness for fiber-reinforced Initial submittal or as 
sho1cre1c IOASTM CJ609/Cl609M (if ASTM Cl609/C1609M 

specified 
specified) 

Flexural toughness for 6ber~reint0rced 
ASTM Cl550 

Initial submittal or as 
shotcrete to ASTM C 1550 (if specified) S[>eCifie<i 

Safety pro1cc1ions. including PPE and 
procedures for rc-entt)', confined space, Follow job safoty requiremen1 
or any other site-spccitlc rcquiremenl 

Mine or tunnel information tncludlng 
location. survey markings. levels 

· Noic: The te.,;tins frequency might be reduced upon salisfac,10,y consistent results snd approved by Lhc owner. 

CHAPTER 12-BATCHING, MIXING, AND SUPPLY 

12.1-Handling of bulk bin-bags 
When bulk bin-bags ttre used, a forklift is typicall y used to 

place the bag directly over the hopper of the pre-dampening 
unit or the shotcrete machine. Tbe bag is opened by pulling 
on a string, thus allowing the dry material to gradua lly flow 
from the bag and into the shotcrete equipment. Silos are a lso 
used; they can hold up to six bulk bags a1 a time and can be 
placed directly above the hopper. This eliminates the need to 
have a forklift in the way. lt also increases productivity by 
keeping a consistcm 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 w ithorn any risk of dete­
rioration as long as temperatures are within acceptable 
limits of 40 ro 85°F (5 to 30°C) 

( b) Greater control of quality is possible because mate­
rials arc 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 ro dry-

packaged supply: 
(a) Storage faci lity or space is needed 
(b) Product temperature needs to be maintained if stored 
on s ite for long periods 
( c) There is the risk of rainwater or snow penetrating 
through the bags of material (covers are needed). 

12.3-Recommended specifications 
Reconm1ended specifications for batching, mixing, 

and supply are provided in Table 12.3. The infonnation is 
provided in a guide specification fonnat: the left coltm1n 
provides the recommended specification language, and the 
1ight colunm provides notes to the specifier. 

Table 12.3-Example guide specification for batching, mixing, and supply 
Sctrion/ 

Part/ 
Article Rtcommcnded speeiftcation 1Rn2l1'l2t Notes to the S&>tclficr 

12.1 Batching, m.ixing. and Stlpply: wet-mix shOlcrete 

12.1.1 Ge-neral: WeHl1ix s.hmcrete shall be batched., mixed and supplied Logistics and cost \ISually diciate lhe method selected by contractor. 
using one of these systems: Nme 1hat volumetric batching requires more inspection by 1he own-er. 
(a) Central m ixing with transit m ixture delivery 
(b) Trans it mixio_g and delivety 
(c) Volumetric b.ltching, rnobile m i:xet unit 

(d) Packaged, preblende.d, di) +. combined materials with warer added 
on site. 
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Table 12.3, cont -Example guide specification for batching, mixing, and supply 

12.1.2 

12.1.2.1 

12.1.2.2 

12.1.2.3 

12.1.2.4 

12.1.2.5 

12.1.3 

12.1.3.1 

12.1.4 

12.1.4.1 

12.1.4.2 

12.1.4.3 

12.1.4.4 

12.1.4.5 

12.1.4.6 

12.1.S 

12.1.5.1 

12.2 

12.2.1 

12.2.1.1 

Ce111ral mi.ring a11d supply 

Aggregate, cement, and supplementary cementitious materials and 
fibers shall be mass batched in a centra1 mixing plant and delivered 
in a transit mixer in accordance with the requiremenis of ASTM C94/ 
C94f\,1 or C I I 16/CI I 16t\!(. Waier Md che111ical admix1ures shall be 

either mass or volumetric.ally batche-d. \Vcighing equipment shall be 

capable o f batching 10 the accuracy specified in ASTM C94/C94tvl. 

Add shotcrete materials, including fibers.ma se,ql1ence that ensures 
wliform mixing and dispersion. 

Transit mixers shall be free of accumulations of hardened shotcretc 
or concrete in the drum or on the blades. Blades shall be free of 
cxec:ss1ve wear. Transh dclive1y shall eonfonn to the requirements of 
ASTM C94/C94M. 

One retempcring wil.h high-rMgc walcr-reduci.ng admixture added 
direc1ly to 1hc 1ransi1 mixer during the period of discharge shall be 
permitted t() mainlain workability (slump) ofsho1crc1c.: within the 
.specified rang.e of J :I: I in. (80 * 30 mm). Mixing shall C(mlinue for a 
minimum period of 5 minutes at mted mixing speed after adding high­
range waler-reducing admixture t() the transit mixer. 

All shotcre.te shall be shOL witJiio 90 minutes after addition of mixing_ 
water (O the batch unless otherwise approved; special seHctarding or 

hydration-comro11ing admixrures are used to extend the working life 
of the shotcrete. Scheduling of shotcrete delivery and shotcre.te load 
size shall be such d,at this requirement is met 

1'nmsil mixing and supply 

Tbc same requirements shall apply as spccltied for centml mixing 
excepl thal all ingredients shall be added d irectly to the tnmsi1 mixer. 
Tra11si1 mixers shall be charged to nol more than 70% of their rated 
capaci1y. to enable efficient mi;,,: ing ac1ion. 

1/4,Jumetnc slte batching 

The mobile mixer tulit tOr volumelric s ite batching shall conform to 
the requiremems of ASTM C685/C685M. 

The equipment shall be capable of thoroughly mixing materials in 
sufficiem quantity to maintain shotcrcting continuity. 

Calibrate equipment in accordance with the requirements of ASTtvl 
C68S/C68SM at the start of every shift or for every SO yd' (40 m') 
of shotcrctc batched, whichever is more frequent, using a mass- batch 
check of 1he voJum.euic proportion,ing. 

Feed systems ror all material$ (cement, supplementary cementitious 
materials. aggregates, admixtures, and fibers) shall be intcrel)nnected 
$\JCh tha1 if one feed s1ops or changes rate, they all fo lio"'· 

Thoroughly derul equipmem at least once per shift to prevem accumu­
latlon of aged ma1erial. 

Apply shotcretc within 90 minutes of mixmg unless approved, special 
set retarders or hydration-comrolhng admixn1res are used to extend 
the working life ofibc shotcrete. Aged material shall be discarded and 
not applied in the work. 

P(1ckag~d. prebleuded. d1J~ combi,red supply 

The use. of packaged supply with wate.- addition at the s ite $hall he 
penniued, provided the contractor can demonstrate uniform mixing 
of the shot<:rete-and satisfoctory confonnance to all the project perfor­
manc.e reqtJiremenL,;. 

Ba1chi11g. mi.riJJg and :wpp(v: dry-mix sho1ere1e 

General 

0 1)•-mix sho1crcte shall be bmched. mixed. and supplied by one of 
these methods: 
(a) Site b:uching using volumetric batching uni,s 
(b) Site b:11ebing usi.ng mass batching units and rot~11:y transit mixer 
supply 
(c) Pad:uged, prebJenckd. dry, combined material suppJicd in either 
small paper bt1g.s or large, syn1hetic cloth, bulk bin-bags 

Requires inspce-tor to have the sime ~nd proper cquipmem to 
accomplish. 
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Table 12.3, cont-Example guide specification for batching, mixing, and supply 

12.2.2 Volumetric site batt:hin£> t111d swm/v 

12.2.2.1 The same criteria specified in E.xample Specification 12.1.4 for 
volumetric site batching for wee-mix shotcrctc shall app1y for dry-mb: 
shotcrete. except that all dry-mix shotcrete shall be shot within 
45 minutes of first contact of cement with moisture. 

12.2.3 Mass batchi11g 1111d supp~~• 

12.2.3.1 The same criteria specified in Example Spetificati (,)n 12.1.2 ror c.entrnl 
mixing and supply of we1-mi:< shotcrete shall apply for dry-mix shot-
cre1e, except ll1a1 che bulk of the water sh all be added at the. water ring 
at the nozzle during the shotcn:te applicmion proce.ss. and all dry-mix 
shotcrete shall be shot within 45 minutes of first contact or ce.1t1enl 
wi1h moisrure. 

35 

12.2.4 P(lcka£ed. pn.•b/ended. dr;~ comblne,d bt11c/Jin1t and su,M/y rreblended desiccated shotcre1e can be s.upplied on site containing 

12.2.4.1 Packaged shotcrcte shall be mass•balched in confonnance with the all the necessary ingredients accurately dosed (fibers and accelerator 

rcquircmcms ofASTM Cl480/Cl480M. All oggregates sholl be dried included) in either small paper bngs (typically 65 lb [30 kg]) or large 
plastic bulk bin-bags (up to 3300 lb ( 1500 kg]). This is usually the 10 a mois.iurc con1cnt of less 1han 0.1% by mass. based on oven drymg 
supply method of choice for remote areas or mines and tunnels using at 220 lo 230°F (105 to 110°C). 
the drv~mix orocess. Refer to Section 12.1. 

12.2.4.2 Protccl packaged shotcrctc from exposure to moisture during Refer 10 Section 12.2. 
handling, 1ransport. and storage, Di.scard any bags dull disph,y lumps 
of prehydnuc:d shoccrcte, 

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 constn1ction. Several types are 
acceptable, including continuous cavity, peristaltic tube, 
pressure vessel, and rotary machines that operate s imilarly 
to dry guns. Nevertheless, the hydraulic, twin-piston type of 
concrete pump is most commonly used. FigLu-e 13.2a is a 
diagram of piston-type pump, and Fig. 13.2b is a photograph 
of a pe,istaltic type. 

The concrete pump selected for shotcrete applica1ion 
should be capable of pumping materials from the larger­
diameter maJerial cylinders to and through reduced-diameter 
conveying lines and providing continuous How to the nozzle 
system at the exit end. Manufacturers should be consulted 
regarding operation and sui1abi li1y ror specific shotcrcte 
mixtures and applications. As in the dry-mix. the machines 
used for placement of wet-mix shotcrcte arc metering 
devices, and proper operation docs 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 a ir 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. 

Fig. 13.la- Piston-type pump. 

Fig. 13.lb-Peristaltic-type pump. 

13.3-Guns for dry-mix 
Dry-mix equipment histolically 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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Dry ShotCM<' ~ 
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Fig. / 3.3-GM57: rotaJJ' 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 
ACI 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 syslem in both dry-mix and wet-mix shotcrete 

methods is an impot1anl component of the process. The 
dry-mix nozzle is a mechanism attached to the end of the 
conveving hose that consists of a water input chamber and 
water ·ring designed to inject water into the passing mate­
rial stJ·eam. 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 o r mate,ial and provide lurbulence for 
mixing the water and material before jetting ii into place on 
1he substrate. There are various styles suitable for applica-
1ion. Choices should be made on the basis of experience and 
pcrfonnancc suited for 1hc specific application. . 

