New Hemp-Based Fiber
Enhances Wet-Mix Shotcrete

Performance

By Dudiey R. (Rusty) Morgan, Lihe fJohn) Zhang, and Mike Pildysh

n innovative processed natural hemp-based fiber

has bean developed for use in concrete and shot-

crete (wet- and dry-mix shotcrete processes) in lisu
of conventional eynthatic fibers, which are darived from
hydro-carbon foil andfor gas) fesdstock. A driving force
bahind thia developmant has been the desire to produce
a truly sustainable green filber with dramatic reductions in
CO_ emissions into the atmesphers during fiber production,
campared to the synthetic (mainky poly propylene) fibers cur-
rently being used in the concrete and shoterets industries.
Synthetic microfibers have mainhy been weed in concrete
and shoterets to halp mitigate aarly-age plastic shrinkags
cracking. In the abasnce of adequate protection and initial
curing, plastic shrinkage cracking has beean an l2sue in the
shotcrete industry. Figure 1 shows an example of shotcrete
used for elope stabilization at a project in California that
developad severs plastic shwinkage cracking in unfaverable
ervironmeantal conditions (high ambient temperatures and
winds and a low relatiees humidity).

Initial laboratory and field trials in Calgary, AB, Canada,
Indicatad that natural hemp-basad fibar was very affactive
in mitigating plastic shrinkage cracking. Consaqueantly, the
fiber manufacturer decided to commission a comprehenshe
study to evaluate the performance of the natural hemp-
baged fibsr in cast-in-place concrete and wet- and dry-mix
shotoretes, compared to plain concrate control mixtures

Fig. 1: Plastic sbrinkage cracking in shotorata slope stabiezalion
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without any flbers and mixtures with a synthetic (polypro-
pylena) microfiber. These studies, conducted in Vancouver,
BC, Canada, demonstrated that when used at squivalant
fibar-volume addition rates, not only was the natural hemp-
based fiber more effective in mitigating plastic shrinkags
cracking than synthetic microfiber but it also provided mamy
additional banefits in the plastic and hardened concrates.
This was particubarhy true for the wet-mix shotcrete process,
whana some marksd bensfits to the shotcrete application
and finishing processes were found.

Thiz article provides a summary of the findings from
the wet-mix ehotcrete laboratory study. it also providss
obasnmtions from a subsequaent full-acala field application
of wet-mix shotcrate with the natural hemp-based filber,
with ready mixed concrete batching. mixing, and supply and
conventional pumping, shooting, and finizhing of structural
shotcrete walls at a project in Califomia.

INTRODUCTION

Matural fibera have been used in bullding products such as
brick, mortar, and plaster since ancient times for the known
benefits they provide to such products. One of the strongest
and most durable of natural fibers has bean hemp-based
fiber, the same product widsly used in marine ropea. Up
until now, such fiber has, however, not found any significant
usa in portland cement-based products. This has besn in
part because of concema about the durability of such fiber
i & highly alkaline portland cement environment.

The manufacturers of the natural hemp-basad fiber used
in this report have, howswver, developsd a process for produc-
tion and surfacs treatment of the fibaer, which makes it suit-
able for use in an alkaline portland cement environment. The
harmp-based fiber has a higher modulus of slasticity (E-valus)
and tenaile strangth than high-quality polypropylens aynthatic
fipers, Also, unlike synithetic fibers, which are hydrophobic
{repel water), the treated hemp-based fiber is hydrophyllic
{sbaorbs water). This is a highly bansficlal attribute for port-
land cement-based products such as concrete. as it promotes
development of both mechanical and chemical bond of the
pasts to the fiber. It also reduces bleeding in concrete, thus
reducing the formation of continuous blesd channels, which
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increase permeability and reduce durability. In addition, the
fibars act as an intemal curing aid, releasing water into the
cament paste maftrix as the concrete dries. It is balleved that
thie, In conjunction with the higher modulus of elasticity and
higher tenslle atrength of the hemp-based fiber, la what helps
mitigate plastic shrinkage cracking In concrete and shotcrets.

