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Abstract

This study have been researched on the shaft resistance behavior of drilled-in steel
tubular pile in rock. Also, t-z curve which is a load-displacement relation on pile
shaft was suggested by compressive strength and mixing ratio of filling materials.
The behavior was not covered by the current design standards, in case of
constructing drilled-in steel tubular pile in rock, it is expected to be useful for the
more accurate evaluation of shaft resistance and for the more economic design.

Mechanism of shaft resistance is expected to be determined by the smallest among
the shear strength of the rock, the filling material themselves, between the rock and
the filling material, or the strength between the pile and the filling material.
Therefore, it has been carried about quantitative assessments on the expected failure
modes by indoor testing.

Among the volcanic rocks, those in Jeju have irregularly distributed pores which
are  generated during the formation process, and their effects on physical and
mechanical characteristics were assessed and correlation was performed through indoor
tests. Also, the change of the compressive strength was confirmed by the material
test according to the composition of fine aggregate and water/cement ratio.

The shear strength between the filling material and the rock is evaluated according
to the compressive strength of the filling material and the presence of pores in rock.
Rock without pores was affected by the compressive strength of the filling material,
but in the rock with largely distributed pores, it showed similar values regardless of
the compressive strength of filling material.

The shaft resistance behaviors between drilled-in pile and filling material were
tested according to the mixing ratio of filling material. As a result, it was
advantageous to use mortars rather than cement paste. If mortar is used, bearing

capacity decreased with increasing water/cement ratio, and the bearing capacity

- Xii -



increased with increasing fine aggregate, but decreased at a certain value or higher.
As a result of examining the failure mode of the pile shaft based on the previous
test data, the shaft resistance was occurred between the filling material and the steel
tubular pile because the shear strength between the steel tubular pile and the filling
material was the lowest and the support arca was the smallest. Based on the shaft
resistance behavior between steel tubular pile and filling material, shaft resistance
model was proposed, and the results of the validation were generally well simulated.
By applying the proposed model, the numerical analysis of pullout behavior of the
drilled-in steel tubular pile in rock was carried out. As a result, the characteristics of
behavior depending on the diameter, thickness, and embedded depth of the pile is

analyzed.
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(b) Aewol

Fig. 2.1 Geologic map of the study area (KIGAM)
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Table 2.1 Test specimens

Pore size Jocheon Aewol
Small
Sangga-S (SS)
Medium -
Large
Bukchon-L (BL) Eoeum-L (EL)
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S G859 th Table 2.2% 383k A

W4o] e}

453w, A8

2 EAS Feldty] s AU E=AY(KS E 3033, ASTM D 7012), 9137
S=AIE(KS E 3032)= FdstHon, 4S5AEAGA SHd e IWIES S
slo] FolH| 9} A ASF(ASTM D 7012)E AArsldtt. &35S =93 al
3 A EEAFUKSRM, 201009 ‘o] FHE W UE 2 BEADWE
wel A Pt 22 olg W A4S Agstel gstar. 1et 9
FEAAHAA AN st FIYHAAIZE o] 800Pa ©]ste] X EdEjol A gt
Table 2.2 Test types and parameters
Number of specimen
Type of test Test method Condlt.lon Jocheon | Aewol Total Remarks
of specimen (ea)
BS |[BM|BL | SS | EL
Uniaxial compressive KS E 3033 Dry®) |5 1551515 50
strength test (C) Wet(W) | 5|5|5]5]|5
Tensile strength test KS E 3032 DryD) |5 135]5 1515 50
(D) Wet(W) | 5|5|5]5]5
Elastic modulus ASTM D Doy®) |5 |5]35 15153 50
(£,) 012 wetw) | 5]5]515]5
Specimens
poissons atiq | ASTM D | YD) |5 1515510 for
olsson’s ratio 7012 >0 compressive
Wet(W) 151355153 strength test
Dry(D) | 5|5|5|5]|5
Elastic wave test AS;;XSD 50
Wet(W) | S| 5]|5]5]5
Specific gravity /| g £ 5518 | Dry (D) |20]20(20 20|20 | 100 | Specimens
Absorption for
b ] KSRM compressive /
orosity tensile
(Caliper / Buoyancy) Sta&iﬁi d];eSt Dry (D) | 20201202020 100 strength test
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Table 2.3 Summary of results for compressive strength test

Bulk Ab Effective porosity | Dried Flasti Poi ElasticWave

Speimen . oo %) Unit | UCS* | ™0 | "9 | Velocity(misec)
D Specific | -ption Weight | (MPa) Modulus | -on's
Gravity | (%) [Buoyancy| Caliper g3 (MPa) | Ratio | P-wave | S-wave
(KN/m’)

1 | 2591 1.94 5.01 5.01 | 25367 | 61.41 | 11,372 | 0.15 | 3,451 | 1,803
2 | 2579 | 2.03 5.24 5.23 | 25.255| 59.04 | 16,677 | 0.13 | 3,896 | 2,014
BS-CD| 3 | 2.600 1.96 5.11 5.10 | 25431 | 77.45 | 11,410 | 0.14 | 3,547 | 1,818
4 | 2.591 2.02 5.23 521 |25336 | 69.87 | 14,575 | 0.15 | 3,905 | 2,021
5| 2584 1.97 5.10 5.09 |25.298 | 59.20 | 16,130 | 0.14 | 3,455 | 1,825
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Bulk Absor Effectivi porosity | Dried Blastic | Poiss Elas.ticWave