Nozzle systems for wet-rnix application arc complex m 
their function. They should receive a flow of material that 
is extn1ded from a concrete pump at a speed of 3 to 6 fi/s 
( I to 2 m/s) and be provided with adequate air input to 
interact with the materia l stream. No7.zle systems rhen expel 
the material at high velocity-approximately 60 to I 00 ft/s 
(20 10 30 mis) (Ginouse and Jolin 20 I 3)-in a unifonn spray 
to impact the subsrrate and thoroughly compact rhe mate­
rial placed. The a ir llow is critical to all the transpot1 and 
spray aspects of the shotcrete process. Therefore, a_ wet-mix 
nozzle should provide a means to input adequate a,r llow to 
increase the velocity of rhe material stream to ensure proper 
impact to the substrate. Nozzle systems for wet-mix shot­
crete employ an air ring/s leeve component that is exposed 

Nozzle OcsllJl for Wet Shalcn!IC l!quipmcnl 

... 
Ii" 

; • .. • 
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'-~iaktir 

MbJold •• 
Fig. /3.4a-Oiagram ofwet-mLr nozzle. 

Fig. I 3. 4b-C/ose-up of we1-mix 11ozzle. 

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 cleanl iness and proper maintenance of this section 
of the nozzle. 

The injection of accelerators is 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 
stTeam (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 concr~te 
pump is essential. Calibrating the accelerator dosage with 
the pump rate is challenging because the air pressure as 
well as the concrete influence the presstLre conditions in the 
nozzle and, thus, the pump rate/accelerator dosage. \¥hen 
shooting in dripping or flowing water s ituations, the nozzle 
may be configured so that the nozzleman can contTol the 
accelerator dosage. However, the accelerntor dosage should 
be closely contTolled and documented by supervis ing staff 
(Zhang 2012). 

Supplcmen1ary nozzle systems can be employed in both 
wet-mix and dry-mix applications. In the dry-mix process, 
tbcy can be used to increase wat.er addition some distance 
before exit. In 1hc wet-mix process, supplementary nozzle 
systems arc usually used to introduce air lo loosen the mate­
rials 1ha1 arc compacted in the concrete 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 is capable of operation from a remote 
position is available and desirable for underground shotcrete 
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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 is 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 in a tunnel. 

Nozzlemen not familiar with the equipment should be 
properly trained and given time to practice before shooting 
critical e lements 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 

Fig. I 3.5- Deploymeut of robotic 11ozzle in /(lrge twmel. 

Recommended specifications for placing equipment are 
provided in l ~1ble 13.6. The infom1ation is provided in 
a guide spe<:ification format: the left column provides the 
recommended specification language, and the light column 
provides notes to the specifier. 

Table 13.6-Example guide specification for placing equipment 
Section/Part/ 

Article Rccommendt.-d spL~ification language Notes to the Spcc:.ificr 

13.1 lflel•mix slioicre.te delfre,'Y equinmeTJI 

13.1.1 Wet-mix shotcrete shall be applied by the lhic.k-stream method. Thick sire.am involves lhe. use. of a concrete pump suit.able for 
transfer of the shotcrete lhrough the hose, with lhc additioo of air m 
the nozzle. to pneumatically apply the. shotcrete onto ,he receiving 
surface at hi!.!h vclocitv. 

13.1.2 Shotcre1e shall be applied by either hand-held or robotic nozzle Where a fully mechani.zed robotic uni1 is imprac1icnl1 a man lift can 
(remote--controJled booms). be employed (except in \fe1y smaU openings) to reduce nozzleman 

fatiJ?,ue and improve unaformity of cover. 

13.1.3 The delivery equipment for wc1-mix shotcretc shall be capable The use of positive displacement concrete pum1,s consisting of 
of dcli\'cring a ste;idy stream of uniformly mixed m.:ueria) 10 the two hydroulically or mechanically driven cylinders and a quick 
discbru:gc nozzle. changing Y.ilvc capable of delivering ti constant ftow of 1natcrfol 

to the nozzle is recommended. Allemativc pump types. such as 
pneuma!IC feed. peris1ahic n1be. and comiauous cavity. may be 
submitted for approval, provided 1ha1 the oontrnctor c~ln demon-
str.itc th.at they produce sbotcrete 1ha1 meets nil the pcrfomumce 
requirements of the spccificalion. 

13.1.4 The nozzle s:ys1em employed shall be of a design thai aJlows Generally, air now is 250 lO 400 fl3/min (7 to 11 fnl/min). 
sufficient throughpul of air 10 interact with the 00\1/ of material and 
produce a spray at sullicienlly increased velocity for the slh)lCrete 
to impact the receiving surface and lu1ly compacl the 1naterial in 
place. 

13.1.5 The nozzle system employed shall be. of a design l1lat pennits the 
introduction of accelerating admixtures amo the sh-0tcrete either in 
the air stream or throue.h a separate. inlet 

I 3.1.6 If liquid accelerator is used. the ~ccclcrotor 1>ump shall be Accelerator can have very dc1rimcn1al effects on !he sboterctc 
001uro1lcd by. and synchronized with, the concrete pum1>, Projccl- quality i f overdosed. h is therefore necessary to not allow for 
specific calibration and periodic recalibration is required. manual or ad hoc adjustmcnls 10 the dosage rate by the crew, 

Calibmtion of lhc pump is also depcndcnl on the air 1>ressurc used 
and sJ10uld be considered, 

13.1.7 The nM.Zleman and crew shall monitor the air ring and nozz.le If unacceprnble changes in material flow oc.cur, work should be 
sys1em of 1he no1.2lc. for any sig:n_o, or nonunifon11 now of material stopped, and appropriate main1enance Sh'.:pS should be perfonned. 
c.au~d bv dirtv or blocked holes in the air rin!?. 

13.1.8 The delivery equipment shall be thoroughly de,rned at the end of Particular attention should be given to the removal of shotcrete 
e.ach shift or placement operation. buildup iJl the pipe and hos.e system. The air ring and nozzle system 

should be ree.ularly inspected. maintained. and replaced as required. 
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Table 13.6, cont -Example guide specification for placing equipment 

13.2 

13.2.1 

13.2.2 

13.2.3 

13.2.4 

13.2.5 

13.2.6 

13.2.7 

13.2.8 

13.2.9 

Dn••mix sl,otcn•tl' delfren, eauinment 

Ory.mix shotcretc delivery equi1nneni shall be capable of metering The equipment for di)• sho1cre1e app1icauon mny be of various 
semi-dry mixtures into a moving air stream of sutlicieni volume to types, including double-chamber pressure vessel. rotary, and bowl. 
convey the material through the hose system and propel the mixture 
onto a surface at high velocity. The type of equipment shall be 
chosen and outfitted to properly soil the application. The contrnctor 
shaJI submit the cquipmcnl type to be used and be capable of 
demonstrating suitability. 

Dry. bagged, premixed muterials shall be predampencd, using a The use or dcsi<.'cated materials with a water ring only al the cxil 
suilable machine, t◊ provide CQnsistc:-nl mQisture content in the nozzle :;hould not be con-sidt rcd a<..--c.:c:p1able sho1crete p..-actice. 
range of 3 10 S% by m~s. bdore discharge into the shot<:retc gun. Experience shows thal predmnpening leads to less du,:;t emission. 
Ahcrnatively. a walt\r ring system placed IO ft (J m) before the ex.ii less rebound. and o more homogeneous ly mixed shotcrete ma1c-
nozzle may be used. provided unifonn prcdampening of shotcrcte rial. If predampening equipment is no1 available, the alternative 
can be de.monstratl'tL The uAf: or desiccated materials with a water described (hydromix nonle) provide-S longer mixing: of wa1er 
rin,:: onlv at the cxit nM·.zle ::;hall not be nermiued mixing into the shotercte mi:<1ure. 

Similar to Exarnplc Spccitication Section 13.2.2~ for s ite-mixed 
materials using sand wit11 too low a moisture content to ptoduce 
a mixture with a co,1sistem moisture content, then prcdampeniJlg 
C<!Uipmem shall be employed to introduce additional moisture. 

Tbe mixing and predampening units shall be capable of producing a 
shotcrete nnxture with a cons is1emly uniform moisture content such 
that the nozzlcman is not required to repeatedly adjus1 the water 
contcn1 at 1hc nozzle water ring. 

The delivery cquipmcnl {gun) shall be capable of mc1cring a 
continuous, smoo1h stream of ma1crial ioto the delh-cry hose at the 
nropcr velocity to 1he discharge noz~lc. 

The ru)Ztle system for the dry-mix shotcrete application shall 
ooniain a chamber and water ring c.apab1e of injecting: a controlled 
an-1oum or pressurized water into the material s1.ream as it passes 
through. The no2:2.le shall be titted wilh a spl'ay tip designcd to 
cause upset or the .stream and create mixing rurbulcnce before 
discharge onto the receiv1Jl9, surface. The no;,:zle syste.m shall be 
fitted with a manual \\'atcr comrol that is co1wenieot for operation 
by the nozzleman. 

The water pressure al tlle discharge nozzle shall be sufficiently Water pressure should exceed air pressure at the nozzle by a 
greater than the opernting air pressure of the material line so that minimum of' 15 psi ( I bar). 
the water is intimately mixed with the predampened shotc-rete 
materials. If line water pressure: is inadequate, a wmer booster pump 
shall be introduced into the w~ler system to provide steady. non~ 
pulsating water pressure. Water beaters shall be provided under cold 
conditions if rcqum.~ to produce shotcretc al a sui1ablc temperature. 

Carefully monitor the water ring for any signs of blocked holes. 
lfnon-unifom1 weuing of discharged shotcrete becomes app.ircot, 
stop shooting and clean the waler ring or take appropriate corrective 
action. This is particularly important if liquid accelerator is being 
added with the mixing water at the oozzle, 

The delivery e.ql1ipment shall be ihoroughly cleaned at the end or 
each shift or placiog operation. Pal'ticular aue.ntion shall be given to 
re.moval of shotcrete buildup in outleH and hose-s. The nozzle and 
water ring shall be serviced regularly, and coinpone.nts teplaced as 
reauircd. 

CHAPTER 14-AUXILIARY EQUIPMENT source whenever possible to eliminate disruption of the 
material flow. 

14.1-Alr supply Compressed a ir available in many undergroLU1d mines 
often has variable, but relatively high, moisture contents. 
Awru·eness of this s ituation is important, and removal of 
or compensation for this moisture content in the mixture 
proportions may be necessary. 

Clean, dry air is important to the shotcrete process in both 
methods. The contractor should give special anention lO the 
liltration system and the general condition of compressor 
equipment used for sholcret ing. Compressors should be 
sized LO provide adequate working air for sbotcrcting as 
well as ancil lary equipmcm including blowpipe (air lance). 
Tools for other work should be connected co a separate air 

Machi nes configured as dry-mix shotcrete units are avail­
able for wet-tn ix shotcrete application. Because air is the 
sole source of conveyance of the plastic material, manu-
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facturers of this equipment should be consulted for ,·ecom­
mended compressor capacity. 

a guide specification format: the lefi column provides the 
recommended specification language, and the right column 
provides notes to the specifier. 

