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Freeze-Thaw Durability

0' s h 0‘0 rete by Dudley R. (Rusty) Morgan

This 14-year-old “Shotcrete Classic” was selected for reader interest. While the findings and recommendations of this study
still apply today, it should be noted that the practice of adding air-entraining admixtures to dry-mix shotcrete had not yet been
developed at the time this article was written. In severe freeze-thaw and deicing salt exposure environments, designers, suppliers,
and users are encouraged to add either dry-powdered air-entraining admixtures to preblended dry-bagged shotcretes, or liquid
air-entraining admixtures to the mix-water added at the nozzle, to enhance shotcrete durability. The article by Daniel Vezina on
“Development of Durable Dry-Mix Shotcrete in Quebec” published in ASA's Shotcrete, V. 3, No. 2, Spring 2001, pp. 18-20, gives

good guidance in this regard.

Reviews the results of numerous
laboratory investigations of the
durability of both dry and wet mix
shotcretes, looks at the main causes of
shotcrete failures and makes
recommendations for the production of
freeze-thaw durable shotcrete. Based on
the response to an ACI Committee 506,
Shotcrete Durability Subcommittee
Survey.

hotcrete has been used in

construction in North Amer-

ica for almost 80 years. Ini-

tially all shotcrete was ap-
plied by the dry mix shotcrete pro-
cess, where the majority of the mix
water is added at or near the nozzle
just before the shotcrete is pneu-
matically consolidated by impact on
the receiving surface.

In recent years, the advent of im-
proved pumping equipment and
shotcrete materials technology (such
as the use of superplasticizers and
silica fume) has resulted in in-
creased use of wet mix shotcrete. In
the wet mix shotcrete process all the
materials, including mix water, are
premixed, as if for conventional
concrete. The shotcrete is pumped
down a hose with high pressure air
being added at or near the nozzle to
convey and consolidate the shot-
crete by impact on the receiving
surface.

Shotcrete has often been used in
new construction or repair of dam-
aged or deteriorated structures in
applications such as:
® construction of canals, dikes,
creek stabilization and protection of
bridge abutments.
¢ construction of swimming pools,
reservoirs, ornamental rockscapes
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and watercourses in theme parks,
zoos, aquariums, golf courses and
other structures exposed to water.

¢ rock slope stabilization and soil
nailing.

e tunnel lining and support of un-
derground openings such as shafts,
adits, drifts and chambers in min-
ing applications.

¢ rehabilitation of deteriorated ma-
rine structures such as berth faces,
piles, jetties, sea walls, light sta-
tions and caissons.

* rehabilitation of deteriorated
locks, drydocks, and dams.

¢ repair of deteriorated bridges and
highway structures.

In many of the above applica-
tions, particularly in the northern
United States and Canada, the
shotcrete is subjected to frequent
cycles of freezing and thawing,
often in a saturated condition and
sometimes in the presence of ma-
rine salts or deicing salts.

For example, the exposure envi-
ronment in the intertidal zones of
marine structures on the Atlantic
coast of the northern U.S. and
maritime provinces of Canada rep-
resents some of the most aggressive
freeze-thaw conditions to which
concrete or shotcrete structures are
subjected. Similarly, shotcrete in the
locks and dikes on the river systems
and lakes of the northern U.S. and
Canada is often subjected to many
cycles of freezing and thawing in a
saturated condition.

ACI Shotcrete Committee

Survey

In 1985, ACI Committee 506, Shot-
crete, convened a subcommittee to
investigate shotcrete durability, with
a particular emphasis on the freeze-

thaw durability of shotcrete. Let-
ters were sent to a wide range of
owners, designers, specifiers, con-
tractors and users of shotcrete
structures soliciting:

® case history data on the perfor-
mance of aged shotcrete structures,
particularly those subjected to ag-
gressive exposure conditions.

¢ results of laboratory evaluations
of the freeze-thaw durability of wet
and dry mix shotcretes.

Organizations that responded
with case history and/or laboratory
test records included the U.S. Army
Corps of Engineers, North Pacific
Division and Waterways Experi-
ment Station; Construction Tech-
nology Laboratories, Skokie, Illi-
nois; British Columbia Hydro and
Power Authority; Port of Saint
John, New Brunswick; and a num-
ber of private consultants, contrac-
tors and owners in the U.S. and
Canada.

From a review of the case history
data provided, it is apparent that
the majority of applied shotcrete
has served its intended function
well. There are, however, examples
of less than adequate performance
in aggressive freeze-thaw exposure
conditions. This is true of both the
performance of shotcrete in the
field and the results of tests con-
ducted in the laboratory.