Sp(;ill)nen Specific | -ption 9 “I/i Ilnth ¢ (UN([:PS; Modulus | -on's Velocity(m/sec)
Gravity | (%) [Buoyancy| Caliper (kN/ign3) (MPa) | Ratio | P-wave | S-wave

1| 2627 | 1.72 | 4.52 448 | 25527 | 96.09 | 15,625 | 0.15 | 4,253 | 2,225

2 | 2.624 | 1.71 4.47 447 |25.660 | 115.58 | 16,506 | 0.11 | 4,532 | 2,319
BM-CD| 3 | 2.617 1.81 4.73 4.68 | 25418 | 83.02 | 21,916 | 0.12 | 4,427 | 2,307
4 | 2.637 1.76 | 4.65 4.63 | 25.753 | 57.84 | 34,263 | 0.20 | 3,780 | 1,976

5| 2.623 1.85 4.85 4.80 |25433 | 60.60 | 22,921 | 0.16 | 4,324 | 2,211

1| 2321 | 3.04 | 7.06 6.70 | 21.570 | 28.89 | 8270 | 0.22 | 3,258 | 1,703

2 | 2380 | 2.62 6.23 6.00 | 22.460 | 37.85 | 13,765 | 0.22 | 3,326 | 1,716

BL-CD| 3 | 2381 | 2.56 | 6.09 590 |22.609 | 38.10 | 19,741 | 0.24 | 3,284 | 1,690
4 | 2390 | 2.38 5.68 5.47 | 22563 | 4324 | 32,415 | 0.20 | 3,755 | 1,963

5| 2448 | 231 5.64 546 |23.208 | 73.17 | 25,693 | 0.18 | 4,258 | 2,206

1| 2744 | 1.11 3.05 3.02 | 26.596 | 94.7 19,771 | 0.16 | 3,514 | 1,902

2 | 2729 | 1.23 3.35 334 |26.630 | 915 | 23,160 | 0.17 | 3,750 | 1,693

SS-CD| 3 | 2770 | 1.07 | 2.95 293 26986 | 957 | 29,191 | 0.21 | 4,253 | 2,223
4 | 2730 | 1.23 3.36 335 |26.626 | 89.8 | 25,937 | 0.18 | 3,775 | 1,936

5| 2.693 1.40 | 3.78 3.76 | 26232 | 746 | 21,288 | 0.18 | 3,904 | 2,008

1 | 2379 | 2.58 6.15 575 |21.811 | 23.0 8,425 | 0.21 | 3,255 | 1,613

2 | 2295 | 2.73 6.26 6.00 | 21.547 | 39.2 15,060 | 0.22 | 3,906 | 2,013

EL-CD| 3 | 2222 | 2.56 5.69 542 |20.728 | 29.7 | 22,417 | 0.20 | 3,455 | 1,852
4 | 2263 | 2.19 | 4.96 472 | 21117 | 29.7 11,610 | 0.23 | 3,523 | 2,134

5] 2282 | 249 5.68 542 | 21309 | 26.5 14,188 | 0.21 | 3,529 | 1,945

1| 2598 | 2.04 5.31 527 | 25277 | 6192 | 11,296 | 0.12 | 3,215 | 1,662

2 | 2.604 | 1.98 5.15 5.15 | 25.537 | 53.05 | 14,162 | 0.14 | 3,229 | 1,696

BS-CW| 3 | 2580 | 2.12 5.48 5.45 | 25.158 | 50.81 | 19,755 | 0.16 | 3,144 | 1,637
4 | 2,601 | 2.11 5.50 542 | 25112 | 5898 | 14,389 | 0.16 | 3,304 | 1,698

5] 2.606 | 2.12 5.51 538 | 24912 | 4551 | 10,437 | 0.18 | 3,014 | 1,593

1| 2.630 | 2.01 5.30 524 | 25512 | 5398 | 11,444 | 0.15 | 3,684 | 2,014

2 | 2.635 | 2.01 5.31 520 | 25307 | 47.84 | 12,393 | 0.12 | 3,269 | 1,701
BM-CW| 3 | 2,619 | 1.92 5.03 499 | 25485 | 46.70 | 9,999 | 0.15 | 3,176 | 1,625
4 | 2.625 1.90 5.00 493 |25370 | 5537 | 12,516 | 0.14 | 3,336 | 1,689

