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Performance Improvement and Durability Evaluation of Shotcrete
for Permanent Tunnel Support

Sang-Pil Lee, Jong-Hyun Ryu, Sang-Don Lee, Seokwon Jeon and Chung-In Lee

Abstract Recently, many efforts have been made to construct the first unlined tunnel, without in-situ concrete lining,
in Korea. However, the lack of reliability in the performance of shotcrete as permanent tunnel support prevented
from its realization. Shotcrete has been regarded to have significant problems in field application and long term
performance because of unsatisfactory strength level and durability compared to those of European countries. In
this study, the high strength shotcrete satisfying compressive strength over 40 MPa and flexural strength over 4.5
MPa was developed from optimized mix design. The type of accelerators and the amount of silica fume were selected
as the main factors in mixing process and the analyses were carried out up to the elapsed time of 2 years. In
order to evaluate the short term durability of shotcrete, an array of laboratory test consisting of freeze-thaw,
carbonation, chloride penetration and permeability test was performed. For long-term durability tests, specimens have
been put in an operated highway tunnel to expose them to the similar environment when they are actually used
as an unlined tunnel support. From the strength and durability tests, it was found that only alkali-free based
accelerator satisfied the target strength of this study and also, the developed shotcrete showed very high performance
in its durability.

Key words unlined tunnel, permanent funnel support, high strength shotcrete, durability of shotcrete, accelerator,
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Table 1. Typical unlined underground structures in the world
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Name | Comiry | Usge | Yearof | Lemen | O | EOES | SRR
completion (km) area (mz) (cm) shotcrete (MPa)
Subway Line B{ Argentina Subway 2002 0.5 382 60 16.7
WMgich‘jlnsm Australia Mine Cot:i?r(tilirtion 60 25 75 4.1
Hall Stadt Austria Road 1966 1.1~1.2 24 15 28.4~67.7
BC rail Canada Railway 1983 0.6 47 10 39.2
Lo Prado II Chile Road 2001 2.8 - 15~30 Over 29.4
Praha Czech Subway 1998 0.1 41~61 45 Over 19.6
Taino Japan Railway 2000 0.4 - 7 36.3
Y-2 Korea Storage cavern 1999 1.6 343 5~14 19.6
Freifjord Norway [Road (subsea) 1992 5.1 65 6.5~14 45
Laerdal Norway Road 2001 24.5 48 6~15 40
Disentiser Switzerland Railway 1999 03 36.9~85.1 30~45 33.7~46.4
Sodra Sweden Road 1998 16.6 - 6~9 Over 39.2
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Table 2. Overview of flexural toughness tests for different types of specimen
Beam Square panel Round determinate panel
' 150mm(Korea) E:]ImOmm [ 1§ 75mm
v 75mm(EFNARC)
o] -
150mm(Korea)
125mm(EFNARC)
Dimensions 600mm
7 800mm
550mm(Korea)
600mm(EFNARC) 600mm 5
Max. deflection (mm) 3 (length/ 150) 25 40
Max. deflection rate (mm/min) 0.3 1.5 10
. . Square plate Hemisphere plate
Loading geometry Line load (100100 mm) (100 mm)
Boundary condition Both ends simple supported 4 sides supported 3 point supported
Low level of crack width High level of crack width High level of crack width
Characteristics 1D shear bending 2D bending 2D bending
Offset of crack location Support variation Determinate support
. ASTM. JSCE, EFNARC, .
Regulations Korea Highway Corp, EFNARC (Europe) RTA (Australia)
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Fig. 1. Load-displacement curve of perfect elastic material
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Table 3. Performance evaluation of steel fiber reinforced shotcrete by different countries (after Korea highway corporation,

2001)

United States
(ASTM, ACD)

Japan
(JSCE)

European Standard
(EFNARC)

International Tunnelling
Association (ITA)

Specimen size

- Beam: 100x100x350 mm

or 150x150x550 mm

+ Beam: 100x100x350 mm
or 150x150x550 mm

+ Beam: 75x125x600 mm
« Panel: 600%600x100 mm

+ Beam: 100x100x350 mm

or 150x150x550 mm

Manufacturing
and testing

4 point loading test with

test specimen from
shotcreting on inclined
panel

Same

Same

Same

Design
flexural strength

Over 5.5, 7.0, 9.0 MPa

Divide compressive and

flexural strength to 6 level
(38, 42, 44, 46, 48, 50 MPa)

