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Abstract

Ground subsidence risk ratings obtained from the site investigation during pre-excavation stages
could be changed depending on the parameters revealed during construction activities. A method of
correcting the pre-excavation ground subsidence risk ratings based on the site conditions observed in
the field is suggested in this study. The elevation of groundwater table during the excavation may be
different from the predicted value depending on the application of waterproofing methods and
construction conditions. The drastic drawdown of groundwater table during the excavation could
cause ground subsidence due to soil volume decrease related to consolidation or compression of the
ground, whereas the rising of groundwater table caused by the intense rainfall may result in a high
potential for ground subsidence due to heaving or boiling of the excavation bottom. Excessive
displacements of retaining walls or ground settlements may cause ground subsidence, which also
results in a high risk of ground subsidence caused by the destruction of buried pipelines. Reevaluation
of ground subsidence risk ratings is suggested considering the fluctuation of groundwater table,
condition of groundwater leakage, measured ground displacements, and soil types. Finally, the ground
subsidence risk rating system is improved for better evaluation by using 12 factors in 5 categories.
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Table 1. Score by grade for factors of ground subsidence risk rating for pre-excavation (modified after lhm et al., 2018)

. Score by grade
Categories Factors
100 (safe) (danger) 0
1-1. Depth of cavity (m) 60~56 55~51 50~46 45~41 40~36 35~30
) Score by grade 92 75 58 42 25 8
1. Cavity ; .
1-2. Thickness of cavity (m) 0~5 6~10 11~15 16~20 21~25 26~30
If there is more than a certain size of cavity (for soil, 10 cm % 10 cm % 10 cm; for rock, 1 m x 1 m x 1 m)
2 Soils 2 Depthof boundary between <5 5410 11~15 1620  21-25 2630  >30
soil and rock-mass (m)
Rock-mass
Score by grade 93 79 64 50 36 22 7
3-4. Type (USCS) GW,GP GM,GC CH,CL MH,ML SM,SC SW,SP OL,OH
Score by grade 93 79 64 50 36 22 7
3-5. Relative density/
Degree of compaction: SPT (N) >0 49-1 0
3. Soil Score by grade 100 Nx2 =98~2 0
3-6. Water content (%) <15 15~25 26~40 41~55 > 55
Score by grade 90 70 50 30 10
3-7. Liquid limit (%) <35 35~50 51~90 >90
Score by grade 87 63 38 13
4-8. Rock type Rock Shale Coal Mud- Dolomite Lime- Gypsum Rock
etc shale stone stone salt
Score by grade 94 81 69 56 44 31 19 6
4. Rock- 4-9. Distance to main fracture (m) 50 49~2 1
mass 100 mx2 =98~4 2
Score by grade
If fault or fault zone or fracture zone, or brittle shear zone exist
4-10. RQD (%) 100~81 80~61 60~41 40~21 20~0
Score by grade RQD value = Score
5-11. Distance to main channel (m) > 400 200~400 100~200 <100
S b d 87 63 38 13
core e
v & If a main channel exist
. - ML, MH
5. Hydro o> Coefficient of permeability - CL,CH = 0 & vine sC SM SW  SP,SW GP,GW
(cm/sec) intact rock . s
geology discontinuities
Score by grade 93 79 64 50 36 22 7
5-13. Groundwa.ter level above <1 15 6-10 11~15 16-20 =90
planned excavation bottom (m)
Score by grade 92 75 58 42 25 8
Ground level Ground level Ground level Ground level Ground level
6. External  6-14. Pipelines No pipeline of pipelines of pipelines of pipelines of pipelines of pipelines
factors <-20m <-10m <-5m <-2m <0m

Score by grade 100 90 70 50 30 10




Table 2. Abbreviation and constants for weighting factors for ground subsidence risk rating for pre-excavation (modified
after lhmetal., 2018)