In addition to the previously mentioned beneficial attri-
butes, the incorporation of the natural hemp-based fiber in
wat-mix shotcrete was found to impart several other benefits
to the application and performance of ahoterete, as detailled
I the Laboratory and Fleld studies described in the article,
which follows.

LABORATORY STUDY
Shotcrete Mixture Designs
In the wat-mix shotcrete laboratory atudy, a comparative
evaluation was conductad on the performance of shotorete
rmade with the natural hemp-based fiber (mixture designa-
tan WNF) compared to a plain control shotorate without
any fibar imixture designation WF) and a shotcrete with a
micresynthetic (polyprepylens) fiber (mikture designation
WEF). The fiber additien rates for the different mixtures are
shown in Tabla 1. Whils the natural and synthetic fibers heve
the same fiber volume addition rate, the quanfities added in
kg/m® (Ibfyd®) differ bacauss the natural fiber has a relative
bulk density (speciiic gravity) of 1.48, whils the synthetic fiber
has a relative bulk density [spacific gravity) of 0L82.

Tabile 2 shows the concrete mixture proportions for each
of the three shotoreted mixtures, The cement, fiy ash, coarse

Table 1: Wet-mix shotcrete mixtures

and fine aggregate contents, and water added in all thres mix-
turas was the sama. The anly differences in the mixtures waers
thia type of fiber added and small variations in the smount of
water-reducing admixture and alr-entraining admixture added
to provide the required alump and air content. The shotcretes
wers designed to meet CBA AZ231,/23.2-2074 Class C1 axpo-
aure requirements—that is, etructurally reinforced concrete
expassd to chlorides with or without freszing-and-thawing
conditions. Such concrete for in this cass, shotorets) is
resquiirgd 1o hiave & maxirmum wate-cementitious material
raitlo (wiem) of 0.40, a minimum compressive strength of
5100 pei (35 MPa) at 28 days, and be suitably alr entrained.
The base shotcrate mixture design in Table 2 has a fiy ash
content of 20% by mass of cementitious material and is typical
of atructural wet-mix shotcrete used in Western Canada and
other parts of North America. The slightly higher water-
reducing admixture dosage rate in the WNF mixkture ls attrib-
uted to water uptaks by the natural fiber and hence the nesd to
Increase the admixturs dosage to provide the required slump.

Shotcrete Batching, Mixing, and
RApplication

The ahoterete miktures for this labomtory study wes
pra-batched with aggregates in an oven-dry condition

and supplied in 0.5 yd (0.38 m?) bulk bin bags. The dry
bagged materials were discharged into a pan mixer with
courter-rotating paddliss, whers the mix water and liquid
alr-entraining and waterreducing admixtures were added.
Figura 2 showa dry-bagged material being discharged into

Fiber content
Misture type Shoterete designation Ib/yd® % volume
Plain WP 1] 0 o
Matural fiber WHNF 2 3.4 016
Microsynthetic fiber WaF 1.35 2.3 015
Table 2: Wek-mix shoberete mixture proportions
Camant type GLI (ASTM Type |) 380 807 360 607 360 BOT
Fly ash 80 152 80 18 a0 152
Coarse aggregats (10-5 mm, S50} 430 725 430 725 430 725
Fine aggregate (SS0) 1290 2174 1290 2174 1240 2174
Water, L 180 an3 180 aom 180 a0a
Water-reducing admixtura, L* 115 2 1.05 2 13 2
NForcs fiber - - — = 2 3.4
Micresynthetic fiber — - 1.35 23 s =
Total 2351.15 30682 20524 3065 2353.3 3067
“Water-reducing sdmixture addad during mixing st dosags required to achiswe the maximurm alowabls wiem and reguired alurmg
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Fig. 2: Prepackaged dry shatorete materials discharging info
pan rmieer
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Fig. 3: Configuration of plastic ahrinkage cracking fest mokl
(Note: 1 mm = 0.0384 in)
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the 1.0 yd® {0.76 m?) pan mixer. Such mixers are commonly
usad in the precast concrate industry but are also very
usaful for laboratory studias, Waighed-out quantities of tha
loeonmes matural and synthetic fibers wers added to mixtures
WHNF and WSF and mixed for a minkmum of 5 minutes. The
quantifies of water-reducing and air-entraining admixtures
added were adjusted as neceseary to producs the required
slump and air content.