14.2-Recommended specifications 
Recommended specifications tor auxil iary equipment 

are provided in Table 14.2. The infonnation is provided in 

Table 14.2-Example guide specification for auxiliary equipment 
Section/ 

Part/Article Recommended spcc.ification language Notes to the Specifier 

14 Auxilimy equipmelll 

14.1 Air comoreS$0ri;, dN-mix slu)tcre-1e Compressed air is the medium employed IO pneumatically c-01wey 

14.1.1 Air supply shall be of sutficiem vohLme (fills (m3/s'I) to convey the material thr◊ug.h the delivery system and Ont() the-surface in the 

the. semi-dry conc1-ete mixture through the delivery system and dry shotcretc pr(l(:ess. Thus, volume of afr, rather lhan pressun::., is 

project I.he material omo the receiving surface at an acceprnble, high more tritical to the shoLcreLe applicaLion. The veloc.it)' and impacL 

velocity. forc.e are directly con-elated to the quali1y (pcrfom1aoce) of 1he 

14.1.2 Air supply shall be m1ifonn and dedicated to ensure proper. uninter• placed 1uaterial. The dry-mix equipment de.pends on a sufficient 

rupted flow throughout the spraying operation. 
air volume so1u·ce for proper applica1ion, as omlinOO in ACI 506R. 
AdditionaJ info!'rnation should be solicited from tJ,e equipmeuL 
m.anufacrurer. 

AdditionaJ users of Lhe air supply from the same source (that is, fol' 
blowoi~s) should be limited ru1d, if cannol be avoided. accounted fol'. 

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

14.1.4 Air Imes and fittmgs shall be of sufficient size (internal diamecer) to is common with standard compressor cquipmeni used in construe--

a11ow fuJI ftow of air from the source, wilhout rcstriclions th:.u will tion. The working pn..">Ssurc. measured at the gun or along the 

reduce volume required 10 convey and propel materials through the conveying system. is a measure of rcsislancc of the matcriaJ load 10 

nozzle and properly impact the applicnlion surface. 1hc incoming air. h will vary according to matcrfal composition. line 

14.1.5 Afr equipment shall providt a pres.sure suffidcnt 10 pcrfonn the 
size and configuration. distance. height, and other sys1em variations. 
Compressor capacities for dry~mix. shotercte applicatioos range from 

work and pr«h1cts as required by 1hc coniract docume,11s.. 
3 minimum of350 t\J/min (9.9 mJ/min) fora simple. low-volume 
applicatfon to 1000 t\3/min (28.3 m'/min) for high•volume under-
ground projects using large aggrc-gntc. steel fiber mixtures. or both. 

14.1.6 Shot(..-rete cquipmc.-nt 1ha1 cmploy1> air nl(l(()l'S for opem1ion sh.all have Separate air lines n:duce the potential for interaction be-I ween the 
separate air line <:Onnt-c,io~ .so that m<>tor fuotli(>ns do no1 influence 1wo air demands. If separate air line$ an: not usec.l. the air pres.sure in 
oro~ tranSpOrt and arv,fication of materials lhrouc-h Lhe deliverv Sv$1Cm. Lhc materials line mav dnm when Lhe sho1crete machine is. started. 

14.2 Ail' compressors, wet-mix shotcrete The weHnix shoicrete process uses hydraulic pumping to convey 

14.2.1 Air supply shall be of sufficient \1olume (fV/min [mJ/min]) to the coocrele mixnlJ'e through t11e delivery sys£ern co the nozzle. 

accelerate. the flow of mate.rial at the nozzle and to create a spray The speed of' ejection is 3 to 6 ft/s ( I 10 2 rn/s). To propel che 

of acceptable high velocity to fu lly compact the material on the particles omo the sw-face at sufficiently high velocity to achieve the 

receivmg surface. quality and perfomt.ance c.haracteristics of shotcrete, air should be 

14.2.2 Air supply shall be clcvn and free from wntcr omd oil. 
introduced imo the nozzle in a manne.!' to break down Lhe extruded 
material and increase sneed (refer to Chapter 13). 

14.2.3 Air lines and fittings shall be of adequalc size (imcrnal diameter) to The volume of air. rather than pressure. is the primary requiremem 
accommodme fu ll tlow of air and compatible with 1hc nozzle system of the wct~mix: however. the volume 10 do the work is considerably 
employed. less than required for similar dry shoterctc applications. Compressor 

14,2.4 Air supply shall be uniform and dcdica1cd to ensure pro1>er. unintcr- requirements range from 200 ft3/mi1\ (4.2 m)fmin) for a small-

rupted Uow 1hroughout spraying operntions. diameter. low-volume repair project to 400 tf '/min (_ 11.3 m3/mi.n) for 
a high-volume. robotic application. 

14.2.S Air tmpply equipment sha11 provide .i minimum pressure of() psi 
'0.6 MPa). 

14.3 Water sunnly, drv-mi~ shotcrete For dry-mix shotcrete, lhe pressure of the \Vate.r supply is criLical to 

14.3.1 Water supply to tJ1e nozzle and pre•moisturizing system shall be an adequate mixing ofwate!' into the mixture. Ir the water pn.-:.ssu!'e is 

clean. powble, and free of any components that are deleterious to too low, the water supply will vary constantly with the air pressure in 

ponland-cemem concrete. the hose, causing a heterngeneous i1l-1>lace shotcrete with chataete!'-
is1ic sa.i,d layers. 

14.3.2 Water supply to the nozzle shall be of sufficient volume and pressure Whenever the water pressure at the point of shotcreting is not high 
to ensure at le.1st 15 psi (I bar) greater pressw·e at the water ring than enough. a water booster pump (electric or compressed air driven) 
the material line pressure. If supply pf\-"Ssurc is inadequate. water• should be used to provide adequate water pressure. 
prcssurc .. boosting equipment shaJI be inco,µoratcd mto the system. 

Lack of available, polablc water is frequently an iss.uc for sbotcrecc 
in underground mines. Guidelines for the use of recycled or impure 
water in concrete arc available from the Ponland Ccmen, Associa-
tion. As a minimum. any nonpotable water should be 1cstcd with 
lhc lypical sholcrc1e materials being used to detcmtioc suitability in 
tenns ofpcrfonnance of the placed concrete. 
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CHAPTER15-SAFETY 

15.1-General 
A well-defined safety program for shotcrete preparation 

and application, as well as in al l other areas of the opera­
tion or project, is imperative if accidents arc LO be prevented. 
AccidenlS and injuries arc costly to the inj ured employee due 
to temporary or permanent disability and pain, lost income, 
and mental s tress. 

Accidents and injuries are also costly to a company 
because o f lost production, lower productivity, fines. 
higher insurance costs, increased expenses in dealing with 
increased governmem 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 safety records during project prequalification. 

Not a ll incidents result in injury or equipment damage. 
Nevertheless, tl1ese "near-miss" incidents should be moni­
tored closely because they serve as an indicator of the poten­
tial for actual acc idents. 

Federal mine safety laws and the MSHA require that a ll 
n1iners receive a specified level of safety and health training 
annually, and that documentation of this training is main­
tained on file .. The exact nature and content of this training 
can change; thus, a ll 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 

th,1n surface c-0nstruction. One of the mosl critical safety 
concerns occurs at a freshly excavated or blasted face 
before the installation of required ground support, particu­
larly where workers end up under any unsupported ground. 
Shotcrcte is o tlen applied and is expected to perfonn at this 
cri tical time. 

Rock mechanical considerations, gcotcchnical consid­
erations, or both. together with the available in frastructure 
and tools for the application, dctcnnine the appropriate level 
of scaling necessary and the means for safely performing 
it. Typicall y, tunnel or 111ioe openings should be properly 
scaled immediately atler excavation and before shotcrete 
application begins. Scaling of the tunnel walls should a lso 
be performed as required during tunnel construction. Rapid 
application of the shotcrete typically follows scaling as soon 
as is feasible under operational constraints. 

In addition to the potentia l for rockfall, the shotcrete crew 
and inspection personnel should a lso be vigilant tor falling 
shotcrete. Shotcrete applied overhead can fall out and pose,5 
a potential safety hazard until the shotcrete has gained suffi­
c ient s trength. Many factors influencing the potential for 
fallouts addressed in "ASA Underground Conm1ittee Posi­
tion Statement # I". ~ 'hen shotcrete is appl ied in layers 
that are too thick to adhere to the rock surface and there is 
insufficient time allowed fo r setting, there is a potential for 
shotcrete to s lough and fall. Ln areas of poor rock qual ity, 

the weight of the shotcrcte layer can pull out loose rock and 
fall from the tunnel profile. The early strength of shotcrete 
is often tested to establish a re-entry criterion for the crew to 
work w1derneath fresh shotcrete. 

For underground rehabilitation/repair projects, in-place 
bond strength shall be tested as per project specification. 
Tests can be conducted e ither at mockup. in itia l construction 
stage, or during construction (Radomski et al. 2019). 

15.3-Required personal safety equipment 
Proper clothing should include s teel-toed boots, hardhats, 

gloves, long-sleeved shirts and pants, safety glasses, and 
heating protection for all members of the shotcrete crew as 
well as all other \¥orkers, inspectors, engineers, and visitors 
to the job site; reflective strips shotLld be used on clothing. 
1.n special cases, vis itors may not be required to wear gloves 
if their exposure to hazards is 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 eye protection by tl,e 
shotcrete crew and all job site visitors is mandatory. Cement 
particles and rebound can easily cause enough irritation 
or injury to the eyes that the affected person will have 10 

immediately leave the job s ite for medical attention. The 
nozzleman is especially susceptible to problems ofshotcrete 
materials in t11e eyes. An accidental d irect spray of shotcrcte 
into someone's face can cause pcnnanent blindness. Eye 
wash stations should be available at the sbotcretc site. 

Disposable dust masks, hal f-face carbon fi lter masks, or 
respirators (positive-pressure breaching 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 vis itors during shotcrete placement. 
Figure 15.3a is a photograph of a shotcrete nozzleman 
wearing required safety equipment. 

Special consideration should be given to the types of 
helmets that combi11e a hardhat with a face shield and fan 
blowing a ir through a fi lter and into the helmet/face shield 
unit. This puts fi ltered a ir in front o f the user's face. The posi-

Fig. l 5.3a- Shotcrete 11oz:lema11 with per:ronal safe~v 
equipment. 
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Fig. I 5.3b-Shotcrete nozzle111a11 with safety helmet. 

tive pressure from the fan keeps the dust from entering the 
area between the face shield and the user's face. Some types 
of helmets use a belt-mounted fan that blows filtered a ir 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 tbe fan and filtering unit into the helmet 
with electrical power carried to tbe helmet-moun ted 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, layers of peel-off transparent 
covers for the face shields are available. \1/hen 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 superior to the peel-off 
layer types. 

Fall protection is another evolving area of job-site safety, 
and pr0<:edures and equipment that have historically met 
standardized requirements may no longer be acceptable. It 
is therefore essential that job-specific fa ll protection proce­
dures and equipment be developed consistem with current 
requirements and codes (for example, OSHA 29 CFR 
19 10 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 
Good lighting is 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, 1>ortable, a ir-powered generator. ln addi­
tion, adjustable halogen I ights can be mounted on mobile 
shotcrete equipment and vehicles. A good lighting system 
improves line-of-s ight 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. 

Fig. 15.4-A well-lighted twmel heading. 

Good ventilation is important it removes dust and mist 
created by the shotcreting process, enabling the nozzleman 
and the rest of the crew to better see the nozzle, the surface 
being sh0tcretcd, the rebound, and other personnel in the 
immediate area. 