Categories (cate) Factors (F) Ab:;:;f:on We(l)g(lil;ung Cate (S) = (Xi - Si)
Existence of cavity (CV) Depth of cavity . DC 50% DC=0.5 S.i
Thickness of cavity TC 50% TC=0.5Si
Soil+Rock (SR) Depth of boundary DB 100% DB =Si
Type TS 37% TS=0.37Si
Soil (SL) SPT (N) RS 22% RS=0.22 Si.
Water content WC 19% WC=0.19 Si
Liquid limit LL 22% LL=0.22 Si
Type TR 42% TR =0.42 Si
Rock-mass (RM) Distance to main fracture DF 31% DF=0.31Si
RQD RQD 27% RQD=0.27 Si
Groundwater level above planned excavation bottom GL 73% GL=0.73 Si
Hydrogeology (HG) Distance to main channel DDC 11% DDC=0.11 Si
Permeability K 16% K=0.16 Si
External factors (EF) Pipeline PL 100% PL=Si

Table 3. Weighting (y) by categories according to ground condition during pre-excavation (modified after lhmetal., 2018)

No. Ground condition Categories Weighting (Yi)  Constants for weighting categories (y)
Soil/rock boundary (SR) 1% SRy =0.01 x Cate (S)
No cavities and conditions that Soil (SL) 30% SLy1 =0.30 x Cate (S)
P1 can measure the boundary Rock mass (RM) 24% RM,,; = 0.24 x Cate (S)
between soil and rock Hydrogeology (HG) 41% HG,; =0.41 x Cate (S)
External factor (EF) 4% EF,; = 0.04 x Cate (S)
Soil (SL 40% SL,; = 0.40 x Cate (S
All soil conditions without (SL) ’ v ®)
P2 cavities Hydrogeology (HG) 55% HG; =0.55 x Cate (S)
External factor (EF) 5% EFy3 =0.05 x Cate (S)
Al rock i <thout Rock mass (RM) 35% RM,4 =0.35 x Cate (S)
P3 cavirt(i):s mass conditions Without 1. 4 seeology (HG) 59% HGyi = 0.59 x Cate (S)
External factor (EF) 5% EF, = 0.05 x Cate (S)
Cavity (CV) 13% CV,5=0.13 x Cate (S)
Soil/rock boundary (SR) 1% SRys =0.01 x Cate (S)
Conditions that can measure the Soil (SL) 26% SL.s=0.26  Cate (S)
(1] — V.
P4 boundary between soil and rock Rock 1% RMpS — 021 x Cate (S
with cavities ock mass (RM) ’ P ate (S)
Hydrogeology (HG) 36% HGs =0.36 x Cate (S)
External factor (EF) 3% EFys = 0.03 x Cate (S)
Cavity (CV) 15% CV,7=0.15 x Cate (S)
Soil (SL 30% SL,7=0.30 x Cate (S
P5  All soil conditions with cavities oil (SL) ° v x Cate (S)
Hydrogeology (HG) 41% HG,;=0.41 x Cate (S)
External factor (EF) 15% EF,;=0.15 x Cate (S)
Cavity (CV) 16% CV3=0.16 x Cate (S)
P6 All rock-mass conditions with Rock mass (RM) 25% RMg = 0.25 x Cate (S)
cavities Hydrogeology (HG) 43% HG s =0.43 x Cate (S)
External factor (EF) 16% EF5=0.16 x Cate (S)
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Table 4. Final ratings for ground subsidence risk for pre-excavation stages
Rating GSRp Classification for risk of ground subsidence
I 100~81 Very good ground
I 80~61 Good ground
I 60~41 Fair ground
v 40~21 Poor ground
\4 <21 Very poor ground
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Table 5. Case studies used for the application of ground subsidence risk for pre-excavation stages

H)& Zgtotod, T 1270 &7l tiste] GSRpS] &8 484

Site Layer Thickness (m) USCS S.P.T-N W/C(%) LL(%)  K(cm/sec)