The mixed shotcrete was discharged into a Putzmelster
shotcrete pump, which cormeeyed the shotorete in a2 in.

(50 mim) internal diameter rubber hose to the nozzls, where
akr was introduced from a 185 ft%min (5.24 m*min) air
compreasor to pneumatically project the shotorete at high
impacting velocity onto the receiving surface. The fibers
appeared wall disperaad in both fiber miktures and the
mixtures shot well with no problama of fiber balling or pump
blockages baing encountared. Shotorete application was
done by an AC] Certified Shotcrete Nozzleman.

The nozzlaman shot standard vertical test panala with
sloped aides, from which cores wers extracted for testing for:
a. Compressive strength at ¥ and 28 days to ASTM C3%9;

b. Beiled abscrption (BA) and volume of permeable voids

(VPV) at 28 daye to ASTM C842; and
c. Rapid chioride penetrabllity (RCP) at 91 daye to

ASTM C1202.

in addition, two maolds were shot horizontally for sach
of the fiber mixtures for production of test specimens for
ASTM C1579, “Standard Test Mathod for Evaluating Plastic
Shrinkage Cracking of Restrained Fiber Rainforced Concrate
{Uaing a Steal Form Insert).” Figure 3 shows the configura-
thon of the test mold. Figure 4 shows shooting into the meold.

Plastic Shotcrete Properties

The temparature, slump, and air content of the plastic
shotcrete was tested at the point of discharge into the
shotorate pump. In addiion, the as-ahot alr content was
determined by shooting the shotorste into & standard
ASTM C231 air pressurs mater bowl. Teat results for all thres
mixtures are provided in Table 3. The slump for all three
mixtures was in the design range of 2 to 3 in. (50 to 75 mmj.
The slighly higher-than-design air contant in the as-batched
WHNF mixture is attributed to the effect of the higher water-
reducing admixture dosage in this mixture.

In mddition to the standard tests, the plastic shotcretes
wears asaassed for characteristics such as shootability
(adhesicn and cohesion and realstance to sagging and
sloughing] when applied to a vertical surface. Figure 5
shows shooting a beshive (extended thickness mounded in
canter of shotoreted area) of the plain concrate mixturs (WF)
on & vertical plywood panel.

While all thres mixtures shot wall and could be bullt up
to a 8 in. (150 mm) thickness on a vertical plywood form
in & single pass, soma marked differencas wers found
in the shooting characteriatics of the mixtures. The plain
WF mixture displayed the lowsst adhesion and cohasion
performance. Shortly after being buillt up to the full 8 in.
{150 mm) thickness, It started to sag, and then eloughed
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Table 3: Plastic shotorete properties

kg Iy % volume mim in. As-batched | As-shot *C F
WP 0 0 0 50 2.0 5.5 4 13 55
WHNF 2 34 0.15 70 a0 a 4.3 18 B4
WSF 1356 23 0.15 B0 2.5 L 4.8 20 &8
Mote: Specified alump is 3 £ 1 in. (70 & 20 mmj; specified as-shot air content is 3.0 to 6.0%.

Fg. &: El'momp a beahive of plain concrete mature (WP € in.
(150 mm)| thick on & wertical pfywood pans!

Fix &W fibser mixture (WS sfoughad off plywood pans!
after haing desturbad by cutting 4

off the plywood panel under lts own weight. The synthetic
fiber mixturs (WSF) displayed better performancs in that

it did not sag or slough off the plywood form immediately
after shooting. However, when it was digturbed and when an
attempt was made to cut it with a trowsl, it sloughed off the
plywood form, as shown in Fig. 6.
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Fig. 8: Cutting and trimming natural fiber mixture (WNF) with no
sagging or sloughing