It is recognized that accelerated
freeze-thaw durability testing in the
laboratory does not necessarily ac-
curately represent the real exposure
environment in the field. The best
means of assessing shotcrete dura-
bility probably is to conduct de-
tailed investigation of aged shot-
crete structures in the field in var-
ious exposure environments.
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Table 1 — Sholcrete properties - Series |

{ 28-Day
compressive
__ siremgth Freeze-ibaw fesis 1o ASTM Cbé6 - medu_:f_.t_\_'__
Abaception | Expansion Change in | Pereent off |  cycles
Mixwo, | psel | MPa| {percent) | (percent) | mass {percent) | cwiginal £ | ot fuilure

| WS 4,330 | 9.2 6.7 0045 | - 32 % NF

W52 340 | 1n.a 7.1 0,116 = 21 64 W00

w51 30| 13,7 6.8 0,208 = 03 I8 25
| wss | 3780 26,1 B 0,270 —13.4 20 74
| w55 5,300 | 166 1.5 0,052 -6 | m 150
| we 9,40 | 548 740 0,07 -08 | = NF
| WiC-7 | 10,460 | 72.1 T4 0,120 + 0.6 36 50
| WC8 | 7440|513 g1 0171 +03 | a5 100
| WC-H | 9,330 | 643 64 0177 + 0.3 51 75
| DS-10 | 12,080 | &Y. 1.0 0,020 + 04 | 101 NF

DS-11 | 10,030 | 85,9 T4 0.0 - 0% | @ NF

D512 | 10,340 | 71.3 6b 0.0 + 0.3 107 NF
| D&13 | 8710 | 800 - 0.120 - 13 I 7% 150

D14 | 9480 | 654 7.3 0.1%7 +08 | 48 7%
| pe-is | e 419 7.8 .07 55 | = 150
| DC=I6 | 9,020 s2.9 7.5 0,033 -23 | 1% NF
| DC-17 | 9,390 | &, 1.6 0,028 - 04 | 106 NF

"Method modified: specimems fog cuned 14 dayn, air dried for 14 dipy sad waser waked for 1 daps prior (o

Iering
‘NF indicates no failere alter 390 freese/ | haw cvcles

While a number of case history
statements on the performance of
shotcrete in the field were submit-
ted in response to the ACI Commit-
tee 506 Shotcrete Durability Sub-
committee inquiry, most of the in-
formation submitted was limited to
visual assessment of the perfor-
mance of the various structures.
Cores were extracted from only a
few of the structures and additional
physical test data reported. The test
data, where available, has been in-
cluded in this report.

Because of the limited mix pro-
portion and physical test perfor-
mance data available concerning
aged field structures, this report
concentrates on the results of labo-
ratory investigations into the freeze-
thaw durability of shotcrete. A sep-
arate report that deals with the per-
formance of aged shotcrete struc-
tures in the field is planned for fu-
ture publication.

This article reviews the results of
laboratory investigations of the
freeze-thaw durability of shotcretes
and provides a synthesis report that
attempts to:
¢ define those aspects of shotcrete
that lead to less than adequate per-
formance in freeze-thaw exposure
environments.
¢ make recommendations for pro-
cedures for shotcrete mixture pro-
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portioning and application, which
will lead to the construction of
freeze-thaw durable shotcrete struc-
tures.

Study by A. Litvin and J.J.
Shideler

Perhaps the most systematic labo-
ratory study of the durability of
both wet and dry mix shotcretes is
the work that was carried out by A.
Litvin and J.J. Shideler at the Port-
land Cement Association in 1966.!
In this study, the physical proper-
ties of 16 different wet mix shot-
cretes and 22 different dry mix
shotcretes were evaluated.

Two series of tests were con-
ducted. In the Series I tests, shot-
crete contractors were asked to
shoot material typical of their nor-
mal practice and supply the perti-
nent mix data. The cement content
of the in-place shotcrete ranged
from 370 to 494 kg/m?® (623 to 832
Ib/yd®) for the wet mix shotcretes
and from 463 to 810 kg/m? (780 to
1,364 1b/yd?) for the dry mix shot-
cretes. The water/cement ratio of
both the dry and wet mix shotcretes
was in the range of 0.20 to 0.38,
with the exception of wet mix shot-
cretes containing asbestos fines,
where it was in the range of 0.50 to
0.75. Clearly the incorporation of 2
percent by mass of cement of asbes-

tos fines had a major influence on
water demand.