A supply of water and cloth rags or towels for cleani11g 
safety glasses and face shields is recommended, as are 
backup safety glasses and face shields. \1/ater for washing 
eye protection devices is usually available because most 
projects have a ir and water utility lines. These. however, may 
be under high pre5-5ure. 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 c rew instructions. This system 
has evolved and is used by the induslly to overcome conu11u­
nication difficulties experienced underground. 

Helmet-motmted, two-way radio systems are also an effec­
tive and preferred method of con1111unication. Low-cost units 
available at local electronic stores are usually an economical 
solution. Two-way radio communication, however, has been 
found to be less important if the nozzleman has complete 
control of the water and the ability to tum the sholcreie 
machine on and off as required. These controls can be built 
into the remote controls of shotcrete booms, or robots if an 
electric-powered sbot.crete 1nachine is used. 

Mine and tunnel telephone systems should be in place 
before the s1art of underground sbotcreting 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 arc 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 staff, inspectors, and visitors in the area aware about 
the potential hazard. 

15.7-Recommended specifications 

15.6-Nonpersonal safety equipment 
\1/hip checks or safety chains should be used to tie down 

the ends of all compressed a ir hoses. Hoses that come w1at­
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. 

Reco1nmcnded specifications for safety are provided in 
Table 15. 7. The information is provided in a guide speci­
fication fon11at: 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 rcquircmcnlS for under­
ground safety that arc beyond the scope of this checklist. 
The specifier should be familiar with these and ensure they 
are addressed. 

Table 15.7-Example guide specification for safety 
Se-ction/ 

Part/Article Recommended specification laneuae:e Notes to the Spe-cifier 

15.1 The contractor shall pre1>are and submit a safety p1an addressing all Re.fer to Section 15.2. 
potential hazards to be encountered on the job site. 

15.2 The contraclor shall supply personal &11fcty equipment for all Refer 10 Scc<ions I 5.3 and J 5.6. 
1>ersouncl i.1.wolvcd with shotcrctc. both underground and at the 
surface. SubmhtaJs shall be in acc-0rdJmcc wi1b Example Specific.a-
tion Section 3.1.8. 

15.3 The contrnctor shall provide a well-lighted ;rnd ventilated work are.a Refer to Section 15.4. 
for shotcrete application. Submiua.ls shall be in accordance with 
Exam1:>le Specification Section 3. I .8. 

15.4 The contractor shall provide an adequate and safe means of conunu• Refer to Section 15.5. 
nication between all members of the shotcrete crew. 

15.S The contractor shall devise and implement an escape plan consistcnl Escape plans should be devised before lhe commencement of any 
with the owner's requirements. shotcrcting work. A quick and safe exit is impcrodvc to the safety 

of workers and visitors. Escape plans shouJd be discussed with alJ 
workers and visitors. These plans should be posted in the projccc 
surface opcnuions office and underground near 1hc job site. 

15.6 The CO(ltrnct()r shall provide re-entry criteria aJlowi_ng staff IQ Refer to $cc.tion I S.2. 
re-enter into ao area underneath freshly im:,talled shotcretc. 

The rt -c-ntry criteria may need to be developed in cooperation with 
the designer, based on the wcight/lhickness of the ,green shotcrtte-, 
sham:- of the hmnel, and strt-ng1h development 

15.7 The. comractor shall provide and imple.men1 procedures for cleani11g Refer to Sec.tions 15.5 and 15.6. 
of concrete lines and rcinoval of plugs, while protecting non.shotc-retc 
crew personnel and visitors. 

15.8 In areas where existing permanent runnel ventilation systems are ln 
use for active portions of the system, the work area shall be isolated 
from the ventilation system to stop dust and other matter generated 
by the shotcreting process from emcring the permanent tunnel venti-
lation sys1em. or wet proc:ess sbotcrcte shall be used. 

15.9 Protect drains to prevent effluent from entering drains. 

Collocc ufl waste toncrcte and wash and dispose ofin {lecordance 
wi1h all haws and regulations. 
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CHAPTER 16-PREPARATION FOR 
SHOTCRETING AND GROUNDWATER CONTROL 

16.1-General 
The bond interface between sbotcrctc and rock has long 

been recognized as critical to the performance of shotcrctc 
used for ground support. Although bond properties arc oot 
typically accounted for quantitatively in ground support 
design, the effectiveness of sbotcrete, e ither as a struc­
tural support or as a sealant, is influenced by the effective­
ness of 1he bond ben.,een !he sho1cre1e and 1he rock or soi I 
substrate. For this reason, wash-down, blow-down, and/or 
other surface preparation procedures before shotcrete 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 in1purities, 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 excava1ed 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 interfering layer or laitance and can 
cause the initial layer of shotcrete to Spall or slough from the 
profile during application. Cleaning is therefore necessary 
before each successive layer of shotcrete is 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 detrimenlal. Substrate 
types that result in lower bond strength, or no measurable 
bond strength al a ll, include weatliered, geologically altered, 
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 
prox imity 10 faults or intensely fractured rock, establ ishing 
immediate and effective ground support is made difficult by 
spalling, sloughing, and debonding shotcrele. The normal 
requiremenl for surface preparation may have 10 be curtailed 
because !he effects of exposure to air and water can cause 
rapid deterioration of tlie profile that leads to opening insta­
bility that may place personnel at risk. If such conditions 
are encountered, surface preparation requirements should 
be adjus1ed to avoid unnecessary exposure of conslruction 
personnel to hazards. In lhese conditions, time is typically of 
the essence and an immediate insta llation of shotcrete after 
excavation or even during excavation (pocket excavation) 
is required. 

Certain coal-measure rocks; weathered, friable shale; and 
soft mudstonecan be difficult to bond to becauseoftheirweak 
and friable nature. \Vhen 1hese mmerials show a tendency 
to develop swelling pressures, the effects of debonding are 
further exacerbated. In hard rock, the presence of clay or 
micaceous ma1erials, 1alc, and pyritic or chlorite minerals 
may result in minimal bonding. Naturally occurring o ils and 
hydrocarbons associated with carboniferous deposit~ and 
oi l 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 waler, causing sho1crete to spall 
and slough during application. Such mateiials may require 
pretreatment with surficial sealants such as sodium si li­
cate to facilitate shotcrele application and the development 
of adequate bonding. ln 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 waler and compressed air during washdown and 
surface preparation can have the same detrimental effect on 
poorly cememed, low-cobe.sion materials. Brecciated, loose, 
or gravel-like matciials can impose similar problems duiing 
shotcrete application. 

Poor curing prac1ice (refer to Chapter 19), lack of protec­
tion for freshly-placed concrete, or over-accelerated shot­
crere can result in undesirable shotcretc shrinkage and lead 
to debonding. Thin sealing coals of sh01crc1c arc particularly 
susceptible to separation from the rock. Groundwa1er can 
also be problema1ic if water pressure is penni11ed 10 build 
up behind freshly applied shotcrele. The use ofacceleraling 
adm ixtures can a lso add to this problem by causing increased 
shrinkage, leading 10 separation ben.,een the shotcreie and 
ground surface. Alte111a1ive methods, such as embedded 
channel sec1ions and ripes, can relieve water pressure while 
channeling and controlling waler inflow sufficien1ly to allow 
shotcrete application. 

Remedia l min ing or tunnel restoration projects can 
impose unique su,tace preparation requirements. In some 
mining opera1ions, where mineral extraction has previously 
taken place above development levels, mud, water, and 
other mining re lated by-producls such as dusl suppression 
emulsions and diesel particulates, can seep into the lower 
development areas. These materia ls carried in solution or 
suspension can cause localized bonding problems when 
encounlered in development openings. In road and railroad 
tunnels, buildup of soot from diesel emissions may require 
sandblasting 10 provide a sufficiently clean surface on which 
to bond remedial shotcrete. Underground sln1ctures that have 
been fire-damaged require careful remediation, including 
removal of fire-damaged concrete, shotcrete, grout, or rock 
to expose a c lean, int.lei surface before the application of 
remedial shotcrete. 

Yibrmions from adjacenl mining or development opera­
tions can cause freshly applied shotcrete to separa1e or spall. 
In dri II and blast excavation, the subsequent blast round 
may destroy shotcretc placed up to the lace 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 es tablish integral support. Where multiple shotcrete 
applications are used to install a thick lining, the surface 
of the previous layer of shotcrete should be cleaned. This 
will remove the laitance and provide a substantial bond 
between layers. \\1here carbonation has occurred, surfaces 
should be scoured with compressed air and water before 
shotcrete appl ication. 

Extremes in temperature can exist for a surprising distance 
into 1be tunnel. Th is is a special problem for remedial work 
in existing tunnels with natural airflow. In cold condition 
applications, surface water and grow1dwater can freeze. 
All observable ice should be removed before shotcrete 
placement Freezing of smface water can cause spalling or 
weaken the shotcrete bond. 

\\1here groundwater is encountered in underground 
construction, appropriate groundwater control and 
handling procedures should be employed as described in 
Section 16.4. Shotcrete application can become difficult 
and time-consuming where widespread seepage and flow is 
encountered. \Vashdown (where permitted by rock type) and 
surface prepara1ion is still important in promoting adhesion 
and the developmcUL of adequate bonding. Nevertheless, 
shotcrctc should nOL be applied to wet surfaces (unless it is 
unavoidable), as water oo the surface creates a higb watcr­
ccmentit ious materials ratio (wlcm) 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 profi le is inspected and the 
surface prepared. Immediately before shotcrete applica­
tion, the profile of the tunnel is cleaned with compressed 
a ir, water, or both, us ing the shotcrete nozzle, blowpipes, 
or anci llary 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 applicat ion be initiated. Immediately before shotcrete 
application, the surface thal is about to receive the shol­
crete should be c lean 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 sbot­
crete, vibration, or disturbance can be sttfficient to cause the 
sbotcrete to foll 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 
dnunmy sound when the shotcrete is hit with a banuner or 
bar. The perfonnance of the shotcrete can be significantly 
reduced when debond ing occurs. Thin sections of sbotcrete 
are subject to localized bending moments and can become 
the focal point of s tresses and cracking, all of which indicate 
1ha1 the debonded shotcrelc is only partially effective as a 
ground support sys tem. 

16.4-Groundwater 
The presence of large volumes of water or water at high 

pressures generally precludes the use of shotcrete unless 
specific measures are used t0 dewater or precondition tJ,e 
ground using grouting or other measures. If groundwater 
control is carcf-ully faewred in10 me design and effectively 
implemented during cons1ruc1ion, shotcrctc applica1ion only 
needs lO consider low to moderate water inflows at low pres­
sures. This may still result in localized areas that are difficult 
ro shotcreie and in the need to implement specific temporary 
measures to control, handle, and di spose of groundwater. 