By contrast, the natural fiber mixture (WNF) displayed
great adhesion and cohesion and did not sag or slough
wihan built up to the full 6 in. {150 mm) thickness, as shown in
Fig. 7. The WNF mixture could be cut, timmed, and finished
without any sagging or skoughing, as shown in Fig. 8 In fact,
conslderable effort had to be expended by a finisher to die-
ledge the beshive from the plywood form usling a flat spade.
It iz beliewvad this markedly enhanced adhasion and cohesion
is attributable not only to the reinforcing sffect of the natural
fibar but also dua to the hydrophyllic fiber absorbing some
of the excess water of workability frorm the shotcrete and
reducing blesding tendancies in the applied mikturs.
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Plastic Shrinkage Cracking Test

As previously mentioned, evaluation of the plastic shrinkags
cracking characteriatica of the plain concrete mixturs (WF).
compared to the synthetic fiber mbdure (WSF) and natural
fiber mixture (WMF), was conducted uslng the ASTM C1570
tast procedure. In this test, two molds were shot, finishad, and
tested for each mixture. After finishing in & prescribed manner,
thie test specimens were placed in individual environmeantal
chambers (easentally heated wind tunnals). which provided
an amvironmant of: temparaturs 07 = 5°F (368 £ 3*Ck wind
velocity of 15.4 fte (4.7 mfal and redative humidity 30 + 10%,
as required by the teat method. In eddition, a water sampls
in a beaksr was placed in sach erwironmental chamber

to monitor the evaporation rate. ASTM C1570 specifies a
minimum svaporation rate of 0.2 Ib/fi*-h (1.0 kg/m*-h} and this
requiremant was met in all environmental chambaers, A setting
time test was conducted to ASTM C403, “Standard Test
Methed for Time of Setting by Penetration Resistance.” Once
thie shoterete samplea reached final ast, the samples, still in
their molde, were remcved from the environmental chambers
and placad in still air in a temperature- and humidity-
controllad reom in the laboratory for curing at 72 2 4°F 23 &
2°C) and 50% relative humidity for 24 hours, as prescribed by
the test method, Average crack widths in the spacimens were
then measurad with a crack comparator.

The test method reguires the plain cancrete control sample
(WF) to develop a minimum crack width of 0,02 in. (0.5 mm).
The average crack widtha in the fiber-reinforced samples
{WSF and WNF) wera compared against the WP mixture
speciman crack widtha. A factor called the crack reduction
ratio (CRAR), expressad as a parceantage (%), s then calculsted,

CRRA = [1 - average crack width of fibar-reinforced
shotcrete miktureeverage crack width of plain control
shotorate micturs] = 1009,

In this study, the plain concrate contral mixture (WP)
developed an average crack width of 0.026 in. (0UB3 mm),
which satisfies the ASTM G15679 requirement. The synthetic
fiber mixture (WSF) developed an average crack width of
0.004 . (0.10 mm) and the natural fiber mixture (WNF)
developaed an average crack width of 0.002 in. (0.05 mmj.
The calculated CRR was 84% for the synthetic fiber mix-
ture WSF and 82% for the mixiure WHF. In other words, the
gynithatic fibers and natural fibers wers effective in reducing
plastic ahrinkage crack widths by B4% and 82%, reapec-
tivaly. In ghort, both filber types were effective in mitigating
plastic shrinkage cracking, but when used at equal fiber
wolume addition rates (0.15%), the natural fiber was more
effective than the synthetic fibar,

Finishability

Whila in some shoterete applications, such as ground
support in tunnels and mines and rock-slope stabilization,
the final surface iz left in the rough, natural, as-shot surfacs
condition (such as can be seen in Fig. 7), there are many
applications where the applied shotcrets is cut and trimmed
to lime and grade and then finished to & specified surface
tolerance and finieh texture. This ls common in etructural
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Fig. 8: Rnishing tools used, from left fo right: steal trowsl,
magnasium trowal, wood float, hard rubber float, taxtured rubbar
float. and sponge foat

shotcrete walls and other elements, canal linings, bobsledgh
and luge tracks, resurfacing of concrete dams and spillways,
awimming pools and other liquid-retaining structures, and
architectural applications. Finishing is labor-inteneive and
can require threa to five or @ven more finishars to keep

up with one nozzleman, depending on the nature of the
project (For example, finlshing of a bobsleighfluge track
may requirs as many a8 eight finishers for one nozzleman),
Thus, anything that can be done to anhancs the finishability
of shotocrete can have significant impact on productivity and
hence costs of A shotorate operation,