In the Series II tests, all the mixes
were shot in the Portland Cement
Association laboratory. The in-
place shotcrete cement contents in
this study ranged from 391 to 833
kg/m? (659 to 1,404 Ib/yd?®). The as-
batched proportions of cement to
aggregate for this range of mixes
was 1:6 to 1:3, respectively. Water-
cement ratios ranged from 0.22 to
0.44, with the exception of a single
mix containing asbestos fines, which
had a water-cement ratio of 0.55.

Specimens cut or cored from test
panels were evaluated for compres-
sive strength, flexural strength,
modulus of elasticity, dry unit
weight, and absorption. All shot-
cretes also were assessed for freeze-
thaw durability, using ASTM C666,
Procedure A (modified). The modi-
fication to the standard test proce-
dure was in the curing regime. The
specimens were fog cured for 14
days, followed by air drying at 20 C
(73 F) and 50 percent R.H. for 14
days, and soaking in water at 20 C
(73 F) for three days prior to being
subjected to freeze-thaw cycling.

Compressive strength at 28 days
and absorption data is given in Ta-
ble 1 for the Series I tests, together
with the freeze-thaw test data.
Freeze-thaw testing included mea-
surement of expansion, change in
mass, and dynamic modulus of
elasticity (E) of shotcrete prisms.
Also noted was the number of
freeze-thaw cycles at failure.

In this study five of the eight dry
mix shotcretes tested displayed ex-
cellent freeze-thaw durability, as in-
dicated by E values in excess of 100
percent of the original E value. The
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as-batched and in-place cement
contents and compressive strengths
tended to be lower in the three
mixes that displayed less than ade-
quate freeze-thaw durability (£ val-
ues at 150 cycles or less of less than
80 percent of the original E value).

In the wet mix shotcretes evalu-
ated in the Series I tests, only two
of the nine mixes tested displayed E
values of greater than 80 percent of
original E after 300 freeze-thaw
cycles (Table 2). It should, how-
ever, be noted that most of the
mixes that displayed less than ade-
quate freeze-thaw durability were
either not adequately air entrained
or had high water-cement ratios be-
cause of the incorporation of asbes-
tos fines. The two mixes that per-
formed well (WS-1 and WC-6), had
high plastic air contents (10.3 and
7.5 percent, respectively).

In the Series II tests, 13 of the 14
dry mix shotcretes tested displayed
excellent freeze-thaw durability.
Similarly six of the seven wet mix
shotcretes tested displayed excellent
freeze-thaw durability. All of the
wet mix shotcretes were air en-
trained (plastic air contents being in
the range of 4.3 to 12.5 percent).
The only wet mix shotcrete that
performed poorly was the mix con-
taining asbestos fines, which had a
high water-cement ratio of 0.55 and
a low compressive strength of only
21.2 MPa (3,070 psi).

Studies Reported by T.J.
Reading

In 1981, Reading? published a com-
prehensive report reviewing the
freeze-thaw durability of shotcrete.
He presented the results of system-
atic studies by the Corps of Engi-
neers, Missouri River Division, on
six different shotcrete mixtures
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Table 2 — Shotcrete properties - Series Il

H-dsy |
commprosgne
b | Proene-thaw tests o ASTM C66 - Procedure A®
Absorptica | Expansion | Chanpein | Porcomt of | cycles
Mix no pei | MPa | ipercemt) | dpercond) | mass (percent) | original £ | o failure
205-1 10,510 | T2.5 6.7 005 +0.5 (Eik} NF"
IDS-1A | 10470 | T2.2 74 0.8 +10.2 14 NF
IDS-2 10,560 | T2.7 6.8 0,028 +0.4 144 NF
INS-2A T.210 | 49.7 83 0038 - 1.7 - NF
2D5-JAE | 7,770 | 33.6 7.5 0022 00 106 NF
205-3 10,130 | &5.9 7.3 0,029 +0.1 143 NF
D514 5610 | 45,6 74 0073 =32 & NF
D54 §.550 | 59.0 7.0 0014 +0.4 1@ NF
D544 9950 | 646 74 0,036 -18 141 NF
10548 £330 | 57.1 B 0.047 -22 ([in] MNF
D53 13,950 | 892 6.4 0,034 0.4 103 NF
AD5-56 10,730 | T4.0 6.9 0056 = .5 iE 200
ans-7 E920 | &1.5 6.9 0,055 =13 1o MNF
D58 9250 | 67.8 7.0 0,057 —4.7 L NF
IWCA 9070 | 2.6 7.0 0,033 - 0.4 w5 MNF
IWC-A .860 | 1.1 6.6 0,052 +.1 L NF
IWCa §.600 | 593 6.4 0082 +0.3 - 1 NF
IWSE-2 747 | 54.3 7.3 07 +0.2 104 NF
IWS3 4600 | 31.7 74 0019 ~0.4 i NF
IWS4 5.080 | 354 13 LIl 04 10 NF
IW5E-4A o 2 11.6 0013 =1 b 100