5| 2.631 1.98 5.21 515 | 25478 | 30.17 | 9,609 | 0.11 | 3,205 | 1,632
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Bulk Absor Effective porosity | Dried Blastic | Poiss Elas.ticWave
Spe;ill)nen Specific | -ption 9 “I/i 111;11 ¢ (UN([:PS; Modulus | -on's Velocity(misec)
Gravity | (%) [Buoyancy| Caliper (kN/m’) (MPa) | Ratio | P-wave | S-wave
1 | 2385 | 2.82 | 6.72 6.47 | 22.517 | 3547 | 9,011 | 0.19 | 3,089 | 1,612
2 | 2415 | 299 | 7.23 6.96 |22.776 | 5030 | 13,161 | 0.17 | 3,247 | 1,690
BM-CW| 3 | 2403 | 2.70 | 6.48 5.62 |20.437 | 3438 | 12,657 | 0.21 | 3,011 | 1,574
4 | 2441 | 2.68 | 6.54 5.67 |20.754 | 31.63 | 6,682 | 0.24 | 3,004 | 1,532
5] 2361 | 3.11 7.35 6.29 | 19.803 | 31.82 | 13,192 | 0.18 | 3,103 | 1,613
1| 2761 1.13 3.13 3.12 | 26948 | 80.4 | 27,094 | 0.19 | 3,142 | 1,634
2 | 2765 1.07 | 2.97 295 126961 | 86.6 | 24,222 | 0.20 | 3,584 | 1,985
SS-CW | 3 | 2756 | 1.12 | 3.08 3.04 | 26.694 | 89.4 17,164 | 0.12 | 3,682 | 2,021
4 | 2721 1.31 3.56 3.54 | 26506 | 839 | 25,073 | 0.17 | 3,326 | 1,798
5| 2.775 1.09 | 3.01 299 126936 | 804 | 21,610 | 0.17 | 3,408 | 1,816
1 | 2296 | 2.86 | 6.56 6.21 |21.279| 23.0 9,040 | 0.20 | 3,282 | 1,793
2 | 2312 | 2.62 | 6.05 580 |21.712 | 243 10,003 | 0.20 | 3,620 | 1,984
EL-CW| 3 | 2274 | 232 | 527 493 120829 | 17.1 9,617 | 0.26 | 3,484 | 1,876
4 | 2240 | 2.53 5.66 543 |21.051 | 25.6 9,968 | 0.25 | 3,328 | 1,763
5| 2240 | 241 5.40 5.13 |20.839 | 19.0 9,619 | 0.25 | 3,680 | 2,015
* Uniaxial compressive strength
Table 2.4 Summary of results for tensile strength test
Spe;li)men Bulgrf‘[])ii;iﬁc Absg;stion Effective pomsity-(%) Dr‘i;(:igg?it él‘ ;::f:;l
Buoyancy Caliper (KN/m’) (MPa)
1 2.594 2.42 6.27 6.20 25.154 4.60
2 2.586 2.34 6.06 6.02 25.189 2.80
BS-TD 3 2.604 2.30 5.99 5.89 25.115 5.66
4 2.609 243 6.33 6.18 24.955 6.88
5 2.620 2.35 6.15 6.03 25.204 4.08
1 2.655 1.93 5.13 5.05 25.619 3.52
2 2.650 2.20 5.83 5.79 25.760 3.73
BM-TD 3 2.659 1.84 4.90 4.83 25.668 3.52
4 2.650 1.89 5.00 4.82 25.025 4.44
5 2.635 1.93 5.08 5.00 25.450 3.61
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Spe;]i)men Bulk Specific Absorption Effective porosity (%) Dr‘i:;zliglljl?it él‘ t::l::teh
Gravity (%) Buoyancy Caliper (KN/m’) (MPa)
1 2.313 4.13 9.54 8.23 19.543 4.24
2 2.504 2.52 6.30 5.94 23.127 4.07
BL-TD 3 2.463 2.47 6.09 5.75 22.785 4.17
4 2.439 2.41 5.88 5.51 22.372 4.28
5 2.334 4.23 9.87 8.75 20.271 3.95
1 2.705 1.20% 3.26% 3.20% 26.042 8.10
2 2.752 0.91% 2.51% 2.46% 26.450 5.62
SS-TD 3 2.763 1.00% 2.77% 2.75% 26.930 6.99
4 2.729 1.13% 3.08% 2.99% 25.966 4.89
5 2.663 1.24% 3.31% 3.26% 25.703 5.24
1 2.406 2.45% 5.89% 5.50% 22.033 5.71
2 2.331 2.25% 5.24% 4.25% 18.523 5.27
EL-TD 3 2.321 2.27% 5.27% 5.10% 21.992 7.11
4 2.490 1.87% 4.65% 4.00% 20.973 4.53
5 2.505 1.79% 4.49% 3.67% 20.070 3.85
1 2.617 2.00 5.25 5.14 25.145 4.58
2 2.610 2.12 5.53 5.45 25.198 3.18
BS-TW 3 2.607 2.14 5.59 5.51 25.198 3.58
4 2.592 2.10 5.43 5.31 24.845 5.50
5 2.612 2.37 6.20 6.09 25.142 4.77
1 2.633 1.84 4.84 4.73 25.260 3.65
2 2.621 1.97 5.16 5.11 25.408 3.56
BM-TW 3 2.647 1.97 5.22 5.12 25.423 6.11
4 2.620 1.66 4.36 4.38 25.802 3.61
5 2.641 1.85 4.88 4.86 25.784 6.03
1 2.457 2.67 6.56 6.28 23.052 5.10
2 2.402 2.79 6.71 6.32 22.167 3.24
BM-TW 3 2.429 2.68 6.51 6.15 22.478 3.60
4 2.473 2.45 6.05 5.78 23.150 5.84
5 2.280 3.69 8.41 7.50 19.917 3.66
1 2.756 1.06% 2.93% 2.92% 26.952 5.64
2 2.799 0.94% 2.63% 2.57% 26.818 7.16
SS-TW 3 2.753 1.03% 2.84% 2.86% 27.183 5.39
4 2.711 1.27% 3.45% 3.43% 26.437 4.54
5 2.701 1.23% 3.32% 3.33% 26.485 4.87
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Table 3.1 Various W/C ratio for bored pile