In thia study, the wet-mix shotcrete mixtures were shot
Imto 14 x 22 x 4 In. (3556 x 550 x 100 mm) plywood boxes and
finished using differant hand-held finishing tocls to evaluate
the finizhability of the different mixtures. The finiehing tools
usad (in saguence from smoothest to most textured surface
finizh) are ahown in Fig. 8 and wera: stesl trowsl, magneasium
trowel, wood float, hard rubber float, tectured rubber float,
and sponge float.

The plain shoterete mixture (WP) was relatively sasy
to finish with all the selactad finishing tools, showing the
expacted sequance of samoothest to more textured surface
finighes for the different tools, as described earlier. The
mixture with synthetic fibers (WEF) proved to be the most
difficult to finlsh, particularly with the tools producing mors
textured surface finkshes, as they tendad to pull fibers to
the surface, leaving a rougher surface with many protru ding
fibers. Even the stesl- and magnesium-troweled surfaces
displayed some protruding synthetic fibers. This ia attributed
to the hydrophobic characteristics of the synthetic fiber.
Some architects and enginesrs find this o be an annoy ance
and ask the contractor to bum off protruding synthetic fibers
using a torch. Figure 10 shows an example of the WBF mix-
turs finished with & magnesium trowel. Protruding synithetic
fibers were present in the finished surfacs.

By contrast, the mixture with natural fiber displayed
superior finishing characteristica to both the plain shotcrete
mixture and the synthatic fiber mikture,. The treated natural
fibar provided the appled shotorete with greater cohaslon
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Fig. 10- Synthetic fiber mixture IWSF finished with &
ragnesium frows!

and appeared to act a= a finishing aid. This resulted in rela-
tvaly smoother-textured surface finishee for all the finishing
tools used, particularly when compared against the mixture
with syrithetic fibsr. Virtually no fibsras wers presant in the
finished surface of the WNF mixture finished with stesl and
rmia griasiem trowels. Figurs 11 showa an exampls of the WNF
mitkture finlshed with a magnesium trowel. Very few fibers
were drawn to the surtace, or were evident in the panels fin-
ished with wood, rubbsr, o sponge floats. The greater sase
of finishing for mixtures incorporating the natural fiber has
very positive implications for shotorete productivity.

Hordened Shotcrete Tests

Teats were conducted on cores extracted from hardened
ahotcrete test panels for determination of;

a. Compressive strength to ASTM C38;

b. Beiled abaorption (BA) and volume of permeable veids

(VPV) to ASTM CG42; and
¢. Rapid chioride penstration to ASTM C1202.

Teat results for the hardened shotcrete propertiea are
provided in Tabls 4.

'With respect to compresaive strangth, all three mixturas
readily mast the CS5A AZ3.1 minimum design strength of
5100 psi (35 MPa) at 28 days for concrete with a Class C1
axpoalire. Claarly, natural fiber addition doss not have amy

Toble 4: Hordened shotcrebe properties

e

bture (WINF) finished with 8

Fig. 11: Natural fiber m
rmagnasium trowsl

detrimental effect on compresaive strangth. The mixture
with natural fibers displayed the highest compressive
gtrength at both 7 and 28 days of all three mixtures tested.

With respact to testa for BA and VPV, all thees mikturaes
had values wall balow the typical maximum of 5% for BA
and 17% for VPV for quality shotorate with nonporous
aggregate with nomal cement factors as recommended in
AC| 506R-18, "Guids to Shotcrete.” Natural fiber addition
doss not have any detrimantal effect on permeability. The
mixture with natural fiber displayed the lowsst BA and VPV
vialues of all thres mixtures teated.