Rlcibod modified: wpocimens (og coeed 1€ dar, air dried Tont 14 dayn ind waler sabed foe ) da priod o

nwag
*NF ndcants s Tadure afoer MO0 Treeses thaw cyclles

from four different projects. Five of
the shotcretes were applied by the
dry mix process and one by the wet
mix process. The hardened shot-
crete properties are summarized in
Table 3.

Using the Corps of Engineers
freeze-thaw durability rating fac-
tors, one of the dry mix shotcretes
had an excellent rating, one a fair
rating and four had a poor rating.

At the Corps of Engineers expo-
sure plot at Treat Island in Maine,
specimens are placed on racks in the
intertidal range where they are typi-
cally exposed to about 250 cycles of
freezing and thawing every two
years. For structures designed for a
100-year life, at least a 10-year
specimen life at Treat Island is usu-
ally desired, although as little as
seven years has been accepted where
better materials are not available.?

When evaluated against these cri-
teria, all of the shotcrete from the
tests reported by Reading per-
formed considerably better at Treat
Island than in the laboratory tests to
ASTM C666, Procedure A. Only
Panel C had a specimen life of less
than seven years at Treat Island.
Panels A-1 and A-2 had specimen
lives in excess of 10 years.

This proves that it is possible to
produce both dry and wet mix shot-
crete that will survive the highly ag-
gressive natural freezing and thaw-
ing conditions that prevail at Treat
Island. The ASTM C666 Procedure
A, rapid freezing and thawing to
300 cycles test, appears to be even
more severe than some of the harsh-
est freezing and thawing conditions
existing in nature. Hence the results
of this laboratory test should be in-
terpreted with caution.

Studies Reported by E.
Schrader and R. Kaden

This report on the durability of
shotcrete was published by ACI in
1987.% The authors brought to-
gether the results of shotcrete dura-
bility studies from some 13 differ-
ent U.S. Army Corps of Engineers’
projects. The studies included tests
on both dry and wet mix shotcretes.
The results of these studies are
summarized in Table 4 for dry mix
shotcrete, and Table 5 for wet mix
shotcrete. These test results present
a more pessimistic scenario regard-
ing the potential freeze-thaw dura-
bility of shotcrete than the infor-
mation presented in the Litvin and
Shideler study.!
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Table 3 — Studies reported by T.J. Reading, 1981,

28Dy |

compees- Adr.ovend |
sive tpacieg | Life
strengh ASTM Cedl Hardened | 3900 | nyeanigeny | al
i Boiled  |Permeabile|  air factor | Dura- [Trems
PFanel absorption | wvoids | content at 30 | bility | I
o, | pal [MPa| (percent) | {percemt) | (percent) | in. mm | cycles E mating | (¥rs.)
Al 70mf @ | 38 £9 5.0 .0.['.“'0.20‘ T |Excellent| 14
A2 [6,500| 49 6.5 58 60 | = |[=| > Fabr | 13
B1 [s3mf 37 | 70 94 46 (0020050 14 Poor | &%
B2 |5,30| 37 7. 9.5 63 joo2(oml s Poor | 7
C 5200 34 - - M | —-|—| 8 Fooc | 5
D (8100 & 4.2 5.7 64 0009023 34 Fair 9

For example, in the dry mix shot-
crete studies summarized in Table 4,
only four of the 20 mixes tested
were rated by Schrader and Kaden
as having excellent freeze-thaw du-
rability. Four of the mixes were
rated as fair, and one as poor-fair,
Of the mixes rated as excellent, two
were latex modified.

The other two mixes (Reading A-
1 and Spirit Lake 1) which pro-
duced excellent ratings displayed the
following beneficial physical prop-
erties:
¢ pood air contents in the hardened
shotcrete — 5.0 percent for both
mixes.

* excellent spacing factor — 0.08
mm (0.003 in.) for Reading A-1.

* high compressive strengths —
48.2 MPa (7,000 psi) at 28 days for
Reading A-1 and 86.0 MPa (12,480
psi) at 500 days for Spirit Lake 1.