- Flexural toughness index

« Determine 4 level
(1,2,3,4) of residual

Toughness index (I)

(equivalent flexural strength of deflection and R
strength) of 0.5, 1, 2, 4 mm
. + Define minimum  from . Lo Lo Rioso
Toughness index . Deflection Level
standard deflection based .
on design flexural (mm) 1 2 3 4} Marginal
Is Lo strength I <4 <12 <40
Performance 0.5 1.5 25 35 45
I 27 54 Design  Flexural 1 1.3 23 33 43| - Fair
o 36 7.2 q | toush 2 10 20 30 400 I 4 12 40
m 45 90 exura’ - toughness 4 05 15 25 35
IV 54 108 strength  index . Good
5.5 MPa 3.5 MPad|4} . kI))etermine ai)b, c grade m 6 18 60
y energy absorption
T R 3 ek | ability (5001, 7003, | - Excelent
) ’ 1000J) to 25 mm IV 8 24 80
deflection in panel
- Toughness index is - Standard deflection is - Initial crack deflection
reference only 1/150 of length of (8:): less than 0.1 mm
Remarks - Initial crack deflection | specimen: 2 mm when ) « Deflection in Ij: about

(8)): less than 0.1 mm

- Deflection in 1j: about

0.55 mm

length is 30 cm

1.55 mm




CEERCEL0) 271

3. 1ds £321E Jdn B | WH Hs

=

31 s 232 E He

s £TTEL 2 Uele] B4} B8 7289
2ol et 1 7)ol T 4+ QAR Y hTAEE
X 718 h7Ae] Feslofof Btk £av|=g 47
gold o 7ol HYE oRisha Gl =2gol
ot EZHNPRAYE FAL02 7] A2 Hde) &
shElE 2AIg0T ol vleko 19881 o] 33
BE H'9S EENARCOIA A8 ZE=5E(Table 4)°]
A C452 7)oz A|F8k Itk Davik, 1996). wekA
£ aFolE s 2R A5 712S C50o
3lo] =7 40 MPa, B % 4.5 MPa oA 2 A 9)
sheick

32 MM HE W A

320 W43 4 WigdA

APHsEE HHER 39, 924EF 37t
), TIR(EA E= E3AQ FF, A7), 2
2 F/AME/ZA ] Wi (E/AMER], deAHE
F 2% F22A HUAE AL Fol A
L, & Aol SHie 48 2 a7 Ane 245t
of A7) 5L 7okiA & Wege SEA SR
APRE oEe AAstalch

Table 4. Strength classes for shotcrete
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Strength standard C30 C3s C40 C45 C50 Cs5 C60
Cube 30 35 40 45 50 55 60
Compressive -
strength (MPa) Cylinder 24 28 32 36 40 44 48
Core 20.5 24 27 30.5 34 375 41
Flexural strength (MPa) 34 - - 4.2 - 4.6 -

Table 5. Shotcrete mixing specification at design

Test | Sump :Zt/l(é ag;i:;ate .Welght (kef/m®)

no. | (cm) (%) | ratio (%) Water | Cement a;:g(::rgs:te aggrl:gate Steel fiber |Silica fume plzsistli)ce{z-er Accelerator
1 |12+3] 431 65 207 480 566 1008 40 0 (0%) | 4.8 (1%) | AF (8%)
2 112431 431 65 207 480 566 1008 40 0 {(0%) | 4.8 (1%) | AL (5%)
5 [12+3| 43.1 65 207 480 566 1008 40 0 (0%) | 4.8 (1%) | SL (10%)
3 [12+3( 43.1 65 207 461 564 1004 40 19 (4%) |5.76 (1.2%)| AF (8%)
4 112+£3] 43.1 65 207 446 562 1000 40 34 (7%) 6.72 (1.4%)| AF (8%)
6 [12+3] 431 65 207 432 560 997 40 48 (10%) |7.68 (1.6%)| AF (8%)

AF: Alkali-free, AL: Aluminate, SL: Silicate
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Table 6. Overview of test specimens

