Durability of

rvMix WShtcrete

Dry-mix shotcrete specimens sawed
from field-shot panels were tested for
freeze-thaw durability, resistance to
chloride-ion penetration, compressive
strength, characteristics of their air-void
systems, and absorption. Results
showed that characteristics of the air-
void systems, relatively high
compressive strength, and low
permeability resulted in freeze-thaw
resistance in a fresh water environment
comparable to that of properly air-
entrained concrete. However, for salt
water exposure in a freeze-thaw
environment, dry-mix shotcrete made
with portland cement may require
treatment with sealers or coatings, or
greater cover of shotcrete may he
necessary to protect embedded steel
reinforcement.

reeze-thaw durability of dry-
mix shotcrete has been a sub-
ject of much controversy in
recent years. Even among
engineers knowledgeable in shot-
crete construction, judgment of du-
rability varies. Litvin and Shideler'
reported excellent durability, except
for specimens indicative of poor
gunning practice, which visually ex-
hibited layering or sand lenses.

Reading? reported on a user sur-
vey and on a number of laboratory
and field studies. While the results
varied, durability generally was
considered good. Some instances of
poor durability were explained by
poor control or application tech-
niques, or by poor bond to sub-
strate. Some failures were not satis-
factorily explained.

Some engineers contend, based
on the supposition that air cannot
be entrained in dry-mix shotcrete,
that dry-mix shotcrete is not dura-
ble. Others' have made linear trav-
erse measurements and found air
voids similar in size and spacing to
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those in air-entrained concrete.
Some investigators believe that this
type of air-void system together
with low water-cement ratio, high
strength, and low permeability of
high quality dry-mix shotcrete ac-
count for good durability.

To develop additional data on
durability of dry-mix shotcrete, the
Portland Cement Association spon-
sored the laboratory investigation
reported here.

Objective and scope

The purpose of the study was to
evaluate the durability of dry-mix
shotcrete. Shotcrete test panels were
obtained from three contractors (A,
B, and C) known for quality work-
manship. Specimens were sawn
from two of the panels (Contrac-
tors A and B) to test freeze-thaw
durability in fresh and salt water,
parameters of the air-void system,
chloride-ion permeability, compres-
sive strength, specific gravity, ab-
sorption, and volume of permeable
voids.

The third panel was fabricated by
Contractor C and tested as part of
an earlier program. Specimens sawn
from the third panel were tested two
years prior to testing specimens
from the other two panels. Speci-
mens from the third panel were
tested for freeze-thaw durability in
fresh water, parameters of the air-
void system, and compressive
strength.

Findings
Based on laboratory tests con-
ducted in this investigation, the fol-
lowing findings are presented.

1. Freeze-thaw durability after
300 cycles in fresh water was com-

parable to that of high quality, air-
entrained concrete.

In salt water tests, length change
and relative dynamic moduli of
elasticity were satisfactory. How-
ever, specimen weight loss was rela-
tively high and indicates potential
for problems in actual field use.
Thus, for salt water exposure in a
freeze-thaw environment dry-mix
shotcrete made with portland ce-
ment may require treatment with
sealers or coatings, or additional
cover of shotcrete may be necessary
to protect embedded steel reinforce-
ment.

2. Air-void systems were variable
in the shotcrete panels studied. Two
panels were found to possess air-
void distributions similar to those of
properly air-entrained concretes
while the other did not. Total vol-
ume of air in the shotcrete panels
was lower than that for properly
air-entrained concrete.

3. Chloride-ion permeability,
when tested according to 90-day
chloride ponding tests, indicated
permeability of the shotcrete was
very low. Chloride-ion content was
determined from powder samples
obtained by drilling to a depth of
between 1 to 1% in. (25 to 38 mm)
below the specimen surface.

4. The 28-day compressive
strength of cubes from all panels
tested ranged from 7340 to 11,400
psi (50.6 to 78.6 MPa).

5. The mean specific gravity, ab-
sorption, and volume of permeable
void space of specimens from the
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Table 1 — Results of freeze and thawing

tests after 300 cycles*

Fresh water testing

Relative dynamic modulus

Table 2 — Air-void characteristics of
hardened dry-mix shotcrete*

Sl E"‘g‘;::ﬁ“’ Wc‘gz:c‘;'r‘é‘.“ge' of c:;zg;i"' Air Specific surface, | Voids per
D p p content, | Spacing factor, in./in., linear

A 0.010 -3.7 104.4 Panel | percent in. (mm) (mm?*/mm?*) in. (mm)

B 0.003 -0.8 100.7 A 3.6 0.011 (0.28) 482 (19) 4.4 (0.17)

C ' +0.8 100.0 B 3.0 0.008 (0.20) 687 (27) 5.1 (0.20)

‘Salt water testing C 3.8 0.008 (0.20) 683 (27) 6.6 (0.26)

Relative dynamic modulus

Expansion, | Weight change, of elasticity, 1.