Six of the dry mix shotcretes that
displayed poor freeze-thaw durabil-
ity had air contents in the range of
3.6 to 9.1 percent. The spacing fac-
tors ranged from 0.30 to 0.51 mm
(0.012 to 0.020 in.). This lack of a
suitable spacing factor in part ex-
plains the poor freeze-thaw durabil-
ity performance.

The other factor believed to be
important for dry mix shotcrete is
the compressive strength for the six
mixes mentioned above. The re-
corded compressive strengths
ranged form 35.9 to 36.6 MPa
(5,200 to 5,300 psi). By contrast, the
18 dry mix shotcretes tested by Lit-
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vin and Shideler that displayed ex-
cellent freeze-thaw durability had
compressive strengths in the range
of 45.6 to 89.2 MPa (6,610 to
12,930 psi), with most mixes having
strengths in excess of 60 MPa (8,700
psi). Thus it appears that strength
level plays an important role in the
freeze-thaw durability of dry mix
shotcretes.

The wet mix shotcrete studies re-
ported by Schrader and Kaden are
summarized in Table 5. Freeze-thaw
durability performance was gener-
ally better than that reported for
dry mix shotcretes, with seven of
the 19 mixes tested rated as display-
ing poor performance, six display-
ing fair-to-good performance, and
six showing excellent performance.

Only limited air voids parameters
test data was available, but two of
the mixes that had poor perfor-
mance were non air-entrained. The
mixes displaying fair-to-good and
excellent performances were air en-
trained, with air contents in the
hardened shotcrete being in the
range of 3.4 to 8.0 percent and
spacing factors in the range of 0.20
to 0.38 mm (0.008 to 0.015 in.).
Compressive strengths in these
mixes ranged from 31.7 to 55.9
MPa (4,600 to 8,100 psi).

However, high compressive
strength alone does not appear to
provide a guarantee of adequate
freeze-thaw durability in wet mix
shotcrete, as several mixes with
compressive strengths in the range
of 55 to 85 MPa (8,000 to 12,300

psi) performed poorly in freeze-
thaw testing, presumably because of
inadequate air void parameters.

Study by Morgan et al

In 1987, Morgan et al* published the
results of a detailed evaluation of
the performance of both wet and
dry mix shotcretes, made both with
and without additions of steel fiber
and silica fume. Steel fiber use has
increased in North America since
the early 1980s, and silica fume use
since the mid 1980s. This study was
conducted to evaluate the influence
of these additions on a variety of
plastic and hardened properties of
more recently developed types of
shotcrete. The results of the freeze-
thaw durability studies were pub-
lished separately in 1988.°

Tests were conducted according
to ASTM C666 Procedure A, rapid
freezing and thawing in water to
300 cycles. The tests followed the
ASTM procedure, except that the
dry mix shotcrete was allowed to
moist cure for 99 days and the wet
mix shotcrete for 56 days before
being subjected to freeze-thaw cy-
cling. The shotcrete mix propor-
tions used are summarized in Table
6 and properties of both the plastic
and hardened shotcrete are summa-
rized in Table 7. A 10 mm (3 in.)
maximum size aggregate, conform-
ing to the gradation requirements of
ACI 506R-85, Table 2.1 was used.

In these studies, the compressive
strength of the shotcretes was high
and the water-cement ratio low. The
compressive strength of the dry mix
shotcretes varied from 41.9 MPa
{6,080 psi) in the accelerated shot-
crete mix (9D} to 51.8 MPa (7,510
psi) in the silica fume shotcrete
{2D). The compressive strength of
the wet mix shotcretes ranged from
55.8 MPa (8,090 psi) for the plain
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mix (1W) to 65.7 MPa (9,530 psi)
for the silica fume mix 2W). All of
the shotcretes displayed durability
factors at 300 cycles in excess of 95
percent.

No attempt was made to entrain
air in the dry mix shotcrete. The wet
mix shotcrete, by contrast, was air-
entrained. The as-batched wet mix
shotcrete was air entrained to 8+ 1
percent before shooting. Plastic air
content was determined by two pro-
cedures:
® shotcrete was applied directly into
the base of an ASTM C231 air
pressure meter.
 shotcrete was applied to a vertical
wall, the shotcrete removed by
scoop and reconsolidated in an air
pressure meter base by rodding.

Both procedures were found to
produce very similar values for
plastic air content. Examination of
the data in Table 7 shows that, for
this study, approximately one-half
of the as-batched plastic air content
was lost in the pumping and shoot-
ing process. Measurements indi-
cated that generally less than 1.5
percent of the air content was lost
in the actual pumping process; the
remainder was lost in the shotcret-
ing process. The air content in the
hardened shotcrete was, however,
on the average about 1.5 percent
higher than that measured in the
plastic shotcrete.