Water / cement ratio (%) remark
Code requirements for structural 83100
foundation design (2015)
Korea National Housing 83 Normal soil
Corporation (2008) 50 Soft clay, loose sand
LH Specification (2012) 83
Korea Expressway Corporation 60~70
the pile point : 19.6~29.4 MPa (200~300 kg/cm?)
Japan (2002)
the skin of pile : 0.49~1.37 MPa (5~14 kg/cm?)
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E/AMEN S} FFAH S HIA AT EAHENE TFEE7] 2 A7 F(KGS,
2015)0ll A A Al Bk= 83~100%S] 9 RE ofuE} 1 o] 4dI o]t Ao 5AE
AES7] 98te] 60~120%% 20%37+4 o2 AAeAt. FZAu = 7)FolA A
Algh AR EEI FzA7E g REEr2e] 54 A5 HESH] 918k 0~60%
o] HE 20% HA SR 4709 WEE ARt webs /A HEH] o ZhE A
H S wststo] wiekek 16709 Alolzel s AFst o™ ©]E Table 3.200 A
Zlatga, AEA WL Figd.lel Aed A go] B/AWMENE W, 60~120%2]

Ay

=]

HBAdS Fael =2 FASAT ZF AR AgAE FESH] 95te] mhx 9t
of HEE HolA FE3IAT. AA A= Fig. 3.200 Uebd Ax} o] 3 e 4
°]7} 50 mmSl YHA=E A std o, AE 3, 7, 14, 28U 7} ®FHE 5744
A Zsto]l F 320709 Al@ A st FFAEARS TStk

32 AIEX =

AFA AZA] ARES Sl DAl A Al £3E BEEEHEANE(Type)E At

Table 3.2 Test parameter

Sand / (Sand+Cement) 0% 20 % 40 % 60 %

Weight ratio
Water / Cement 60% 80% 100% 120%

WO085207-3 > number
1« |->Age

S : Sand/(Sand+Cement) ratio
0:0% 2:20%
4:40% 6:60%

W : Water/Cement ratio
06 : 60% 08 : 80%
10:100% 12 :120%

Fig. 3.1 Specimen 1.D. Fig. 3.2 Test specimens
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Fig. 3.3 Particle size distribution curve of sand

Table 3.3 Physical properties of sand

Specific gravity (Gs) 2.64
Unit weight (KN/m") 15.78
Coefficient of uniformity, C, 1.78
Grain size
Coefficient of curvature, C, 0.77
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o, KSitAoA AAE ol whel AFAZE 20-30% ool R HEF
HS AP, AR A R FFS A eI A olEE
sy Wz, Fuy R7IGeIA A dlo]E 2 A(SDL-610R)E Al-&3le] 3
st o™, Fig. 347 A gl A5 et AldA A% ZEs yebd Bloth
4 NEHI L 24
rtujd e FHIAR o R ALREY] QT AWMEE 3 REEE] o954
545 437 fste] AE, EAINEN], =A wigelE geste] dE59S
ANAE st on, Table 349 22 ZIE AAT} Table 340+ 7t W4
ST, AEd ASAE, 28Y Axo did A FEv], 289 AR A9
SAATE A sk
Table 3.4 Summary of test results
specimen 10|00 LGN | iew f?{/f)% atro
3 11.55 61.6
Wo650 T T RV R T
28 18.74 - 1610.0
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. Unit weight Age UCS Fal fas E
S LD.
pecumen (kN/m?) (day) (MPa) (%) (MPa)
3 19.07 54.3
7 20.87 59.4
WO06S2 19.11
14 30.09 85.6
28 35.15 = 2850.5
20.37 57.1
7 21.48 60.3
W06S4 20.48
14 28.37 79.6
28 35.65 - 3035.5
3 19.27 60.3
7 20.36 63.7
W06S6 20.89
14 26.98 84.4
28 31.96 = 3465.9
9.18 433
7 13.15 62.0
WO08S0 16.11
14 17.00 80.2
28 21.20 - 1365.7
9.38 37.1
7 14.99 59.3
W08S2 16.94
14 18.05 71.4
28 25.28 = 1816.3
9.71 35.7
7 16.07 59.1
WO08S4 18.59
14 19.89 73.1
28 27.21 - 2374.8
8.08 40.5
12.49 62.6
W08S6 19.58
14 15.06 75.5
28 19.96 = 1983.7
5.69 40.8
8.96 64.2
W10S0 14.33
14 12.78 91.5
28 13.96 - 929.8
6.81 352
10.56 54.5
W10S2 15.46
14 14.61 75.4
28 19.37 = 1491.6
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. Unit weight Age UCS Fal fas E
S LD.
pecimen (kN/m®) (day) (MPa) (%) (MPa)
3 6.06 37.5
7 9.97 61.7
W10S4 16.76
14 12.62 78.1
28 16.15 - 1577.3
3 5.35 45.1
7 7.57 63.8
W10S6 17.71
14 9.17 77.3
28 11.86 = 1274.2
3 3.64 28.5
7 6.81 53.3
W1250 13.13
14 11.52 90.2
28 12.77 - 656.7
3 4.55 42.8
7 5.69 53.6
W1282 14.45
14 9.06 85.3
28 10.62 = 749.1
3 3.39 247
7 6.24 45.4
W1254 14.84
14 9.48 68.9
28 13.75 - 1106.2
2.93 42.6
7 4.42 64.3
W12S6 16.39
14 5.58 81.2
28 6.87 = 533.4
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Fig. 3.6 Relationship between strengthening ratio and ages
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Fig. 3.7 Variation in compressive strength with sand proportion
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Table 4.1 Test parameters for shear strength between rock and grout