Landfill 2.5 SM 8/30~9/30 9.6 - -

C (Geumsan-gun) . . 4
Sedimentary soil 3.5 SW-SM - - 453 x 10
Landfill 0.7 SM Damp

D (Geumsan-gun) . . 4
Sedimentary soil 2.4 SM 21/30~23/30 9.5 7.02 x 10
Landfill 2.5 SM 6/30~16/30 12.9

E (Geumsan-gun) . 4
Weathered soil 2.0 SM 50/19~50/18 26.3 2.54 %10
Landfill 10.5 SM 5/30~8/30 Damp

I (Cheonan) . 3
Weathered soil 8.0 SM 13/30~50/18 20.9 1.49 x 10

. Landfill 1.5 SM 8/30

J (Gimje)
Clay 1/30~5/30 36~43 40~47
Landfill 4.6 GM 7/30~8/30 Damp

K (Dagjeon) Weathered soil Extended below SM 8/30~50/12  Damp

excavation depth
L (Cheongju) Landfill 6.8 SM 3/30~14/30
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Table 6. Sample calculation of GSRp for Site C

Scores for each

Categories (cate) Factors (F) factor (Si) Weighting (Xi) F(Si)=Si*Xi Cate (S)=(Xi- Si)
. . Depth of cavity - 50% -

Existence of cavity (CV) . . -
Thickness of cavity - 50% -

Soil+Rock (SR) Depth of boundary - 100% - -
Type 29 37% 10.73

. SPT (N) 12 22% 2.64

Soil (SL) 49.61
Water content 90 19% 17.10
Liquid limit 87 22% 19.14
Type of rock - 42% -

Rock-mass (RM) Distance to main fracture - 31% - -
RQD - 27% -
Groundwater level above
planned excavation bottom >8 73% 42.34

Hydrogeology (HG) Distance to main channel 13 11% 1.43 5065
Permeability 43 16% 6.88

External factors (EF) Pipeline 100 100% 100.00 100

Ground condition Categories Weighting (Yi)  Cate (S) * Yi GSR rating

Soil (SL) 40% 19.844

P2 Hydrogeology (HG) 55% 27.858 53 (1)
External factor (EF) 5% 5.000

U] 1) Aol Tig AHhE S18 S 57 VAT Table 79 2200 7A1212] GSRp ARITHS A
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Table 7. Ground subsidence evaluation results (GSRp)

. Excavation depth .. . Groundwater level Score
Site (area) (m) Ground condition Soil or rock type (G.L. -m) (ratings)
. Soil (0.0~1.3 m) GW-GM
A (Sinpung-myeon) o0 Soil+Rock (1.3~9.0 m) granitic gneiss 27 66 (1)
Soil (0.0~5.1 m) SW-SM
B (Geumsan-gun) 60 Soil+Rock (5.1~6.0 m) granite 1.3 7L
C (Geumsan-gun) 8.0 Soil SW-SM 2.3 53 (I
D (Geumsan-gun) 6.0 Soil SM 1.5 62 ()

E (Geumsan-gun) 6.7 Soil SW-SM 12 50 (1)




Table 7. Continued

Site (area) Excava(t;c:)n depth Ground condition Soil or rock type Grotzrgi.\liv.afirl)level (rifi(r)lr;s)
F (Sejong) 14.0 Soil SP-SM 94 55 (1)
G scjong M0 e (Br2i0m)  gie 64 wan
H (Daejeon) 16.0 Soil SM, CL, SP 7.8 61 (1)
I (Cheonan) 14.6 Soil SM 9.9 60 (1)
J (Gimje) 44 Soil SM, CL 1.9 61 (D)
K (Dagjeon) 8.8 Soil GM, SM 23 53 (I
L (Cheongju) 6.6 Soil SM 6.3 64 (1)
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Table 8. Field measurement results