Shotcrete can be applied in conditions where groundwater 
is encountered, but doing so may require ski ll ful adjustments 
by the nozzleman. The extent of these adjustments depends 
on the nature of groundwater inflow. If specific measures are 
presc,·ibed 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 noi be placed on surfaces with flowing 
groundwater because its adhesion to the substrate smface 
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 a llowing the peripheral shot­
crete to achieve final set. A short hole should then be dri lled 
into the single sotu-ce flow to a depth of 2 lo 3 fl (0.67 to 
I 111). 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 a llow the water buildup to flow through the 
pipe. The pipe should be shotcreted and may require the use 
of accelerated shotcrete. The secured pipe allows the water 
that has accumulated behind tl1c shotcrelc LO flow without 
building \tp adverse hydrostatic pre-ssure. This pipe can later 
be closed and imem1itte0Lly opened LO relieve lhe buildup 
of water pressure until sbotcrctc application is complete. at 
which time grout can be injected and lhe pi pc can be cut off. 

Several basic clements of shotcrcl.e application in wet 
ground should a lways be considered. Avoid trapping water 
behind the sbotcrete lining because wacer pressure wi ll build 
up that can be strong enough to cause a failure of the lining. 
Surficia l moisture or surface water should be confined to 
a single point as previously described. \\1ater should be 
worked to the lowest point, if 1>0ssible, for collection in a 
groundwater control system (for example, invert channel or 
temporary sump). If shotcrete is used as temporary ground 
support in shaft construction, water should be channeled, 
controlled, and drained to avoid the increased bu ildup of 
hydrostatic pressure at a lower level due to migration behind 
the shotcrete lining or shafl wall. 

\1/here the treah11ent described does not control die water, 
grouting methods should be considered before ground condi­
tions become significant problems. 
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16.5-Recommended specifications a guide specification format: the left column provides the 
recommended specification language, and the right column 
provides notes to the specifier. 

Recommended specifications for surface preparation 
are provided in Table I 6.5. The information is provided in 

Table 16.5-Example guide specification for surface preparation 
Section/ Part/ 

Arlicle Rttommended specifkadon lan2u a2e Notes to the Specifier 

16.1 Surtbce preparacion Consideration should be paid to the overall design of the shotcrete 
sup1>0rl system as well as the more general nspects of surface prepa• 
ration. Some general guidelines in this area are 1>rovided in Se(:tion 
16. 1: however. the-se Notes to Specifier are not intended as a design 
guide. 

16.1. 1 Prepare surfaces to receive shotcrctc to meet specified bond streng1h. 
giving proper consideration to 1hc geologic.ii, geotcchnical. and 
hydrogeologkal conditions. 

16.1.2 To prevent exce.ssive abs.nrption by the g:round surfoee of the 
mixing water from the shutcn:.te, pre-weuing of the ground surface 
by spraying with dean water prior to applying tJ1e $ho1crt:-te is 
permiued. Pre-welling is prohibited or shall be :jtopped immediately 
i f Lhc stability of the ground surface is disturbed. The amount of 
pre-weuiug will be dependent upon the absorption qualitie~i; of the 
grouJld. Puddling, ponding, or leaving freestanding water shall be 
avt)ided. 

The ground should be c.onditiooed m a sat\Jrated surface-dry (SSD) 
condition prior to shotcrete ~mi,lic--ation. 

16.1.2 If shotcr~m: is applied m several layers. pre-dampen the receiving 
surface. 

16.1.3 Before sholcrcic is applied over steel surfaces, all debris. sbotcrctc, 
loose mill scale. rust. oil, )Xlint, or other contaminants shnll be 
removed by sandblasting or other methods ~pprov¢d by the cnglnecr. 

16.1.4 Where shot<:rele is to be used for repairing de-teriorated c{mcrete, all 
spalled, scyerely cracked, deteriorated, loose and unsound concrete 
shall be removed by c.hipping. scarifying, abrasive blasting, water 
blasLing, or 01her tne(:hanical method approved by the engint:er. 
Abrupt c.haoges in the repair thickness shall be avoided. The perim-
etcr of the repair shall be saw cm lO a deplh c<11npatible with the type 
of repair, but not deepe.r than the ccmcre-te cover over reinforcernent. 
If saw cutting is impractical, the edges are to be c.hipped with a slight 
taoer. Featller edei11!! is ,101 r'IP.rinitted. 

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 en.2ineer. 

16.1.6 When surface prcparnti.on is complclcd for repair app1icalions, all 
r<::pair areas shalJ be 1borough1y clc~ncd by sandblasting. wnter 
blas~ing. or olhcr methods to remove any troc·c or din, grease. oil . 
1111d other substances lh:u could intcrfcn: with the bond ofucwly 
placed shotcrete. AJJ frecstandjng w:11cr shaJI be blown away by 
coinpn:ssed air. 

16. 1.7 Porous surfaces in a repair applicatit)n shall be kepL dnmp for several 
houn. before shotcretc i~ annJied. 

16.2 Drahwge 

16.2.1 Orain.age materials used to control groundwatel' in shotcreted areas 
shall be of the type specified in the contract documents. 

16.2.2 Alternative means of groundw~lcr control may be submitted by the 
contractor for review and aeocptancc by the owner. 
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CHAPTER 17-GROUND REINFORCEMENT 
INSTALLATION 

17.1-General 
Effective installation of ground support requires that appro• 

priatc ground support clements arc installed as specified, io 
locations identified in tl1c project drawings, or as dictated by 
the conditions encountered during construction. Tbe subse­
quent location and i11stallario11 of ground support largely 
depends on the care and control achieved during the exca­
vation phase. Shotcrere tolerances should reflect the e ffectS 
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 perfonnance of 
s teel sets or lattice girders is influenced by over-excavation 
and profile irregularities. Reduced contact between the exca­
vated profi le 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 lini ng 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 s teel sets. The spec ific combinations, sequence, 
and timing of ground support e lements and their installation 
are usually established by the design engineer and safely 
implemented by the contractor. These factors can affect 
the short-tem1 stability and long-term perfonnance of the 

NOia: To Ile ad(uotlld 
u rl<Pirlld in Hald 

SU ring pla10; 1 SO • ,so mm (6 x 6 In.) 
l()r,ockl)OltS 
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lor lh-.le rock bolll 
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Fig. 17.2a- Rock bolt anchor plates with reinforcing bar 
''wings. •· 
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I-- (6 In,) - - , 
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Fig. I 7.2b-Rock boll anchor plares with reinforcing bar 
,. . ., 
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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-re inforcement 

systems are currently avai lable 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 bas recognized attributes 
and deficiencies; no single system is optimal in tenns 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 dec ide whether shotcrete should 
be installed before or after the insta llation of the rock­
reinforcement system regardless of the system used . In 
certain c ircumstances (for example, rnveling grotmd), shot­
crete may be applied before muck removal to seal the rock 
against deterioration and to provide early initial support for 
safety. Bolts would then be installed in holes dril led through 
tbe shotcrete. Worker safety is an important consideration 
in shotcrete timing. Robotic shoterete arms. however. allow 
shotcrete placement in advance of the installation of tl1c 
rock-reinforcement system without exposing the oozzlemeo. 

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 profi le and provide adequate 
space for installation, excavation needs to be large enough 
to provide suffic ient clearance. This permits the steel sets to 
be erected, bur also leaves an aperture between the shotcrere 
or rock profi le. 

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 ape1ture while avoiding 
the inclus ion 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-Lattice girder installation 
Lattice girders are frequently used in tunneling applica­

tions, where the lattice girder is fully embedded ,md becomes 
part of the initial shotcrete Lining. The use of latt ice girders 
can mitigate several installation problems associated with 
steel set installation. Although they have limited structura l 
capacity, lattice girders can, when combined with shotcrete, 
increase the support capacity, especially during the period 
following excavation. Lattice girders provide i1nmediate 
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Section/Part/ 
Article Recommended specification language Notes to the Spcdfier 

17.1 Reill/orcement 

17.1.1 Reinforcement matcrinls used in conjunction with sht..)tcretc shall A change in ground conditions may result in a reinron::ement 
be of the t\'""' snecilied in 1he con1rac.1 docume-nts. change. The range of runneling conditi()nS anticipa1ed is usua11y 

17.1.2 llle layout and foscening of reinforcement shall be as detailed on esuiblished in the geotechnicaJ baseline report for the project 

the nroiect dtawine">.c Md S""dfie.d in the contract documents. 

support for the ground before the sbotcrece gains its s trength. 
The advantage of the lattice girder system is that the laUice 
girders arc relatively easy to install. Shotcrctc can be applied 
tbrough the lattice s tructure and effectively envelope the 
lattice bars without trapping rebound or leaving voids, 
provided that the nozzleman is both experienced ands.killed. 

17.5-Face support 
Especially in soft ground, face stability may be an issue 

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 stn1ctural members supponi11g 
the face. 

In wea.k ground conditions, face-sealing shotcrete is 
applied as a systematic support measure. Simi larly, face 
wedges are a lso frequently sea led 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 
dming excavation without negatively impacting the integ­
rity of the ground. For longer stoppages, thicker shotcrete is 
typically insta lled in a dome shape to support the face and 
may be anchored by face bolts. 

Because excavation typically c-ontinues, all foce support 
measures will be subsequently demolished during the 
process. Fiber-reinforced shotcrete is therefore advanta­
geous versus shotcrete reinforced with mesh . 

17.6-Recommended specifications 
Recommended specifications for reinforcement placement 

arc provided in Table 17 .6. The iofonnation is provided in 
a guide spccifica1ioo format: U,e 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 10 the wall of a tunnel or 
underground opening: 

(a) Na ils or pins may be installed either intennittemly or in 
set pauems to ensure a minimum thickness. The shotcrete 
is applied until the nails are covered. In a large under­
grom1d opening, an 01lerator may have difficulty seeing 
the nails or pins while shotcrete is being applied, and !he 

nails can be inspected after the shotcrctc is in place; when 
welded wire reinforcement or rein forcing steel is attached 
to the tunnel wal l as part of the lining. it may serve as 
a thic.kness control guide. The sbotcrctc operator can 
observe when the welded wire reinforcement or steel is 
covered. Guide pins serve to verify the proper thickness of 
cover over welded wire reinforcement installations. The 
welded wire reinforcemem should have openings large 
enough to ensure thal the shotcrete envelops the welded 
wire reinforcement and is not impeded as the appl ied layer 
bonds to the wall or surrounds any reinforcement. Lattice 
girders or steel sets provide an indication of alignment and 
minimum thickness, but these e lements a lso require gu ide 
pins to ensw·e the proper tbickness 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 n·imn1ing back the fresh shotcrete to the wi1·es with a 
straightedge (also called a cutting rod). 
(c) The final shotcrete thickness may be verified by usii1g 
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 a lso be used for rapid 
profile assessments. The1111ographic or infrared tech­
niques can be used 10 identify areas where groundwater 
seeps through the liner. 
(e) Electronic survey systems with real-time feedback to 
the shotcrete crew. 

18.2-Cover, allgnment, and tolerance 
The coverage, alignment. and dimensional tolerance of 

the applied sbotcretc arc important to pcrfonnance of the 
tunnel sup1>oti structure. Tbe coverage may be estimated by 
calcu lating the yield of the shotcrete applied. Tbc surface 
area of the tunnel sh0tcre1cd divided in10 the volume of shot­
crcte placed, less waste and rebound, gives a nominal thick­
ness for the coverage. In d11ll-and-blasted excavation, the 
coverage should be 150 10 200% of the desig11 thickness 10 

account foroverbreak and surface irregularities. In mechani­
cally excavated tunnels, the y ield more c losely reflects the 
actual shotcrete placed. 