With reapect to the tests for rapid chloride penetration
(RCP), C2A A23.1 requires a maximum allowabls valus of
1800 Coulombe at 91 days for a concrete with Class C1
exposure. With test resulta for all three mixtures in the
898 to 1037 range, ASTM C1202 and CSA A23.1 would rate
auch shotcretes as having “Low” chloride penstrability. The
addition of natural fiber to the mixture is not detrimental to
the chloride penstrability of the shotcrete,

FIELD EVALUATION

Mixture Designs and Shotcrete Batching,
Mixing, and Supply

The second phase in the evaluation of the use of the natural
hamp-bassd fiber in wet-mix shotorate was to assess its

Volume of RCP
Bl heecl permeaable  results at
Fibar content Compressive strength absorption wioids 81 days

WP 0 0 0 35 5075 a7 e 6950 5.3 1.9 966
WHNF 2 3.4 0.15 43.7 6340 576 B355 51 11.5 107
WSF 1.35 23 0.15 36.6 5310 .7 7500 5.4 12 BAB
Design/specified value: 0 4350 40 5800 | max. 8.0% | max. 17% 1500
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performancs in a full-scale fisld trial, with ready mixed
concrate batching, mixing, and supply, in a structural
shotoretes application. The svaluation was carmiad out at
tha Jos. J. Albanase yard In Santa Clara, CA. Two different
wet-mix shotcrete mixture dasigns commonly used by
them in the Bay Area were modified by the addition of

Fig. 12: Naiural fiber-rainforced shotorete (Midurs B) bc
discharged from concrada truck chute into pump hopper;
note highly cohesive nature of mixtura

Fig. 13- Reed G50 pump used to pump wet-mix process
shotcreta

\ . ;
Fig. T4: Formwork and reirforcing bar for L-shapad wal
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the natural hemp-based fiber, and usad to conatruct two
siructural shotcrete walls for aggregate storage bins. The
actual shotereta mixture designs used ars propristary and
80 ara not reproduced in this paper. Both mixturea had the
same portand cement centent and contained 15% fly ash
by mass of cement. The main difference between tha two
mixtures was Mixture A had a 3/8 in. (10 mmj) pea gravel
coarse aggregate and the second mixture, Mixture B, had
a 0.5 in. (13 mm) crushed granite coarss aggregate.

The natural hemp-based fiber was supplied In 11b
(0,45 kg) shreddable bags and added to the concrets truck
during batching and mixing. The fibera were incorporated
into the mixtures at addition rates of 1.5 IbApd® (0.89 kg/m®)
for Mixturs A and 3.0 Ib/yd® (1.8 kg/m®) for Mixture B.
Figura 12 ahows Mistura B being discharged from the
concrate truck chute into the pump hopper. An 8.0 yd®
(8.1 m® load of Mixture A was supplied at a slump of 3.5 in.
{20 mm). A 7.0 yd® (5.4 m? load of Mixture B was supplied
at a slump of 3.0 in. (75 mmj). The shotcrete temperature for
both mixtures was 76°F (24°C) and the ambient temperature
was around 72°F [22°C) at the ime of shooting.

Both Mixtures A and B ware highly cohasive and pumped
and shot well, without amy signe of fiber clumpsa or remnants
of the water-shrsddable bags being evidant during shot-
crate discharge, pumping, and shooting or in the as-shot
atructural walls. The shotcretes were pumped to the nozzle
where compressed air was added to pneumatically project
tha shoterate at high impacting welocity onto the receiving
surface, using the Reed C50 pump shown in Fig. 13

Structural Shoterete Walls Construction
Twe atructural shoterete walls, ons L-shaped and the other
afraight, were formed and shot. The L-shapad wall was
approximately 18 ft (4.9 m) long and & ft (1.5 m) high., The
straight wall was approsdmately 20 ft (8.1 mj long and 4 to
5 ft (1.2 to 1.5 m) high. Both walle wars 18 in. (450 mmj thick
and were reinforced with a double mat of No. 8 (No. 20M)
rednforcing bar. Figure 14 shows the L-shaped wall. The
walls were constructed as extensions to aggregate storage
binz in the Jos. J. Albanese yard and provided a good
opportunity to evaluats how the natural fiber-reinforced
shotorets behaved during shotorete appBcation, finkishing,
and subsequent field parformancs.