Perhaps of more significance
than the air content alone, are the
other parameters of the air void
system, such as the spacing factor
and specific surface. The specific
surface values, with the exception of
Mix 9D, are in the range of 16 to 32
mm-~' (400 to 800 in." "), suggested
by Neville® as being indicative of
concrete with suitable air entrain-
ment for freeze-thaw durability.

There is remarkable correspond-
ence between the spacing factor in
both the wet and dry mix shot-
cretes. With the exception of the
plain wet mix (1W), these vary be-
tween 0.28 and 0.31 mm (0.011 and
0.012 in.). These values are in ex-
cess of the maximum of 0.20 mm
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Table 4 — Freeze-thaw durability data for dry mix shotcrete

Whay | Her | Airveid Dhirs- |
compienidve | demed | apacing hility
strength ait | fsctor |Freeze| Miam |factor| Dura
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Bonneville® 5.540 |3R.2 - - — | M 40 — | Excellent
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(0.008 in.) suggested by ACI Com-
mittee 201 and CSA/CAN3-A23.1-
M77 as being required for freeze-
thaw durable concrete. However, if
the data is evaluated against the
suggestions of Pigeon et al’ for a
critical spacing factor (/ crit), for
freeze-thaw durable high strength,
silica fume concrete, then the shot-
cretes would be indicated as being
durable. This is consistent with the
results of the freeze-thaw durability
study of ASTM C666 Procedure A
to 300 cycles.

The quality of the hardened shot-
crete was excellent in all test panels,
with no indications of sand lenses,
excessive voids, laminations or
other defects. On completion of
freeze-thaw cycling, test specimens
were observed to still be in excellent
condition, with no significant scal-
ing or suface deterioration; saw cut
edges were still sharp.

It is possible to produce freeze-
thaw durable wet and dry process
shotcretes, made with and without
additions of steel fiber, accelerators
and silica fume, provided that:

* the shotcrete is properly propor-
tioned, using freeze-thaw durable
aggregates.

e the shotcrete is properly batched,
mixed, supplied, and applied (free

of excessive voids, dry patches, sand
lenses, laminations, etc.).

¢ the water-cement ratio is kept
sufficiently low (preferably less than
0.40). This in turn should generally
result in compressive strengths of 50
MPa (7,250 psi) or better in non-ac-
celerated shotcretes.

e for wet mix shotcretes, adequate
air entrainment must be provided;
this will generally require as-batched
air contents of 8 to 10 percent, or
possibly even higher, to produce
satisfactory parameters of the air
voids system in the hardened wet
mix shotcrete.

Study by Gilbride et al

Marine structures in the Saint John
Harbour, New Brunswick, Canada
are exposed to some of the world’s
highest tidal ranges and tempera-
tures, which in the winter can drop
to —30 C (— 13 F). The tidal range
varies up to 8.5 m (28 ft.) and be-
tween 200 and 300 freeze-thaw
cycles can be experienced by con-
crete in the intertidal zone in a sin-
gle year. This is an even more ag-
gressive freeze-thaw environment
than that experienced at Treat Is-
land in Maine, and has resulted in
pronounced deterioration of the
concrete berth faces.
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Table 5 — Freeze-thaw durability data for wet mix sholcrete

! 1Day | Har | Abrvold | Drura
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The Port of Saint John was faced
with rehabilitation of these deterio-
rated, 60-year old concrete berth
faces in the intertidal zone in this
extremely aggressive freeze-thaw
environment. After studying var-
ious remedial alternatives, the Port
of Saint John Authority elected to
carry out the works with its own
forces, using ready-mix supplied,
wet mix, steel fiber reinforced, air
entrained, silica fume shotcrete.

Extensive preconstruction testing
was conducted to assess the ability
of local ready mix concrete sup-
pliers to provide a suitable freeze-
thaw durable shotcrete. Details of
the study are given in the paper by
Gilbride et al.® Preconstruction
freeze-thaw durability tests on these
shotcretes produced durability fac-
tors which ranged from 95 percent
to in excess of 100 percent after 300
cycles of freezing and thawing when
tested to ASTM C666 Procedure A.

During construction, routine
quality control tests were conducted
to assess:

* air content of the shotcrete at the
point of discharge from the ready
mix concrete truck.

® air content as shot into an air
pressure meter base.
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e parameters of the air voids sys-
tem in cores extracted from the in-
place shotcrete (measurements in-
cluded air content, specific surface
and spacing factor).