B g7 ARAZAY £3E D4R 9 WA Bl

B
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ol 28 Fol, A 3 o] RH 7Y, 28¢, 37,
6704, 1@ a28ja1 237x]9] 2] o A7 =] et
AdE AABHAT

24 Rl wWE AR dFEEE AP a7t
A, B7=e A 2897 AAS e A7k A
7tk T AlolMe YETE % =S 44 A
% 2\7kA] AT Alzisidan dgsde] digk |
AP A 28U 7|2 S 2xe] A=

5 wol7] Y8l FLE 2200M 6705 1 22 Al
g3, ) ® HAEAE AR UeR|e BEAE £
A Al AHgs3lck SiotgdE & 7foll= EFNARC] 2
A3t plain FAIH2 B RE 8] FEALAST 0.85
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Silica | Accel-|steel (E](;i)l:)g Pouring | Spraying | Pouring ((Il];t(t);n)g Spraying | Pouring | Spraying | Pouring Manu(;r"afmring
fume | erator | fiber| Cylinder |Cylinder| Beam Beam Beam | Square | Square | Round | Round (Teset‘ io)
Aging | Aging |Aging| Pin| Aging| Pin | Aging 28D 28D 28D 28D )
PL 18(3 21 - 18 | 2 - - 3 3
40 &) 10/15
AF 42(7) - 12 | 2 - 30(15) 6 - 6 - a
Sum 60(10) 21 14 20 30(15) 6 3 6 3 )
PL - 21 - 18 | 2 - - - - -
. 40 10/17
0% | AL 42(7) - 12 2] - | -]6® - - - - @
Sum 42(7) 21 14 20 6(3) - - - -
PL - 21 - - 6 2 - - - - -
4
SL 0 42(7) - 12 | 2 - 6(3) - - - - 1(();?2
Sum 42(7) 21 14 8 6(3) - - -
PL 42(7) 42 - 36 | 2 - - 3 - 3
4% | AF 40 42(7) - 12 | 2 - - 130(15) 6 - 6 - 1(();;9
Sum 84(14) 42 14 38 30(15) 6 3 6 3
PL 18(3) 42 - -1 36 | 2 - - 3 - 3
40
7% | AF 42(7) - 12 | 2 - 30(15) 6 - 6 - 1(()51
Sum 60(10) 42 14 38 30(15) 6 3 6 3
PL 18(3) 42 - 36 | 2 - - 3 - 3
40 2
10% | AF 42(7) - 12 | 2 - - 130(15) 6 - 6 - 1(()2)3
Sum 60(10) 42 14 38 30(15) 6 3 6 3
348(58) | 189 84 162 132(66) 24 12 24 12
Total sum 987
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(c) Spraying (d) Pouring

Fig. 2. Preparation of test specimens

(c) EFNARC panel test

Fig. 3. Various types of shotcrete test (continue)
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(d) RTA panel test

Fig. 3. Various types of shotcrete test
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Table 7. Compressive strength of shotcrete with different
types of accelerators

ceelera- | Averaged compressive strength (MPa)
tor
Aging Plain | Alkali-free | Aluminate |Silicate
3 days 24.1 235 18.6 15.7
7 days 36.3 32.1 255 18.8
28 days 49.8 43.7 322 20.8
3 months 52.9 49.2 41.6 22.9
6 months 54.8 51.0 40.4 20.8
I year 51.8 47.1 38.8 21.0
3 Plain —ae A thatli-free —o— Aluminate —a— Silicate
60
2 50
g
g 4
T
4
5 2 '/o/"’\
£
’0
“ 1
o
0 60 120 180 240 300 360

Age {(Day)

Fig. 4. Compressive strength of shotcrete with different
types of accelerators and aging time

Table 8. Flexural strength of shotcrete with different types
of accelerator

Averaged flexural strength (MPa)
Aging
Plain Alkali-free | Aluminate | Silicate
7 days 4.8 5.7 53 33
28 days 5.7 5.1 6.1 44

dhat WSt Folg ATs B Bast Atk
= BAgol BesE 2azse) &
7] A} W) A, delkgol v Hrbe
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different types of accelerator
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Fig. 6. Compressive strength of shotcrete with different
silica fume amounts and aging time