Panel percent percent' percent 2.
A 0.020 —27.6 114.1
B i —8.8 97.0

shown represent the mean for six specimens tested.
¢4 * denotes weight eain; *“ — ' denotes weight loss.
"Gage pins loosened during testing.

*Test conducted in accordance with ASTM C 666-84, *‘Standard Test
Method for Resistance of Concrete to Rapid Freezing and Thawing.’’ Data

posure.

Generally accepted criteria for properly air-entrained concrete?

Spacing factor less than 0.008 in. (0.20 mm).

Specific surface greater than 600 in.*/in.* (23.6 mm?/mm?).

3. Recommended number of voids per linear inch, 1% to 2 times
greater than the numerical value of the air content when using
the English system of units.

4, An air content ranging from 4% to 7' percent for severe ex-

*Test conducted in accordance with ASTM C 457-82, “*Standard Practice
to Microscopical Determination of Air-Void and the Parameters of the Air-
Void System in Hardened Content.””

two panels tested were 2.49, 5.5
percent, and 12.0 percent, respec-
tively.

Fabrication and curing of
test panels

Materials used by the three con-
tractors who submitted dry-mix
shotcrete test panels followed these
guidelines:

Dry-mix shotcrete proportions
(by volume) — 1:3.5 Cement:Sand;
portland cement — Type I; water —
potable; fine aggregate grading —
ASTM C 33-85.

Double-chamber gun equipment
was used to fabricate all panels,
which were shot into vertically po-
sitioned 36 x 36 x 3 in. (914 x 914 x
76 mm) plywood forms. All panels
were screeded and floated to a flat
finish after shotcreting was com-
pleted,

Initial curing consisted of cover-
ing the panels with wet burlap for
24 hours. Panels were to be covered
with polyethylene during shipment
to the laboratory; however, panels
from Contractor B were received
uncovered. General appearance of
all panels was very good. Shipping
time varied; panels were received at
the laboratory from five to 11 days
after shotcreting. All participants
reported using experienced shot-
crete crews to fabricate the test
panels.

Laboratory test program

The following tests were conducted
to determine properties of the dry-
mix shotcrete.

® To determine resistance to freez-
ing and thawing, tests were con-
ducted on 3 x 3 x 11.25 in. (76 x 76
X 286 mm) sawn prisms obtained
from panels. The test procedure
conducted was in accordance with
ASTM C 666-84, ‘“‘Standard Test
Method for Resistance of Concrete
to Rapid Freezing and Thawing”’
Procedure A.

Prior to testing, prisms were
stored in laboratory airat 73 + 3 F
(23 £ 1.7 C) and 50 *+ 5 percent
relative humidity for 14 days. Spec-
imens from all panels were tested in
fresh water. In addition, specimens
from two of the panels were tested
in a 4 percent NaCl (sodium chlo-
ride) solution.
¢ To determine the air-void param-
eters, tests were conducted on sawn
slabs in accordance with ASTM C
457-82a, ‘‘Standard Practice for
Microscopical Determination of
Air-Void Content and Parameters
of the Air-Void System in Hard-
ened Concrete.”’
¢ To determine resistance to chlo-
ride-ion penetration, testing was
performed on specimens from two
of the panels in accordance with
AASHTO T 259, ““Method of Test
for Resistance of Concrete to Chlo-

ride Ion Penetration.”” Curing for
this test consisted of 14 days at 100
percent relative humidity and 73 +
3F (23 £ 1.7 ), then 28 days of
drying at the same temperature and
50 + 5 percent relative humidity.

The 12 in. (305 mm) square by 3
in. (76 mm) thick specimens were
ponded with a 3 percent NaCl solu-
tion for 90 days, then air dried for
28 days. Powder samples were ob-
tained from the test slabs by drill-
ing to a depth of between 1 and 1%
in. (25 and 38 mm) below the panel
surface. This depth was selected as
being representative of the location
of embedded reinforcement.

e Compressive strength determina-
tions were made on 3-in. (76-mm)
cubes sawed from each of the
panels. The cubes were moist cured
at 73 + 3 F (23 + 1.7 C) and 100
percent relative humidity until they
were tested at 7 and 28 days. Speci-
mens from one panel (Contractor
C) could not be tested at 7 days due
to the shipping time involved.