Results from routine quality con-
trol tests conducted on shotcrete
that was applied in 1986 and 1987
are summarized in Table 8. Results
of compressive strength tests con-
ducted on cylinders made from
shotcrete sampled at the point of
discharge from the transit mixer,
and on cores extracted from test
panels are also given in Table 8.
Compressive strength at 28 days of
the as-batched shotcrete varied be-
tween 41.0 to 52.3 MPa (5,950 to
7,580 psi).

By contrast the strength of cores
from in-place shotcrete at 28 days
varied from 52.9 to 66.2 MPa
(7,670 to 9,600 psi). The higher in-
place strengths are attributed pri-
marily to the lower air content of
the in-place shotcrete compared to
the as-batched shotcrete. Shotcrete
was delivered at air contents in the
range of about 9 to 11 percent, to
produce in-place air contents of
about 5 to 7 percent.

Air contents in cores extracted
from the hardened in-place shot-
crete varied from 3.7 to 8.3 per-

cent. Of more significance with re-
spect to the freeze-thaw durability
of the shotcrete was the observation
that the spacing factors were gener-
ally quite low, being in the range of
0.16 to 0.26 mm (0.006 to 0.010
in.). Specific surface values, with
one exception, were in the range of
22.3 to 34.2 mm~' (570 to 870
in.~"), well within the range of 16 to
32 mm™' (400 to 800 in.™ '), as sug-
gested by Neville® as being required
for durable concrete.

The shotcrete placed in 1986 has
now been exposed to about 700
cycles of freezing and thawing, and
field observations appear to sup-
port the results of the laboratory
freeze-thaw durability studies.
When examined in July 1988, there
were no indications of distress from
freeze-thaw cycling in any of the
shotcrete applied to the berth faces
in the Port of Saint John in 1986 or
1987. The performance of this shot-
crete will continue to be monitored
with time as this same system is
planned for continuing use in reha-
bilitation of the berth faces for
many years.

Mechanisms of Shotcrete
Failures

A review of case history data sub-
mitted in response to the ACI Com-
mittee 506 Shotcrete Durability
Subcommittee inquiry indicates that
most so-called shotcrete failures in
external exposure environments do
not involve failure of the material
itself, but are most often associated
with peeling off of sound shotcrete
from the substrate to which it was
applied. The causes of such failures
are many and varied, but include
factors such as:

¢ inadequate preparation of the
substrate surface such as dust and
microfractured aggregates on
chipped concrete surfaces, and clay
and dirt on rock surfaces.

e application of a relatively thin
layer of shotcrete to non-durable
base concrete. The concrete contin-
ues to deteriorate behind the shot-
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crete layer from causes such as
freeze-thaw cycling or alkali aggre-
gate reactivity, and the shotcrete
simply peels off, unless adequately
reinforced and anchored with deep
anchors.

e failure to provide adequate
drainage and pressure relief in ap-
plications where substantial water
pressures can build up behind the
shotcrete lining.

* failure to adequately prepare the
face of the existing shotcrete layer
by removal of accumulated over-
spray and/or rebound prior to ap-
plication of the next layer. This re-
quirement is particularly important
for latex modified shotcrete. Water
penetrating such a bond plane can
severely degrade the bond strength
of latex modified shotcrete. In ad-
dition, in freezing conditions, ice
formation can jack the shotcrete off
the substrate.

Schrader and Kaden,® and Mc-
Donald® have all cautioned against
the application of relatively im-
permeable shotcrete to structures
where the coating can cause a build-
up of either vapor or water pressure
in the base concrete. Under such
circumstances, the shotcrete coating
can enhance saturation of the base
concrete. If the shotcrete thickness
is insufficient to prevent frost pene-
tration to the base concrete, then
resurfacing with shotcrete can ac-
tually accelerate deterioration of the
structure. In such failures the shot-
crete is usually well bonded to the
base concrete. The failure actually
occurs in behind the bond plane in
the base concrete.

Table 6 — Wet and dry mix shotcrete proportions
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Recommendations

The recommendations that follow
are based on a review of the shot-
crete mix proportioning and labo-
ratory physical performance test
data presented in this report. It is
possible to produce freeze-thaw du-
rable wet and dry process shotcretes
in the field, provided the following
guidelines are adhered to:

1. The use of aggregates that are
susceptible to frost attack should be
avoided. If marginal aggregates
have to be used in any given appli-
cation, then the use of smaller
Maximum Size Aggregates (MSA) is
advisable. For example 20 mm (%
in.) MSA shotcrete with marginal
aggregate is more susceptible to
freeze-thaw induced deterioration
than 10 or 5§ mm (34 in. or No. 4)
MSA shotcrete.