Proportion of grout (%) Pore size of rock Number of
Ww/C o shine (1 Large specimen
(Sand+Cement) | (Aewol, Sangga-ri) | (Aewol, Eoeum-ri)
60 40 1 1 2
0 1 1 2
80
40 1 1 2
120 60 1 1 2
Total 4 4 8

ABA AL G fLg sk oSN AR FHS gk
ot R mwe] 24 AFE Faete] B-olstd 548 W] sl A3
# A FA Anm, AGA ALAAAN ATE TP FEse] A
AQAE ARsom, Aol AsE GAE Fig 410 tErich A@A A
Aol Aepgel FW THH U e Ae BEADA b Fuol
38 247 Qomz AgsA gerh Fange wius 334 AgE
A3 AR MFL Agsaom, AP Aol thEy] 9ol 7 W] we
=

FAAE AR FEFEE A S ol

(a) Sangga-ri (b) Eoeum-ri

Fig. 4.1 Volcanic rocks used in the shear strength test
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Fig. 4.5 Shear strength — displacement curves of Sangga-ri
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Fig. 4.6 Shear strength — displacement curves of Eoeum-ri
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Table 5.1 Side Resistance of Drilled Shafts in Rock (KGS, 2015)

Suggester Empirical equations

f.(kPa)=(6.0—7.9)f, "

NAVFAC (1982
(1982) fi(kPa)=(7.9—-10.5)f,"""

fs —065pa( ) : smooth

Slde FHWA (1999)
resistance o
fs= 0-8[ ( )] }: rough
Canadian Foundation Eng. _ )
Manual (2006) Fo=mpd =) fs =0.05f,

g, : Uniaxial compressive strength(UCS) of rock,
p, : Atmospheric pressure,

f.. : The smaller of UCS of rock and concrete,
f. : UCS of concrete at 28-days,

u - Coefficient of friction

L : Length of drilled shaft

L' : Distance along surface of drilled shaft

r : Radius of shaft

Ar : Height of asperities or grooves in sidewall
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Fig. 5.2 Experimental specimens
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Fig. 5.10 Shaft resistance—displacement curves (continued)
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Fig. 5.12 Effect of sand proportion on maximum shaft resistance (continued)
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Fig. 5.14 Effect of sand proportion on residual shaft resistance (continued)
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Fig. 5.15 Average value of maximum and residual shaft resistance (continued)
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Table 6.1 Summary of test results for shaft resistance

(unit : MPa)
Volcanic rock Rock vs Grout Grout S Ys
Steel pile
. | DTS’ by Shear DTS by | Shaft
Type ucs Eq. 6.1 Type strength Type ues Eq. 6.1 | resistance
W06S0 | 18.74 1.08 0.55
WO06S2 | 35.15 1.48 0.56
BC3-S* 65.39 2.02
SG? 2.07
W06S4 | 35.65 1.49 0.80
EE? -
W06S6 | 31.96 1.41 0.87
SG? 1.90
BC>-Mm* 82.63 227 WO08S0 | 21.2 1.15 0.56
EE’ 1.97
WO08S2 | 25.28 1.26 0.57
SG? 1.79
W08S4 | 27.21 1.30 0.87
EE’ 1.94
BC-L* 4425 1.66
WO08S6 | 19.96 1.12 0.87
WI10S0 | 13.96 0.93 0.55
WI10S2 | 19.37 1.10 0.52
W10S4 | 16.15 1.00 0.86
SG*-s* 89.26 2.36
WI10S6 | 11.86 0.86 0.70
W12S0 | 12.77 0.89 0.54
W12S2 | 10.62 0.81 0.58
WI12S4 | 13.75 0.93 0.77
EE-L* 29.62 1.36
SG? 0.95
WI12S6 | 6.87 0.66 0.64
EE’ 1.96
Max. 2.36 2.07 1.49 0.87
Min. 1.36 0.95 0.66 0.52
1 UCS = Uniaxial compressive strength
2 DTS = Direct tensile strength

3 Location - BC=Bukchon-ri, SG=Sangga-ri, EE=Eoeum-ri
4 Pore size - S=Small, M=Medium, L=Large
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Table 6.2 Prediction variable of maximum shaft resistance

Division Variables

Uncontrollable Maximum shaft resistance

Weight of mixed materials(cement, sand, and water)(kN),

Controllable Unit weight of grout(kN/m?), compressive strength of grout(MPa)

Table 6.3 Pearson correlation of variables

Ma)." shaft Water Cement  Sand w/C SP U{lit Comp.

resistance weight str.