The tolerance requirements for thickness, alignment, and 
finish should meet the final design and perfonnance 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 
shooting wires on a maximum spacing of 3 ft ( l m). cutting 
the shotcrete back to the wires, and finishing by a crew of 
finishers. ln many cases, a close tolerance shotcrete lining is 
not required. Shotcrete applied to a minimum thickness and 
nozzle finish is generally acceptable for most underground 
strucmres supported by composite lining systems. 

18.3-Recommended specifications 
Reco1nmended specifications for shotcrete application 

are provided in Table 18.3. The information is provided in 
a guide specification format: the left column provides tJ,e 
recommended specification language, and the right column 
provides Notes to the Specifier. 

Table 18.3-Example guide specification for shotcrete application 

Sttttonl 
Part/ 

Article Rtt-ommendcd snecitkation la.111.'!:ua!.'e Notes to the Soedfler 

18.1 Sh01creut a,m/ka1l011 

18.1.1 Shotcrctc shall be applied in accordance w11h good practice as oullmcd Bolh dry and wcl methods arc employed for ground-support applica• 
in ACI S06R. 1ions. Skilled, cx1>ericnccd. well-trained crew members .ire essential 

10 successful applications. Although certain techniques are specific 
10 each mc,hod, lhc nozz.lcman requir\".!mcnts for proper applicarion 
arc well described in ACI 506R and should be followed as u basic 
requirement of all underground shotcrctc operations. For an addilional 
reference, rcfcrto ACI CCS-4. 

18.1.2 Sho1crete applicmfon employing additives such as smca fume and 
accelerating admixture~ shall comply with manufocUJrt.J'$' rec-0mmcn-
da1i(ntS for nroner nractice. 

18.1.3 Precautions shall be rnke-n 10 prevent overspray, tebound, or waste fro iu 
bein2. iocornorJted into the work area. 

18.1.4 Areas adJacent to the receiving :n1rface and substrate shall be main-
tained in a ck.an and SSD condition unril shotcrete is a1u,!ied. 

18.1.5 Adequate vcntihuion and lighting shalt be provided to 1hc work area 
to ensure good visibility. Precautions slmll be takc1, to prcvcni unusual 
ttirflow. wind. or Wlttcr from influencing 1hc quality of work 3t 1hc 
substrate, m,aterial spray, or fin ished surface, 

18.1.6 Safe and adequate working platforms or mechanical nozzle manipu- \Vith the dl)•-mix sho1crete process. mt11erial is transported through the 
lmors shall be employed 10 access the work area in a manner that delivery hose in an air Stream~ and manual nozzle control is accept-
provides proper nozzle distance and angle of incidence a1 all times. able, though modem robotic equipment is preferable for safety reasons. 

Wet-mix s.llo1ere1e application often employs concrete pumps "'ith 
output capacity beyond a pe.1'$0n's ability 10 Stlpport a no22le-system 
comfortably and safely. Mode.rn wet-mix _grouud support applk.ations 
typically ernploy mechanical rneans lO hold and rnaoipulme lhe nozzle. 
Robotic units al'e bes£ ope.ra£ed by skilled nozzlernen with relevant 
train int:! and cxoe.rience in manual shotc.re1e a,\t1licatioo.. 

18.1.7 Excess materials shall be trimmed1 cut. or removed fron1 the appli• 
cation area and be properly disposed ofin accordance to project 
requirements. 

18.1.8 The contractor shall clean and maintain all shotcrc1c and ancillary 
equipment. 

18.1.9 Air and sub.strata temperatures shall be maintained ut 40°F (4.4°C) or 
higher during: sho1cn:ting. Shotcrete tempera1urc: shall be moinrnincd 
a1 SOOF (10°C) or higher for a minimum of 7 days following. shot-
ere-ling or compressive Strength exceeding 70% of the design sirength. 
The layout and fastening of reinforcement shall be as detailed in 1he 
cont.ract document$. Reinforcement shall not be loose or vibrating 
during the sho1creting. When water is encoun1ered. i:;uitable means, 
such as the use of drainpipes. shall be employed w direct the water 
awa',' from the area lO be shotcreted. 

18.1.10 Sh0tcrete mixture temperacure as placed must be maintained at 55°F 
( l 2.8°C) or higher. Adjustments to the mixture design including the use 
of a non-chloride4 contai11ing accelerator may be used to meet strength 
requirements durin~ cold weather. 

18.1.11 Shotcrctc shall not be placed on any frozen or spongy suJ'Wce or where For ground ti'ee-zmg. refer to Section 19.2. 
frcesumdmg, ponding. flowing. or dripping waler exists, 

18.1.12 Sho1cn:ting sh.all be suspended ifhig,h air flow prevents proper appliea-
Lion procedures, tempcra1Urc approaches freezing and the sho1cretc 
canno1 be orotectod., or waler cuu.se-.s wash oul of the fresh ~hotcrcle. 
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18.1.13 Shotcrete application shall he made from an angle as neat perpendic~ 
ular to 1he surface as practical with the nozzle held approximately 2 to 
6 ft (0.6 to 1.2 in) from the work. (n all c.ases.. shotcrete shall be built 
up to required thickness by makiog sevetal paSS1!$ of the l'Otating nozzle 
over a sec1ior1 of the wotk an.>a. Shotctete shall be applied from tJlc 
boitom rUld proceeding to the top of the work area o,t venicaJ surf.1ces. 
Defects such as slugs, sand spots, or wet sloughs shall be cut out and 
replaced after initial set but be.fore final seL 

18.1.14 Special auention shall be given to encase reinforcing bars. steel sets. 
and lattice girders. '[he nozzle shall be held closer than nonnal and 
.11 a slight u1>ward or sideward angle to pcm1it better cncascmc-nt In 
~ddition, the mixture shall be sufficicm.ly tlowabtc 10 force the- shotcrctc 
behind the bar or steel set 

18, I. 15 The layou1 and f8ste11ing of rcinforccrncnl shall be as detailed in the 
contract documents. Rcinfon:emc.nt shall not be loose or vibrati.ng 
duriug 1be shoLcreting.. 

18.1. 16 Consltuction joints or end of workday joint.,; shall be angled off to .a 
Lhin, clean. regular edge, preferably at a 45-<legree angle. l11e entire 
joint shall be thoroughly cle.aned and wtucd to SSD COlldition pl'ior ro 
applicatio11 of adjoiniog shotcrete. 

18.1. 17 Shotcrete shall be applied in foyers or in a single thickness, depending 
on the position of the work. Overhead and ve111cal work shall be 
shotcretcd in layers jus1 1hick enough to prevent sagging or dropouts. 
usually 1 to 2 in. (25 to 50 mm) at a time. Where a layer of shotcrete 
is to be covered by a succ-ceding layer. it shall be roughened before 
sc1ting. All loose. uneven, or excess matcrfo.lf glaze. and rebound on 
~ receiving substrate sh~II be removed by brooming. scraping. sand 
blasung or wa1er blasting. or other means :tcccpwblc 10 the engineer 
~Jld lhc surface deaned and brought to SSD condition before placing 
subsequc01 layer of shotcretc, Cming compound or other bo1td· 
brc-Jking muicria1s shalJ nol be applied 10 surfaces 1hm will be covered 
by an additional layer of shotcrctc. 

18.1.18 Rebound shall not be .salvagt:d or reused in the work but ,shall be 
colltcLed and di:..l)t)Sed ofby 1hc end or the work ,shift in which ii was 
created. 

18.1. 19 Use blowpipes or similar means to avoid cwerspray of rebound. espe­
cially while shotcreting at or close to lhe invert. 

18.2 Thicknes.r control 

18.2.1 

18.2.2 

18.2.J 

Shotcretc shall be pluccd 10 1hc thickness and tolerance shown on the 
project drawings and cited in 1he contract specifications. 

The no:ctlcmun and crew shall provide sufficient nJ1d acceptable control 
system lo provide proper 1hick.nes.s aod gmde. Use adequate ground 
wires. pins, nails. or oLher aecep1ed means 1.0 cs1ablish the 1hickness. 
surface plane.,;, and finfaih linc:s of the shotcretc. 

ShmcrelC-thickness for any single la}'er shall he. limited to avoid 
de.bonding or sloughing. 

18.3 Sm,iOcejinisl, 

IS.3.1 No surface finishing wol'k shall be allowed if the ground support is no1 
prope-l'ly supported by older sho1cre1e that has gained sufficient strength 
and, iffinishe.d overhead. the freshly applied shotcrete l::1ye.r is thicker 
than 2 in. (50 mm). 

18.3.2 The surface of shotcretc initial hnings for ground st•J>pon shall nor 
receive a s1>ecial finish during the excavation and supJX)rt. 

A minimum shotcrctc lhickncss is usually necessary to provide an 
integral ground suppo1i system. A minimum 1hiekncss may also be 
required to protect the reinforcing steel or other support steel from 
corrosion or from abro.sion {for example. in wt1ter tunnels) or to serve 
as fire protection. 

The maximum thickness upplicd is ulso impot1ant so thn1 the shotcrcte 
linjng docs uot infringe on the nmnel design envelope. 

Reier to Section 18.1 for fort her discussion of thickness control. 

llle gw1 finish, a texmred. uneven surface. is the natural finish left by 
the nozzle after the shotcretc is brought to approximate line and grade. 
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Table 18.3, cont.-Examo e oulde soeclfication for shotcrete aoolication 
18.3.3 I (fa watetproofing membrane is installed on top oftheshotcretc 

I initial lining. apJ>ly a smoothing shotcrete tare.r as required to achieve 
smoothness crite1'ia prior to waterproofing installation. 

tvleet substrate requirements of the waterproofing membranes installer. 

The depdHo-<listance ratio betv.•een two crests (wavelength) as 
measured with a 10 ft (3 m) straightedge in random direction to be one­I fifth or less or as required per contract documents. 

Cul off and patch projecting portions of any support elements flush 
I with the face of the sho1crctc surface and remove tcmpormy supports 
and hangers installed in shotcrctc for construction process. 

Ensuri: lhat embedded c1cmcnts of the shotcrclc lining arc covered by 
! s l lcast 1 in. (25 mm) of plai.n shotcrctc prior to installing the water-
I proofing membrane system. 

1 Repair damaged or spallcd surfaces, voids, nnd cracks having depths 
greater lhan I in. (25 mm) with shotcretc. quick-set grout, mortar. or 
equal. 

Ensure lhat surraces 11rc r~ of oils. grease, Bnd gasolines, tmd remove 
loose soil and dc:bris. 

18.3.4 If a better alignment. appearance., or smoothneii,.'l; is needed-that is. 
' for a repair i'IPl:>licatioo or suhsrrme for a waterprooth,g me,nhrao~ I the shotcr-e-te shall be placed a fraction beyond guide strips. ground 
wires, ot othe.r guides. 1, shall be allowed 10 stiffon to the point where 
the surface. will not pull or ctack when scrceded with a rod ot trowel. 
E..~cess material shall be triinmed. sliced, or scraped to t:rue line and 
grade. The guide strips. pins. or ground wfres shall be removed, a.nd 
impressions removed, by floating. 