¢ Specific gravity, absorption, and
permeable pore space (voids) were
measured on specimens from two of
the panels in accordance with
ASTM C 642-82, ‘“Standard Test
Method for Specific Gravity, Ab-
sorption, and Voids in Hardened
Concrete.”” The specimens were
moist cured at 73 = 3 F (23 = 1.7
C) and 100 percent relative humid-
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Table 3 — Results of 90-day chloride-ion

ponding*

Percent chloride by weight of sample at a depth

of 1 to 1'2 in. (25 to 38 mm)

Panel Control After ponding Difference
A <0.007 <0.007 0.00
B < 0.007 <0.007 0.00

*Test conducted in accordance with AASHTO T-259-801, “*Method
of Test for Resistance of Concrete to Chloride Ion Penetration.”’

Table 4 — Dry-mix shotcrete cube
compressive strength

Table 5 — Specific gravity, absorption,
and voids*

Compressive strength, psi (MPa)* Abs;orptior] Volume of
Panel 7 day 28 day Appa‘re:nt after immersion permeable
specific and boiling, pore space,
A 6290 (43.4) 7,340 (50.6) Panel gravity percent percent
B 6110 (42.1) 8,590 (59.2) A 2.50 6.3 13.6
C ! 11,400 (78.6) B 2.48 4.8 10.5
*Mean of three specimens. *Tests conducted in accordance with ASTM C 642-82, “‘Standard Test
"Early-age compressive strength not determined due to late Method for Specific Gravity, Absorption and Voids in Hardened
specimen shipment. Concrete.” Test results represent mean of two samples.

ity until they were tested at approx-
imately 6 months.

Discussion of test results
Resistance to freezing and
thawing

Table 1 presents results of freezing-
thawing tests after 300 cycles. Tests
conducted in fresh water indicated
excellent relative dynamic moduli of
elasticity with minimal expansions
and relatively low weight losses.
Freeze-thaw tests in salt water also
indicated excellent relative dynamic
moduli of elasticity. However,
weight losses were high, ranging
from approximately 9 to 28 per-
cent. These results suggest no inter-
nal disruption, but exposed sur-
faces were severely deteriorated.
These results indicate that dry-
mix shotcrete exposed to salt water
and subjected to freezing and thaw-
ing may be susceptible to excessive
surface deterioration. Thus, for salt
water exposure in freeze-thaw envi-
ronments, dry-mix shotcrete may
require treatment with sealers or
coatings, or greater cover of shot-
crete (extra thickness) may be nec-
essary to maintain sufficient shot-
crete cross section and cover over
embedded reinforcement.

Air-void system

Examination of linear traverse re-
sults, shown in Table 2, revealed
variations in the air-void systems.

Two of the shotcrete panels exhib-
ited air-void systems with charac-
teristics similar to those of properly
air-entrained concrete, except for
total air content values. All dry-mix
shotcrete specimens tested had less
than 4 percent air content. Panel A,
which had a very coarse air-void
system, had a slightly higher rela-
tive dynamic modulus of elasticity
than the other specimens, but a
substantially greater weight loss, es-
pecially in salt water.

Eliminating slight differences in
equipment and materials, it appears
reasonable that the major differ-
ence in air-void systems is the result
of differences in application tech-
niques and moisture contents of the
mixes.

Resistance to chloride-ion
penetration

Resistance to chloride-ion penetra-
tion was determined using the 90-
day chloride ponding method. Af-
ter the ponding period there was no
increase in chloride content at a
depth between 1 and 1} in. (25 to
38 mm) below the specimen surface
when compared to the unponded
control specimen, as shown in Ta-
ble 3.

Compressive strength
development

Mean cube compressive strengths
for the three panels are shown in

Table 4. All three mixes had rela-
tively high compressive strengths.
Shotcretes B and C had the greatest
strengths and also had the lowest
weight losses in the freeze-thaw
tests.

Specific gravity, absorption,
and voids

Specific gravity, percent absorp-
tion, and volume of permeable pore
space data are shown in Table 5.
Absorptions ranged from 4.8 to 6.3
percent. Generally, absorptions in
the 5 to 6 percent range are consid-
ered low. The low absorption val-
ues appear to be consistent with the
relatively high specific gravities
(2.48 to 2.50) and the low chloride
penetrations observed in the pond-
ing tests. The volume of permeable
pore space ranged from 10.5 to 13.6
percent, which is considered low
and is consistent with chloride pen-
etration and absorption values ob-
tained in this study.

Summary

The tests described here indicated
that properly placed dry-mix shot-
crete possessed high compressive
strength and good resistance to
freezing and thawing in fresh wa-
ter. However, freezing and thawing
in salt water resulted in high mea-
sured weight losses. Ponding tests
indicatéd that dry-mix shotcrete was
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continued

relatively impermeable to chloride-
ion penetration, which indicates the
shotcrete can protect reinforcing
steel against corrosion.

In summary, dry-mix shotcrete
made using sound materials, in the
proper proportions, and applied by
an experienced shotcrete crew, can
provide a high-strength durable
shotcrete.
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