Max. shaft | =) 050 -039 054  -023 053 044 025

resistance

Water 1.00 0.35 -0.83 0.68 -0.74 -0.92 -0.46
Cement 1.00 -0.81 -0.43 -0.89 0.02 0.59
Sand 1.00 -0.17 0.98 0.56 -0.06
W/C ratio 1.00 -0.01 -0.90 -0.91
Sand prop. 1.00 0.43 -0.21
Unit weight 1.00 0.73
Comp. str. 1.00
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Table 6.4 First result of multiple regression by backward elimination

R R? R S.E. Durbin-Watson
Summary
0.775 0.600 0.570 106.87 1.089
Division Sum of Degree of Mean F P
squares freedom square
. Regression | g7 ¢19 7 4 226,954.9 | 19.872 0.000
Analysis of model
variance
Residual 605,302.3 53 11,420.8
Sum 1,513,122.0 57
it | s Collinearty staistic
Model t P
B S.E. B Tol. VIF
(Constant) | 2,156.9 329.9 6.54 | 0.000
Cement -310.7 68.8 -3.407 452 | 0.000 0.013 75.35
Sand -155.6 48.7 -2.881 3.19 | 0.002 0.009 | 107.94
Unit W. 99.5 432 1.289 2.31 0.025 0.024 41.46
Comp. 18.1 3.9 1.119 470 | 0.000 0.133 7.52
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Table 6.5 Second result of multiple regression by backward elimination

R R? Ry S.E. Durbin-Watson
Summary
0.723 0.523 0.497 115.61 0.997
Division Sum of Degree of Mean F P
squares freedom square
, Regression | 491 4350 3 263,810.7 | 19.739 0.000
Analysis of model
variance
Residual 721,690.0 54 13,364.6
Sum 1,513,122.0 57
el e Collncariy tatstc
Model t P
B S.E. 8 Tol. VIF
(Constant) 1,664.3 3154 5.276 0.000
Cement -96.3 16.0 -1.056 -6.017 0.000 0.287 3.488
Unit W. -29.9 16.1 -0.387 -1.858 0.069 0.203 4919
Comp. 18.6 4.2 1.150 4.468 0.000 0.133 7.505
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Table 6.6 Transformed variables for regression analysis
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Table 6.7 Multiple regression analysis results of all possible selection after transformed

variables
R R? R S.E. Durbin-Watson
Summary
0.935 0.874 0.853 5.720 0.889
Division Sum of Degree of Mean F P
squares freedom square
Regression | ¢ 143 1g 6 1,363.86 |  41.689 0.000
Analysis of model
variance
Residual 1,177.76 36 32.72
Sum 9,360.94 42
el ey Collneariy statisti
Model t P
B S.E. B Tol. VIF
(Constant) -613.13 202.07 -3.034 0.004
Sand
—_— -83.83 43.99 -2.977 -1.905 0.065 0.001 698.5
Cement
Sand 51.42 32.46 2.555 1.584 0.122 0.001 744.7
Water
(We)? 93.93 25.48 1.674 | 3.687 | 0.001 0.017 59.0
1
— - .62 129.2 -5.782 -2. .02 .001 1 1
e 307.6 9.27 5.78 380 0.023 0.00 ,689
1—SP
325.64 133.05 6.094 2.447 0.019 0.001 1,773.9
wcC
1+ SP
—F| 710.71 240.05 6.350 2.961 0.005 0.001 1,316.3
Vi+we
14+ 5P Sand 1 - -
l¢) (_\;27@2;;173 5_41?_40 }iﬂi/\x17§_E6‘ =
1+WC, W/Etter’ WC]"‘]’"J ]%]oio -4 T]iEoHv‘J
Z 3y do] AetH o, 1 A3E Tables 6.8~6.11¢]1 YJEFNATE FHFE 3]
nde] R? =0.814°]1, P-value?} 0.000 = 23k 3|7 mdglo] Fely o], Eq.

adj
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Table 6.8 Multiple regression analysis results after 1% removing variable

R R? Ry S.E. Durbin-Watson
Summary
0.930 0.865 0.852 8.683 1.144
Division Sum of Degree of Mean F P
squares freedom square
Regression |5 194 54 5 503891 | 66.834 0.000
Analysis of model
variance
Residual 3,920.49 52 75.39
Sum 29,115.03 57
Model t P
B S.E. 8 Tol. VIF
(Constant) -95.01 47.382 -2.005 0.050
Sand
—_— 44.68 12.326 1.043 3.625 0.001 0.031 31.952
Cement
Sand
-29.11 7.187 -0.899 -4.050 0.000 0.053 19.021
Water
( WC’)2 54.33 10.103 0.994 5.378 0.000 0.076 13.196
1
e 4 14.02 432 2.1 . . 15.
e 30.40 023 043 68 0.035 0.065 5.338
1+ SP
45.11 51.105 0.272 0.883 0.381 0.027 36.666
V1i+ we

f'ms
f'VIL

A7NA, f . HAl FHAAEH (kPa)

=20.223(5/C) +42.457(W/ C)* —10.742 R*=0.814 6.2)
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Table 6.9 Multiple regression analysis results after 2™ removing variable