18.3.5 For shotc-rete final linings. the use of accelerator shall be avoided or 

!
limited. The surfuce shall receive a wood float finish or natural gun 
finish. as indicated in the comract documents. 

CHAPTER 19-CURING AND PROTECTION 

19.1-General 
To a significant extent, the s trength development of s hot­

crete appl ied in underground construction is determined by 
the subsurface environment and the e fforts made shortly 
after shoccrete placement to facil itate and complete curing. 
Underground environments can provide beneficia l 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 bigh geothermal gradients, rock tempera­
tures can be high. This does not, however, eliminate the need 
for curing and protection o f freshly placed s hotc rete. 

Mining and nmnel ventilation systems or the natural 
air flow after breakthrough have a considerable capacity 
to remove water from the surface of hydrating s hotcrete 
through evaporation. failure to con1plete hydration can 
result in s urface or plastic s hrinkage cracking and reduced 
strength. Specific measures that can be ta ken are to wet­
down the s urface of maturing shotcrete periodically to main­
tain a moist surface condition, and to insta ll brnttice curtains 
or misters to fog the enviionment. The provisions for curing 
s hotcrete should be consistently and syste matically imple­
mented to achieve consistem-strength shotcrete and m,m­
mize potential cracks. 

19.2-Protection 
Shotcrcte s hould not be a llowed to freeze until it has 

reached a minimum compressive s trength. Such conditions 
may occur at portal or s haft collar strucnire,s during winter 
or cold periods. A shotcrete that reaches 500 psi (3.5 MPa) 
before freezing takes place w ill not be damaged by freezing 
in one freezing-and-thawing cycle. Shotcrete temperatures 
should rise, however, above the freezing poim to further 
develop strength. Even though s hotcrete is known to 
develop greater heat o f hydration than most concretes due to 

its higher cement content, it is generally 1>laced in relatively 
thi n layers that allow rapid loss of heat, partia lly counterbal­
ancing the high heat-of-hydration benefit. In general, s hot­
creting operations should be stopped if the ambient tempera­
ture falls below 40°f (5°C). 

ln a hot-weather envirom11ent, 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 regulati11g the entrained 
a ir content. for dry-mix and wet-mix shotcrete, the finishing 
operations, if any, should proceed. as Japidly as the shot­
crete condition a llows. Curing s hould also st.trt as soon 
as possible. 
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19.3-Recommended specifications a guide specification format: the left column prov ides the 
recommended specification language, and the right column 
provides Notes to the Specifier. 

Recommended specifications for curing and protection 
are provided in Table I 9.3. The information is provided in 

Table 19.3-Example guide specification for curing and protection 
St.-ction/ 

P• rti 
Article Rcconimt ndcd snedfical"ion la ni'uaue Notes to the Sottifler 

I 9.1 Curing Curing is typical1y 001 requitt.-xl for shorcre[e used as temporary support 
in a tunne.l or shaft, but should be mandatory for final lining, rehabilita-
tion, or repair projects. 

I 9. 1.1 After application, shotcrete shall be cured using a curing membrane. The rough s.urface of the s.hotcrete natural finish usually requires more 
covering. water sprinkling. or misting. Membrane curing and covering curing agent than is nommlly specified by the supplier (typically twice 
musl slan soon after 1he shotcrete has been applied. Misting shall 1he recommended rate), Overhead surfaces may require even more 
commence as soon as sholcreting is finished, but water s1>rinkling shall curing agen1 because it is subject to dripping, Curing agelll should 
start only after the shotcrete has set. be applied with equipment adequate to ensure sulnciem velocity so 

thal 1he product re.aches the shotcrcte surface. especially in overhead 
si1tmtions. 

19.1.2 When a membranc•ronning curing compound is used. it shall be Curing: agents usually impair the bond between shotc,rcte layers. 
applied at a rate meeting the moisture retention requirements of ASTM For this reason, field iests should be carried out i f the compound is 
C309. Curing compo\inds sha ll be :,pplied immediately after the to be icn in phaee bc1wecn layers. In all oihc-r cases, waler je1ting or 
shotcrcte has been placed and finished in a mi.mo.er that will not disrupt sandblasting should be used to compJete-ly remove the product before 
booding to the substrata, 9pplyiog a subsequent layer of shotc-rcte, 

Curing comp0unds shall generally n(Jt be applied I() $hOtCrete where 
additional layers or l\h()tcretc will be plated u l a later date. 

Are.as whe.re additional shotcrete layers will be placed shall be cured 
with a curing membrane only irit has proven nondeletc.rious to bond 
or ir it is properly rem1wed by water jetting, sandblasting, or a similr,r 
process before the app1ication of the nexl layer. 

When a latex material has beeu added io the shotcretr mixcutc-, only a 
wah!t•hased curing compound shall be used. 

Rapid drying of shoterece ac the end of the curing pe.riod shall be 
avoided. 

19.1.3 If no curmg compound is used. shotcrete sh al I be cured by using one 
of the following materials or methods for a mmimum of 3 days. until 
a subsequent layer of shotcrete is applied, or until specified strength is 
obtained: 
(l) Ponding or continuous sprinkling 
(2) Absorptive mal or fabric. sand. or other covering kept continuously 
WCI 

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

19. 1.4 Nntural curing j s allowed only if 1hc: underground c:nvironmen1al condi• In the case of natural curing, an 85% relative humidi1y c-0ndition is 1101 
tions are .satisfac.tory. $uch as when the: rela1ivc humidity is above 85%1. by ii self suffic icnl nnd may need to be augmented by spraying water on 

the finished .shotcrete. Extremes of he&t. cold, or cxcC$Sive cvapora1ion 
and drv.out due to airflow should alwavs be avoidt-d. 

19.2 Pmtettfo,r 

19.2.1 Sho1crete shall be prot~ ted to maintain an 101ernal temperarure above Refer to Section 19.1. 
4~F (5°C) until the specified compressive stren21h is reached. 

19.2.2 Before scning. shotcrctc mus1 be protected agains, nmning free water Before setting. fresh sho1crctc quality can be imp~ircd if the sholcretc is 
or :my potcntfol impact and vibrations, vibrated. impacted. or moved. f inishing opcrotions. if required. should 

be conducted by experienced finishers to prevent tearing or breaking of 
the sho1crc1c mass. 

Shotcrctc in a developing drill nnd bl:tsl heading will ;tlw:,ys be 
subjected to vibra1ions from a subsequent round being cxeav:itcd, Blast 
vibrations have li11lc effect oo previously a1mfjed. accelenucd shotcrctc. 
even. in some cases, righl up to 1he focc. 
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CHAPTER 20-SHOTCRETE FOR REPAIR 
AND REHABILITATION OF UNDERGROUND 

STRUCTURES 

20.1-General 
Underground s tructures arc similar to surface in frastrue­

ture in that they require repair and rehabilitation 10 m.aintain 
them in a safe, functional, and economic condition. Modem 
urban environ.mcnts, such as higbway, 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 ex isting under­
ground structures. Many of the tunnels in North America 
were const1ucted 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 stn1ctures is becoming 
common, and shotcrete is 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 a lso subject to deterioration 
and require maintenance and repair due to mining activities. 
Un like civi l s tn1cl11J'es, the ground support used in pe1111a­
nent mine openings may include rock bolts, welded wire 
reinforcement, shotcrete, or steel sets, either individually or 
in combination. Deterioration of these suppo1i systems may 
range from bulging welded wire re inforcement loaded with 
raveled rock to partia l collapse of the mine opening due to 
mining-induced seismic events (Kaiser et al. 2000). 

Typically, the deterioration of tunnel and n1ine openings 
can be readily observed. Common indications of dete,iora­
tion are cracking, displacemem, discoloration, raveling, and 
spalling, which raise conce111s during maintenance inspec­
tions that require further assessment and evaluation. For 
both civil and mining stJuctures, careful assessment of the 
cause and effects of01e deterioration arc important as well as 

Table 20-2-Additives for dry-mix shotcrete 
Additi\'CS B<'neftt 

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 
struclllJ'e and in selecting the materials and insta llation 
methods for the repair to be completed safely and effectively. 

20.2-Materials selection 
Selection of shotcrete materials that meet all necessary 

pro1lerties 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 poltland cement and well-proportioned fine aggre­
gates. Durnbility can be enhanced by using special pozzo­
lans, si lica fume, or admixtures that reduce the permeability 
(Zhang e t a l. 2016). The use of site-batched or preblended 
bagged shotcrete requires special attention to shrinkage and 
curing. All shotcrete mixtures should be tested to select and 
confinn sufficiently low shrinkage properties. 

Curing of shotcrete is c1itical in reducing early shrinkage 
and for future long-term perfonnance. [n s tructural applica­
tions, understanding the behavior of shotcrete in response 
to loads is important. Two important properties for load­
sharing applications are the elastic modulus and creep. 
Whereas elastic modulus properties can be easily obtained, 
creep values are much more diffic.\llt to ascertai11 . 

The use of sho1crc1e materials and additives that contain 
unknown ingredients or where new, unproven technology 
is being used should be avoided, except in experimenta l or 
pi lot projects. Also, the combination of known additives and 
admixtures can lead to unexpected resu Its and shou Id 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 materia ls have been found to 
contain high amounts of a lkali materia l that may resu lt in 
early deterioration caused by a lkali-silica reactions if the 
aggregates are reactive. Some materials are sensitive 10 

Comments 

Silica fume fncretlscd thickness: increased density; increased l\."Sisumcc to Accclcmtors may not be ncccssm)' if used, 
m...--cz.ing and th;,:awing; increased chemical resistance; reduced 
rebound: incTCttscd adhesion/bond: and incrc~cd flcxurnl and 
compressive strcng1h. 

Accelenuors lncreased buildup of layers; reduced initial se1 1i1ne; and AdverSe effect<;: 
increased early strength gain. lnc.,·eased drying shrinkage (critic.al especially ror final linings, 

rehabilimtion or repair projects); reduced 28-day shmcrete 
strength. 

Limited encapsulation of reinforcing bars or Janice girdets 
elements if' dosage. and nozzle handling is not adapted. 

Steel fiber Elimioatcd shudows and voids that are cretitcd with coovc:o-
tional reinforcemcni; muy replace ::iwkward-. difficult-, und 
expeosivi:-to-pluce welded wire reioforcemc::n1 wi1h improved 
quality control; improved impact rcsjs1ancc; and increased 
toughl.less (rcsiduul strength after cracking). 

Synthetic fibers Microsymhetic fibers reduced plastic shrinkage cracking and At proper addition rates. macrosymhetic fibers provide similar 
improved spalling behavior during fires; and macrosymhetic toughness to steel fiber-reinforced shotcrete. Stn1cturnl 
fibers provide similar benefits co steel fibers. behavior of macrosynthetic fibers during tunnel fi res (final 

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 
failure. Failure was caused by latex fi lms forming on unfin­
ished surfaces. The shotcrete process uses high-velocity 
air, which accelerates the formation of a bond-inhibiting 
latex film. 