Both shoterate miktures were obaerved to be very cohe-
aive and the AC| Ceartifiead Nozzlaman doing the shooting
could bench shoot fstack) the structural shoterets to the
full height in both walls without any sagging, sloughing, or
fallout. The shotcrete was applied to just cover the outer
layar of reinforcing bar. A blow-pipe operator worked
alongeide the nozzleman, blowing out ary accumulations
of rebound and overspray from the areas about to recahe
shotcrete. A finish coat of the shotcrete was then applied
fram the top down, to build the walls out to thair full thick-
nees, Figure 15 shows banch-gun shooting the L-shaped
atructural wall.

Shooting wires had been installed to control line and
grade and the nozzleman shot the final layer to just cover the
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Fig. 15: Banch-gun shooting L-shaped wall

Fig. T6: Trimming shofcrate to shooting wires with cutting
scread frod)

shooting wires. Becauas of the very cohsaive characteratcs
of the natural fiber-reinforced shotcrate, the finlaher using
thia cutting screed (rod) could follow immediately bshind the
nozzieman {only a few fest away), cutting and trimming the
shotocrete to the shooting wires to control line and grade.
Figure 16 shows the finishar timming the shotorete to the
shooting wirea in the straight wall.

A finisher with a darby (long wood floaf) followad right
bahind the cutting scresd operator, closing and smoothing
the shoterete surface. Final finishing with wood hand ficats
was carred out to provide a stucco-like surface finish
appearance. No fibsrs wers found protruding in the finished
shotcrete surface. Figure 17 provides a view of the finished
faca of the straight wall. The nozzleman and finishers wera
impresasd with the enhanced productivity provided by
being able to bench shoot the walle to thelr full halght in
one pass and, after shooting of the layer, follow Immediately
behind the nozzleman with finishing operations, without any
problems of shotcrete sagging. sloughing, or fallout. The
finishera alao commanted on how easy it was to finish the
walle; the natural fiber appeared to act as a finishing aid for
the shoterats.
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Fig. 17: View of finished straight wal

Fig. 18: Stripped face of L-shaped wall is defect-free

Shotcrete Examination and Testing
A few dayes after shooting, the plywood forme wers strippad
from the back side of the aggregate bin walls and the atripped
faces of the aggregate bin walls were examined. The walls
wears ohesrved to be essantially defect-fres, with no significant
voids from incomplete consolidation, sags, tears, or shadows
behind the reinforcing bar. Figure 18 shows the stripped face
of the L-shaped wall. Also, examination of the structural
shoterets walle after several weeks of ssrvice showed no
evidence of plastic or restrained drying shrinkage cracking.
In addition to shooting the structural walls, the nozzleman
ghot a 2 ft x 2 ftx 4 in. (610 x 610 x 100 mm) teat panel with
Mixture A. The test panel was cured on site until shipment
to a teating laboratory in Vancouwver for testin g. Cores wera
axtracted for teating for compressive strength to ASTM G538,
and values of BA and VPV to ASTM C842 at an ags of
28 days. The average 28-day comprasaive strength was
4440 psi (30.7 MPa), which satisfied the specifisad minimum
compressive strength of 4000 psi 27.6 MPa) at 25 days
for this project. The average values for BA and VPV ware
7.6 mand 16.9%, respectively, which aatisfied the maximum
allowable valuss of 8% BA and 17% VPV.

Spring 2017 | Shotcreie 43




These values are higher than measured in the laboratory
study [refier to Table 4), but this is becauss the Fisld Evalua-
thon mixture had & gher wiom of 0,45, compared to a wiom
of 0.40 in the laboratory study mixures shown In Table 2.

SUMMARY

The comparative laboratory study and fisld evaluation

detailed in this paper has demonstrated that treated natural

hemp-based fiber has asveral beneficial attributes that
enhance the performance of wet-mix shotcrete with no
detrimental effects. These beneficlal attributes Includs

the following:

1. The treated natural hemp-based fiber ie hydrophylic
(absorbe water) and a= such ie compatible with portland
cament-based systema. In particular:

& Tha fiber i readily dispersible in wet-mix shotorets,
prowlding uniform distribution of the fiber during
mixing, pumping, and shooting, without fiber balling or
segregation.

b. Water absorbed by the fiber during batching and
mixing acts as an intemal curing aid because water is
available to the cemant paste during hydration, This s

bansficial in halping to mitigate sarly-age plastic and
drying shrinkage-induced cracking.