Table 9. Compressive strength of shotcrete with different silica fume amounts

Averaged compressive strength

Aging Accelerator Silica fume 0% Silica fume 4% Silica fume 7% Silica fume 10%
Strength Strength Ratio Strength Ratio Strength Ratio
(MPa) (MPa) (%) (MPa) %) (MPa) ()
3 Plain 241 27.0 12.0 28.4 17.6 214 -11.2
days Alkali-free 23.5 25.0 6.3 26.5 12.8 23.0 2.1
7 Plain 36.3 38.0 5.6 384 5.7 33.6 74
days Alkali-free 32.1 382 19.0 35.1 9.3 29.8 -7.2
28 Plain 49.8 554 11.2 52.5 54 50.7 1.8
days Alkali-free 437 50.8 16.2 49.0 12.1 43.1 -1.4
3 Plain 52.9 57.6 8.9 58.2 10.0 56.7 7.2
months Alkali-free 49.2 56.3 14.4 54.4 10.6 53.6 8.9
6 Plain 54.8 57.0 4.0 60.0 9.4 58.7 7.1
months Alkali-free 51.0 53.5 49 54.1 6.1 45.8 -10.2
1 Plain 51.8 49.5 -4.4 59.8 15.4 42.8 -17.3
year Alkali-free 47.1 48.5 3.0 51.6 9.6 43.9 -6.8

2 Plain - - - - - - -
years Alkali-free 41.1 43.5 24 43.6 6.1 439 6.8

Ratio means compressive strength ratio compared to that at silica fume 0%
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Fig. 7. Flexural strength of shotcrete with different silica

fume amounts and aging time

Table 10. Flexural strength of shotcrete with different silica fume amounts

Averaged flexural strength

Aging Silica fume 0% Silica fume 4% Silica fume 7% Silica fume 10%
Strength Strength Ratio Strength Ratio Strength Ratio

(MPa) (MPa) (%) (MPa) (%) (MPa) (%)

7 days 5.70 4.73 -17.0 4.70 -17.5 4.80 -15.8
28 days 5.05 5.30 5.0 5.23 3.6 5.06 0.2
3 months 5.08 5.44 7.1 5.65 11.2 5.15 14
6 months 5.31 5.48 32 5.87 10.5 5.38 1.3
1 year 5.60 5.60 0.0 5.90 5.4 6.00 7.1
2 years 6.05 5.97 -1.3 6.26 3.5 6.12 12

Ratio means flexural strength ratio compared to that at silica fume 0%

Table 11. Flexural strength of shotcrete at elapsed time of 28 days

Silica fu Accelerator Averaged Averaged equivalent Equivalent flexural
thea fume cee flexural strength (MPa) | flexural strength (MPa) strength ratio (%)
Plain 5.7 4.1 71.9
Alkali-free 5.1 3.7 72.5
0% -
Aluminate 6.1 4.6 75.4
Silicate 4.4 3.6 81.8
Plain 5.8 4.6 79.3
4%
Alkali-free 53 34 64.2
Plain 5.4 42 77.8
7% -
Alkali-free 5.2 4.0 76.9
Plain 6.8 5.7 83.8
10%
Alkali-free 5.1 4.3 843
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Table 12. Results of EFNARC panel test at elapsed time of 28 days

Silica f Accelerator First peak Absorption Toughness Coefficient of
ume ce load (tonf) energy (J) class variation (%)
Plain 8.2 1026.9 c 11.2
0%
Alkali-free 7.6 925.6 b 8.0
Plain 8.0 1120.5 c 10.8
4%
Alkali-free 8.1 870.7 b 17.7
Plain 79 787.5 b 18.1
7%
Alkali-free 6.9 811.2 b 10.1
Plain 9.1 1249.8 c 11.5
10%
Alkali-free 7.7 10144 c 116
Table 13. Results of RTA panel test at elapsed time of 28 days
. First peak Absorption Coefficient of
1
Silica fume Accelerator load (tonf) energy (J) variation (%)
Plain 4.1 4294 8.1
0%
Alkali-free 37 299.4 10.7
Plain 4.7 418.3 5.4
4%
Alkali-free 4.2 282.9 8.2
Plain 49 287.5 35
7%
Alkali-free 44 295.6 93
Plain 4.6 441.7 10.9
10%
Alkali-free 3.2 283.2 1.7
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Fig. 19. Specimens for field exposure test in tunnel
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