Polymer shotcrete is a special class of materials 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
s ional incompatibility problems. Polymer materials have 
a high thermal coefficient of expansion as compared with 
concrete. The use of such materials u1 confined underground 
environments requires seiious considerntion of potentially 
bazardous environmental, health, and safety conditions. 
Specific safety provisions should be employed when these 
materials are used. 

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

20.3-Shotcrete placement methods for repair 
Selection of Lhe shotcretc placement method includes 

these important seeps: 
(I) Selection of the method (wet-mix or dry-mix) that best 

reconstructs the strength. imcgrity, and performance requiJcd 
by the structure 's original design and current sin,at ion. 

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

(3) Checking the feasibility of the selected shotcrete 
p lacement, 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 s hotcrete to 
the prepared surface or s ubstrate with specified results . The 
shotcrete should achieve satisfactory bond to the receiving 
surface or structure. The s hotcrete 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 s tntctw-al. protective, and aesthetic duties. 

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

Constructability is defined by these questions: Can the 
shotcrete repair be completed within the constrnints speci­
fied by the engineer or owner? Can the necessary sbotcrete 
and ancillary equipment be located in proxin1ity to the repair 
area? \Viii the shotcrete placement system a llow the repaired 
structure to be placed in service within the time specified? 
Is the approach to shotcrete application conducive 10 tl1e 

underground working environment? Are there experienced 
contractors available for the underground project? 

20.3. l Dry-mix sho1cre1e-The dry-mix process varies 
depending on the necessary thickness and orientation. 
\Vhere the repair is thick, the process may involve the 
placement of multiple layers. Otherwise, overly thick indi ­
vidual layers may result in s loughing. The use of s ilica fi.ime 
improves adhesion and cohesion of the shotcrete and reduces 
s loughing. Typical problems w ith shotcrete repairs include 
the presence of voids due to encapsulated rebound and 
shrinkage due the high cement conteni, 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 s hotcrete associated with 
repair and rehabilitation is usually small, limited shotcrete 
production capacity is required because preparatory work 
and finishing consumes most of the production time. 

20.3.2 Wet-mix shotcrete- ln the wet-mix process, 
premixed repair materials are shot onto the substrate with 
compressed air. Additives and adn1ixtures used to enhance 
Ll1e sbotcrete mixture include silica fume, fibers, and air­
entra ining admixtures, which can enhance the durability 
of the repair material (specifically. improve freezing-and­
thawing resistance). 

Intermittent shotcrete placement required in limited 
repair areas usi11g relatively small volumes can lead 10 

production problems, waste of mate1ials, and setup prob­
lems if system selection and product.ion planning arc not 
properl y conceived. 

20.4-Quality assurance requirements for 
rehabilitation of underground structures 

The QA program for rehabi litation of underground facili­
ties should confonn to the recommendations found in 
Chapter 9. 

20.5-Repair considerations 
N umerous factors influence shotcrete repairs of existing 

underground structures, including the type o f construc­
tion, facil ity 01>erations, and the severity of the defects . The 
e lements that most directly affect the selection of the shot­
cre!e process are: 

(a) S trength of repair material (largely dictated by the 
strength of the original construction) 

(b) Durability requirements (a function of the strength and 
the long-tern, suitabiljty of the repair configurntion) 

(c) Environmental setting of the repair location (of prime 
importance due to the varied environments that exist within 
the underground setting (tbe presence of water, atmospheric/ 
temperantre changes in ventilation shafts, shaft stations, 
and portal locations); and the chemical composition of the 
groundwater and soi l and rock that surrow1d the tunnel have 
a strong influence on the selection of proper repair products) 

(d) Allowable time frame for the implementation of tbe 
repair (one of the most impo11ant elements in the shot­
crete selection process). The time frame is dependent on 
the owner's concen1 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/ 

Artide Rttomme11ded spedfiutlon language ~otes to the Specifier 

20,I On the project drawings, the cngme<:r shnll locatc and identify areas Archival. as-buill. and facil ity operations drawings arc a considerable 
lo be repaired. asset when repair and rehabilitation of structure is :.'In issue. 

20.2 Usfog acceptable methods, re.move de,teriorated rock or sub::.1rate t11ai 
canno1 be repaired in place. 

20.3 Pre.pare surface repail' boundaries 10 shotcre1e as outl ined in ACI 
Sampling and testing per ASTM C823/C823M, C42/C'42M. and 
C 1604/C 1604M. Nondestructive tc-s1 methods or slmplc sounding can 

506R. 
dc1crmi11c the extent of the condition in need of remediation. 

20.4 Clean surface ofl1u!· exposed structural and refr1forcing steel, rock, 
and COl'!Ci't te usiog high-pressure. air a1ld wa1er. 

20.5 Exposed corroded reinforcing steel encountered in the repair process 
requires shotcrctc to be removed around the circumference ofchc bar. 

20.6 I le.avy oxides or other bond-inhibiting materials must be removed by 
a cleaning inethod acceptable to the engineer. 

20.7 Reinforcing bars damaged during removal operations or with 
cri1foal section loss may rcqufre repair or repfoccmeat and should 
be subj eel to structural assessmcn1 und. if necessary. replacement. or 
supplemcn1atio11, 

20.8 In certain simatiolls . special coatings may be applied to add additional 
protectioo to the strucmral steel ruld l'eintbrcing bars. 

20,9 Surfaces of exisdng concrete ex.posed 10 receive the repair material 
must be sound. clean. and free from bond-inhibiting materials. An 
idc:11 so,md surface is one of ndcqu:ue compn:ssivc strength. free of 
defcc1s, wilh matri,c aggrcga1c: bonded to ccmeni matrix. 

20. 10 After initial removal, repair surfaces must be-.sounded for delamina-
tions, lailatlces, and voids. 

20. 11 Any rock or substrate arc.u.s found to be unsound must be rcchippcd 
or removed. 

20. 12 Complete repair 10 line. grade, and tolerances indicated in project 
dr-.iwings and specificauoos. 

20. 13 
Comple.te materials te-sling as specified. 

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

A successful rehabilitation project culminates in the 
economical implementation of repairs to the underground 
stn1cture. 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. Jt should be recog­
nized that each underground rehabilitation project is unique. 
Attention to specific site requirements and conditions ul ti­
mately dictate the suitability of the shotcrete process as a 
viable means of repair or rehabilitat:ion. 

20.6-Recommended specifications 
Recommended specifications for repair and rehabilitation 

are provided in Table 20.6. The infonnation is provided in 
a guide specification format: the left column provides the 
recommended specification language, and the right column 
provides Notes to the Specifier. 

For ccmenti1ious repair materials, 1hc prepared subs1nm: should be 
brought to un SSD condition before application of the rcpsir m11tcrial. 

Sandbfosting or high-pressure ,viter-blusting should be used to 
remove the dmm1gcd surfnce layer caused by chipping, 

Surface finishjng should be commensm-ate wnh original archit~ .cural 
considerations. 

Assess tcst-iug dntn lo confirm mn1erial and stn.1ctural properties 
spccifkd. 

Table 21.1-Suggested measures for basis of 
payment for shotcrete 

Suggested pay 
Pay Hern Carngory or applic:atfou Ullit 

I Category I linear meter 

2 Category ti Linear meter 

' , Category Portal A Linear meter 

4 Ca1ego1)' Portal R Linear meter 

5 Cross Passage C.,uegory A Each 

6 Cavern Zone. 3 in. (75 mnJ) thick Square meter 

CHAPTER 21- MEASUREMENT AND PAYMENT 

21.1- Basis for payment 
Payment methods should be based on a predetennined 

quantity of readily verifiable completed work. Refer to 
Table 2 1. 1. 
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Table 21.2-Example guide specification for basis of payment 

55 

Section/ 
Part/ 

Artie.le Recommended sp«ificatioo language Notes to the Specifier 

2 l . I Measure of comple100 work: The preferred method for measurcmenl of i-hoicretc is for some tmil 
of in-place shotercte becmise the arnount of rebound and waste is 

Shotcretc fo r lhe (tunnel, drill, cavern, or the like) will be usually unknown and ulwuys controversial. This is particularly tnu: for 
measured by lhe (linear fl ( linear meter] . square yard [square underground projects because the amount or rebound is greater when 
meter], cubic yard [cubic meter]) of complete won: cerllJied and shooting O\'Crhead and when shooting irregular overhead surfaces and 
measured for paym ent by th.e engjncer. irregular reinforcement. lo addition, rclatlvdy long slicklines may 

tm1.se Significant waste material during clean-out on a regular basis or 
nlu!!. removal. 

I. TI1e measurement of square yard (square mete.r) shall be along the l11e excavation surface is irre.gular and highly de-pendent on the over-
centerline of the coinple1ed wol'k. break. Ove.,·break is dependent on the contractor's means and methods 

and the geology. Typicall)', the c.ontractor must assume a certain 
2. llle measurement of square. yard (square me.ter) shall be or amount of overbreak and the backfill of this overbreak with shotcrete 
comple.ted sho1cre1e surface area haviJlg the minimum specified is 1heconunc1or·s l'isk. Therefore. the payment is based on the suJ'face 
shotcrete thickness that also meets all other t'equirements of these are.a. while the thickness is assumed ·•as shown on drawings·• and the 
specifications. contmctor·s risk. 

3. The. measurement of cubic yard (cubic meiet') shall be of completed Only if the overbreak is over certain hmits and not caused by the 
shotcrete using the measured area of comple,cd sho,crete. multiplied contraccor's means an-cl methods will addjhonal backfill shotcrete 
by the minimum specified lhickness for its location. which also meets beyond the contracmal limits be paid per \'Olume as measured in the 
all other requirements of these specifications. field. 

Thickness and area measurements shall be pcrfonned by the engineer. 

21.2 Bnsis for pa}wcnt; 
The accepted qu.antit ic.s. determined as provide(( in Example Spc:ei-
fici1tion 21. l . will be paid for at the contntct unit price bid pc-r unit 
of measurcroc;al for the pay items listed in the accompimying table. 
which pdce and paymc:l1I will be full compensation for lhe worl 
om;cribcd in this section. 

21.2- Recommended specifications 
Reconm1ended 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 
Committee documents are I isted first by document number 

and year of publication followed by authored documents 
listed a lphabetically. 

American Concrete Institute (AC/) 
AC! 3 I 8- I 9- Buildi11g Code Requirements for Structural 

Concrete and Commentary 
AC! 506R-l6-Guide to Shotcrete 
AC! 506. 1 R-20-Guide to Fiber-Reinforced Sbotcrete 
AC! 506.2-13(18)-Specification for Sbotcrete 
AC! 506.4R- 19- Guidc for the Evaluation ofShotercte 
AC! 506.6T-17-Visua l Shotcrete Core Quality Evaluation 
AC! 544.3R-OS-Guide for Specifying, Proportioning, 

and Production of Fiber-Reinforced Concrete 
AC! CCS-4(20)-Shotcrete for the Craftsman 
AC! CP-60( 15)-Craftsman \\lorkbook for ACI Certifica­

tion o f Shotcrete Nozzleman 
ACT CPP-660.1-20-Shotcrete Nozzleman and 

Nozzlernan-in-Training (Dry-Mix Process) and Shotcrete 
Nozzleman and Nozzleman-in-Training (Wet-Mix Process) 

Rcfor to the suggested pay items in Section 21. l. 
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