R R? R S.E. Durbin-Watson
Summary
0.929 0.863 0.853 8.665 1.140
Division Sum of Degree of Mean F P
squares freedom square
Regression | 5 |35 79 4 6,283.95 |  83.697 0.000
Analysis of model
variance
Residual 3,979.24 53 75.08
Sum 29,115.03 57
Unstanda.rdlzed Standarfilzed Collinearity statistic
Model coefficients coefficients ¢ P
B S.E. B8 Tol. VIF
(Constant) | -58.746 23.562 -2.493 0.016
Sand
—_— 52.612 8.423 1.228 6.246 0.000 0.067 14.985
Cement
Sand
-27.249 6.857 -0.841 -3.974 0.000 0.058 17.388
Water
(We)? 51.343 9.499 0.939 5.405 0.000 0.085 11.715
1
— 33.941 13.410 0.482 0.482 0.014 0.071 14.084
wc
fo @ BREEIES] ASUSAE (MPa)
S/C: FrZ:A Y} ARES] F ]
W/C: FAmgAe] BAHE
SR de] FAHRAF(RL,)S 08142 =& AAAS Holi Jon, FAA

A A = BAFAAS(VIF)7F 1,022 YEY tsaidde] gle o= v
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Table 6.10 Multiple regression analysis results after 3™ removing variable

R R? Ry S.E. Durbin-Watson
Summary
0.907 0.823 0.813 9.7798 0.890
Division Sum of Degree of Mean F P
squares freedom square
Analysis of Regrejsi"“ 23,950.21 3 7,983.41 |  83.469 0.000
variance mode
Residual 5,164.82 54 95.65
Sum 29,115.03 57
Unstandardized Standardized Collinearity statistic
Model coefficients coefficients t P
B S.E. 8 Tol. VIF
(Constant) -32.894 25.559 -1.287 0.204
Sand
—_— 20.276 2.457 0.473 8.253 0.000 0.999 1.001
Cement
(WC’)2 51.433 10.721 0.941 4.797 0.000 0.085 11.715
1
— 12.084 13.803 0.172 0.875 0.385 0.085 11.715
wcC

Table 6.11 Multiple regression analysis results after 4" removing variable

R R? R S.E. Durbin-Watson
Summary
0.906 0.820 0.814 9.759 0.855
Division Sum of Degree of Mean F P
squares freedom square
Analysis of Regrejsi"“ 23,876.91 2 11,938.46 | 125.353 0.000
variance mode
Residual 5,238.12 55 95.24
Sum 29,115.03 57
Unstanda.rdlzed Standarfilzed Collinearity statistic
Model coefficients coefficients t P
B S.E. 8 Tol. VIF
(Constant) | -10.742 3.6052 -2.980 0.004
Sand
—_— 20.223 2.451 0.472 8.251 0.000 1.000 1.000
Cement
(We)? 42.457 3.126 0.777 13.583 0.000 1.000 1.000
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Fig. 6.9 Relationship between max. shaft resistance and slope of cement paste
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Fig. 6.11 Relationship between max. shaft resistance and slope after
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A, g AS Be RRAY AnE AHEEr] w4

ZA3}E Table 6.120] A7 3+ o).

Table 6.12 Shaft resistance model for drilled-in steel tubular pile in rock

o

Maximum shaft resistance, f,,, Re§1dual shaft Slope modulus, S
Type i resistance, f,, (MPa)
(kPa) (kPa)
Cement 480 290
paste
0-25f .

2 .

Mortar | f, 20.22%+42.46(L0V) 10.74) 0-04f,

where, f,, : Uniaxial compressive strength of mortar (MPa)
S/C : Sand to cement weight ratio (for 0% =S/C=150%)
W/ C : Water cement ratio (for 60%=W/C=120%)
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(c) Slope modulus
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Fig. 6.12 Relevance ratio for each component of cement paste
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Fig. 6.13 Relevance ratio for max. shaft resistance of mortar
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- 124 -



Q1 Aol ARt 47~67%5 w-- SHAl FASAA, el 30% W R v
o A FuAAY B A kel it stEshy] flste] Hirny
2 7

a4

ol
=
%2

HE
rlo
)
o

7lell 50% olst® FAH o=
Fig. 6.15%= 71271750 i3t AfES vetd Aoz 74845 Fo 714
T AAE dE L Tk S/AMER 7}
45 40~58% T o= g S FA st
1= A% 147%, 183%= vig- A7 FA4sk= 4% deua gl 2AaEY

3o ARAGAN BASE A4S O FHgwe] wa) ghel AAs)

al
Qo E/AHMER]ZF 100%, 120%0°])

Sv

oF
=

1%

(a) W/C ratio 140%

YaETT

Y ITl

Yok O]
Yl III

Relevance ratio
3
éa

0% ' -
60% 80% 100% 120%
Mortar W/C ratio  S/C ratio
- Slope modulus m25% m67% » 150%