NForce-Fiber® for Performance &
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2. The natural fiber shotorete displayed a superior CRR in
the AETM C1570 plastic shrinkage cracking teat, com-
parad to the microsrithatic filbsrreinforced shotorete.

3. The natural fiber addifion produced a very cohesive wat-
mix shotcrets, sultable for pumping and shooting without
segregation or pump blockages.

4. The natural fiber shotorete displayed remarkable adhe-
gion characteriatics when applied to a vertical phywood
form, compared to the plain control shotcrete and shot-
crate with microsynthetic fiber. Unlike those two shot-
crates, conslderable effort was required to dislodge a
beshive of natural fiber shoterets from the plywood form.
Thiz has very positive implicationsa for shotcrete applica-
tions to wertical and overhead surfaces, where adherence
of fresh shotcrets to the substrate surface is an important
consideration (for axampla, in shoterete repair and res-
toration works and in tunneling, mining, and rock alope
stabilzation projects).

6. Bacause of the very adheaive and cohesive rheology of
the natural fiber mixturs, it was possible to bench shoot
[stack) 18 in. (450 mm) thick structural shotcrete walls to
haights up to 6 ft (1.8 m) in & single pass without sagging.
sloughing, or fallout. This provides opportunities for
accalemting the shoterete conastruction schedule,

6. The natural fiber shotorete displayed superior finishing
characteristica to the microsynthetic fiber-reinforced
shotcretes because fibers were not drawn to or exposed
on the surface by finishing operations. The finishers com-
mentad that the natural fiber appeared to act almost ke
a finlehing aid.

7. Because of the stable nature of the just-shot natural fiber
ahoterets (resistance to sagging, sloughing. and fallout),
finizhers could follow clossly behind the shotorete noz-
zleman. This provides opportunities for accelerating the
shotorete construction process,

B. Tests conducted on cores extracted from the hardenad
shoterets demonstrated that the natural fiber had no det-
rimental effects on properties of the hardened shotcrate,
such &= compressive strength, BA, and VPY (an indi-
cator of parmeability), or rapid chloride penetrability (an
indicator of resistancs to chloride lon intrugion). In fact,
tha natural fibar shotcrets displayed slightly highser valu es
of compreasive strength and lower values of BA and VPV
compared to the plain control shoterete or shotorete with
milcrosynthetic fibars.

8. Finally, bacause the natural fiber |2 produced from
custom-farmed hemp plants, it i= a eustainable green
product, with much reduced CO, emissions comparad to
microsynthatic fibers that are derived from hydrocarben
(il and gas) feadatock.

Basad on the studiss detalled in this paper, It is recom-
mended that the treated natural hemp-based fiber ba added
to wet-mix shotcrete at fiber addition rates as follows:

a. In favorable ambisnt environmental conditions with low
evaporation rates [cooler temparatures, high relative
humidity, and low wind speeds) and thus a low poten-
tial for early-age plastic and drying-shrinkage-induced

www, shotcreta.ong

cracking, use a fiber addition rate of approximataly
1.5 Ibdyd® (0.59 kgfm®.

b. In less-favorabls ambient ervironmental conditions with
hiigher svaporation rates fwarm temparatures, lowsr relative
hurmnidity, and higher wind speeds), with a higher potential
for early-age plastic and drying shrinlkage cracking, use a
fiber addition rate of approsimately 3.0 (bfyd? (1.78 kg,

¢ In severs ambisent emvironmental conditions (high tem-
peraturas and wind apesda and very low humidity) with a
conasaquent high potential for early-age plastic shrinkage
and drying-shrinkage-induced cracking, uss a fiber addi-
than rate of appraximataly 3.4 bAyd® (2.0 kgim®), or even
higher if necassary.

For each of erwirenmental conditions (a), (b), and ), good
shotorete protection and curing practices, as detailed in ACI

B0BR-16, “Guide to Shotorete,” should atill be implemanted.
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