2. The quality of shotcrete work-
manship is crucial, particularly for
the dry mix shotcrete process. The
inplace shotcrete must be free of
excessive voids of incomplete con-
solidation, laminations, sand lenses,
dry spots, entrapped overspray and
rebound, subsidence or sloughing
tears, or any other defects that lead
to excess capillary porosity. Only
experienced nozzlemen should be

Table 7 — Wet and dry mix shotcrete properties
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used, who display the ability to
consistently produce homogeneous,
well-consolidated shotcrete of cor-
rect consistency.

3. In proportioning shotcrete
mixtures for use in applications
where the shotcrete will be sub-
jected to critical saturation at the
time of freezing and thawing (such
as in locks, dry docks, marine
structures, and some dams, canals
and dikes in the northern U.S. and
Canada) the following general
guidelines prevail:

¢ the shotcrete should have an ade-
quate cement content; lean shot-
crete mixtures are often not dura-
ble. Minimum cement content in the
as-batched shotcrete should be at
least 350 kg/m?® (590 Ibs./yd%), and
preferably exceed 400 kg/m? (675
Ibs/yd>.

o the shotcrete should have a suffi-
ciently low water-cement ratio; at
least below 0.45 and preferably be-
low 0.40. In wet mix shotcretes, this
may require the use of water-reduc-
ing and/or high range water reduc-
ing admixtures if excessive total ce-
ment contents are to be avoided.

® in wet mix shotcretes, proper air
entrainment is considered essential;
as much as one-half of the as-
batched plastic air content can be
lost in the shotcrete application
process. Thus it will often be neces-
sary to batch wet mix shotcrete at
air contents in the range of 8 to 12
percent (depending on maximum
aggregate size) if the in-place shot-
crete is to have adequate parame-
ters of the air-void system.

4. If the above shotcrete propor-
tioning and application guidelines
are followed, then the in-place
shotcrete for use in aggressive
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Table 8 — Properties of steel fiber reinforced wet mix silica

fume shotcrete
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freeze-thaw exposure conditions will
generally display compressive
strengths in excess of 50 MPa (7,250
psi) at 28 days on cores extracted
from the in-place shotcrete. How-
ever, high compressive strength does
not in itself guarantee adequate
freeze-thaw durability. While high
compressive strength (and low wa-
ter-cement ratio) help, parameters
of the air voids system must be ad-
equate.

5. Solid evidence indicates that a
spacing factor [ greater than the
maximum limit of 0.20 mm (0.008
in.) recommended by ACI Commit-
tee 201 and the CSA Committee
A23.1 for freeze-thaw durable con-
crete, can be permitted for high
quality dry and wet mix shotcretes.
At water-cement ratios of 0.40 or
less, a spacing factor / of as much
as 0.30 mm (0.012 in.) can provide
adequate freeze-thaw durability. If
the water-cement ratio is in the
range of 0.40 to 0.50, then / should
be a maximum of about 0.25 mm
(0.010 in.). For water-cement ratios
greater than 0.50, the generally rec-
ommended maximum limit for / of
0.20 mm (0.008 in.) should prevail.

6. It is often difficult to obtain
spacing factors as low as 0.20 mm
(0.008 in.) in wet mix shotcrete and
even more difficult in dry mix shot-
crete. By corollary it is difficult to
ensure that shotcrete will be freeze-
thaw durable in aggressive exposure
environments if specifications per-
mit the supply of only 25 or 30 MPa
(3,600 or 4,350 psi) shotcrete.

7. Preconstruction testing should
be conducted on any project where
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the shotcrete is to be subjected to
cycles of freezing and thawing in a
saturated condition. Such testing
should be conducted with the actual
materials, equipment and crew pro-
posed for use on the project. The
preconstruction testing should aim
to prove to the satisfaction of the
owner or his representative that:

¢ the shotcrete materials, equip-
ment and crew are capable of pro-
ducing sound shotcrete free of ex-
cessive defects.

e the water-cement ratio and com-
pressive strength are adequate.

® the air-void content and parame-
ters of the air-void system are ade-
quate.

8. If there is any doubt as to the
adequacy of the quality of the in-
place shotcrete, then freeze-thaw
durability testing to either ASTM
C671 or ASTM C666 Procedure A,
should be conducted. If the ASTM
C666 Procedure A is used, then the
severity of the test should be recog-
nized in interpreting the test results.
To this end, the Corps of Engineers
suggested rating system may be ap-
propriate, rather than a more strin-
gent acceptance criterion.
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