(b) S/C ratio 140%

120%

100%

Relevance ratio
(=,
=
F

25% 67% 150%
Mortar S/Cratic  W/C ratio
- Slope modulus m60% = 80% m 100% m 120%

Fig. 6.15 Relevance ratio for slope modulus of mortar

- 125 -



N

3

J

I3
=

Al

= A

7171 A

5

F7] o

<]

lasg
w4y
Yol FHXK|RY Hm

Hed

Agzs
b =2 A
HO

[

=
OFH

alr
0

A%
2

EX
'th__
4

0.01 0.015 0.02 0.025 0.03

Displacement/ Bond length

0.005

0

- 126 -

0.03

0.015 0.02 0.025

0.01

Displacement/ Bond length
Fig. 6.16 Comparison of test results and suggested model

0.005

0

meodu 5o oo o ™ £
oF Mo R S Wo T Nl e g
E:EEON & + T MD” %o —
oF . o 1
I ~ it =
P S < g o o g
Tom o o _T g5
Koxy £ <2 "3
—_ = o
X | e “ wa o) Wmm
o) . o X omr S g
[~ 5] —_— o
o X B X L
T M = 7 X Be 3
Fomoe N oa ook ow N 2 la
A o x N 2 g |8
W od X © : =
= = o7 ) Ay KOE = B —
K X E —_— ﬂ\A ;OE ) W
. N do B I T B - ¥
— q \wE OT.c L . ZT = =] = = = =] (=} < = =] =] =1 <
< E Y = Fw J)) § 8 & 8 § & S & & § § =&
0 N ‘mW EW ~ (M) auB)sisaL eys Jjun (e 2Iue)SIsad eys Juin
R S RPN S
T F = =2 )
35 TgAE :
e 9
T A 3
o o oh o xL a g
o T oy M o ﬂ. = e s
Mo T o ol i g
OE e o iy %) ) § B
\_ﬂmu —_— > OM 70 ﬂ__LH [e] S W
R w o o = §
< ®m Jow o= i
G W X e
ol N PR ) N Z
X o a
BT x o O N 3 s |3
o) ol ! NF T o) o 3 % == .
2w W o ox g o = = ~_
° AN , ° :
= T 9 S W g 2 8 § 8 § =° g 8 & B8 8 =
oo o B o A OED R 8 & = 5 iR 2 3 K 7
i 7 S o %0 (e o) aoue)sysarpays Jun (e 42D 2aue)sisa yeys N
w2 =" o M ANk



1200

1000

o0
o
=3

Unit shaft resistance (kPa)
5 3
(=3 (=}

ka2
<
=]

800

=
=1
=3

400

Unit shaft resistance (kPa)

-
1=
S
=]

g

400

Unit shaft resistance (kPa)
2
(=]

1200

)
o
=1
=3

g

@
=
=

400

Unit shaft resistance (kPa

Wo08s0

1200

=4
=
[=]
=]

g

400

Unit shaft resistance (kPa)
2
(=]

0.005 0.01 0.015 0.02 0.025 0

Displacement/ Bond length

.03

Wo085s4

1200

1000

o0
f=
t=3

Unit shaft resistance (kPa)
5 3
(=3 o

[
<
=]

0

0.005 0.01 0.015 0.02 0.025 0.

Displacement/ Bond length

03

W10s0

.
1=
S
=]

g

400

Unit shaft resistance (kPa)
2
(=]

0.005 0.01 0.015 0.02 0.023 0.

Displacement/Bond length

03

W1054

1200

)
=
=1
[=3

g

=3
f=)
=

400

Unit shaft resistance (kPa

0

0.005 0.01 0.015 0.02 0.025 0

Displacement/Bond length

03

0 0.003 0.01 0.013 0.02 0.025 0.03
Displacement/ Bond length
Wo08s6

0.005 001 0015 002 0.025 003
Displacement/ Bond length

W10s2

0.003 0.01 0.015 0.02 0.025 0.03
Displacement/Bond length
W1056

0003 001 0.015 0.02 0.025 0.03
Displacement/Bond length

Fig. 6.16 Comparison of test results and suggested model (continued)
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Table 7.1 Specifications of steel tubular pile

outer |y ickness | Area Unit Materlal properties Embeded
diameter Weight .
t 4 Elastic Poisson’s depth
D (mm) (em?) W Steel type | Modulus i (m)
(mm) (kg/m) (MPa) rato
406.4 9 1124 88.2
12 148.7 117.0
508 9 138.8 109.0
12 184.0 144.0 | STP 275
14 213.8 168.0 | (SKK 400 | 200-000 03 |40~120
609.6 9 169.8 133.3
711.2 9 198.5 155.8
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Table 7.2 Engineering properties of filling materials
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s . . . ucCs Elastic modulus | Unit Weight
Filling material W/C ratio | S/C ratio
g (MPa) (MPa) (KN/m?)
Cement paste | W08SO 0.8 - 21.2 1,366 16.11
Mortar W06S4 0.6 0.67 35.65 3,036 20.48
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Fig. 7.3 Shaft resistance model
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Table 7.3 Analysis parameter
Pile
Embedded depth Filling material Remarks
Diameter (mm) Thickness (mm) (m)
406.4 9, 12
Cement paste

508.0 9, 12, 14

4, 6, 8, 10, 12
609.6 9

Mortar

711.2 9

o] 2ol thal AASHTO(2014) 2 US DOT(2016)°1 4 A AlstE @AM o 2 93]
ssS AAsAT Lx AN e
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Fig. 7.5 Typical tension load test load-movement curve (US DOT, 2016)
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