Horizontal
Excavation . Settlement Groundwater level
. displacements o
Site GSR depth — Earth retaining structures
(m, H) dh dhv/H dv dv/H Initial  Lowest dw
’ (mm) (%) (mm) %) (GL-m) (GL-m) (m)
A 66 9.0 949 0.1 3 003 328 670 34p [i-pile&timberlagging wall
with earth anchors
B 71 6.0 1.69 0.03 -1 -0.02 1.54 1.63 -0.09
C 53 8.0 11.72 0.15 -4 -0.05 4.85 5.31 -0.46  Strutted sheet pile wall due to
D 62 6.0 14.43 0.24 -11 -0.18 1.95 3.40 -1.45  high groundwater level
E 50 6.7 6.28 0.09 -1 -0.01 3.97 4.10 -0.13
F 55 14.0 25.21 0.18 -11 -0.08 13.55 15.72 -2.17  Augered cast in place pile with
G 47 24.0 27.19 0.11 -23 -0.10 7.76 9.31 -1.55  strut and earth anchors
Augered cast in place pile +
H 61 16.0 17.40 0.11 - - 14.17 14.80 -0.63  H-pile & timber lagging wall
with strut
14.6 3420 023 35 024 466 695 .29 ‘ueeredcastinplacepilewith
| 60 earth anchors
H-pil i laggi 11
70 31974 457 ; ; 456 525 0o |-Pile&timberlagging wa
with raker
J 61 44 1.555 0.04 -10 -0.23 1.40 1.32 0.08  Strutted sheet pile wall
K 53 8.8 19.11 0.22 -15 -0.17 4.72 6.55 -1.83  Soil cement wall with strut
64 6.6 727 0.1 7 011 694 758 o4 -pile&timberlagging wall
with strut
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Fig. 1. Comparison of GSRp with field measurements.
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Table 9. Modified weights for ground subsidence risk rating for pre-excavation

. Number of . . v
Categories (cate) Factors (F) citations Weighting (Xi) Cate (S) = (Xi - Si)
Soil+Rock (SR) Depth of boundary 3 3 100% 1% DB =Si
Type 24 38% TS =0.37 Si
. SPT (N) 14 22% RS=0.22 Si
Soil (SL) 64 30% )
Water content 12 19% WC=0.19 Si
Liquid limit 14 22% LL=0.22 Si
Type 22 42% TR=0.42 Si
Rock-mass (RM) Distance to main fracture 16 52 31% 24% DF=0.31Si
RQD 14 27% RQD=0.27 Si
Groundwater level above planned excavation bottom 10 73% GL=0.73 Si
Hydrogeology (HG)  Distance to main channel 14 88 1% 41% DDC=0.11 Si
Permeability 64 16% K=0.16 Si
External factors (EF) Pipeline 8 8 100% 4% PL=Si

Table 10. Modified weights by categories according to ground condition during pre-excavation

No. Ground condition Categories Weighting (Yi)  Constants for weighting categories (y)
Soil/rock boundary (SR) 1% SR, =0.01 x Cate (S)
No cavities and conditions that can ~ Soil (SL) 30% SLyi =0.30 x Cate (S)
P1 measure the boundary between soil ~ Rock mass (RM) 24% RM;,; =0.24 x Cate (S)
and rock Hydrogeology (HG) 41% HG,; = 0.41 x Cate (S)
External factor (EF) 4% EF,; = 0.04 x Cate (S)
Soil (SL) 40% SL;; =0.40 x Cate (S)
P2 All soil conditions without cavities ~ Hydrogeology (HG) 55% HG,; = 0.55 x Cate (S)
External factor (EF) 5% EFy3;=0.05 x Cate (S)
i ) Rock mass (RM) 35% RM,4 = 0.35 x Cate (S)
P3 All rock mass conditions without Hydrogeology (HG) 59% HGye = 0.59 x Cate (S)

cavities
External factor (EF) 5% EFy4 =0.05 x Cate (S)




Table 11. Modified scores by grade for GSRp factors

. Score by grade
Categories Factors
100 (safe) (danger) 0
1. Soil+ 1-'1. Depth of boundary between -5 5-30 130
soil and rock-mass (m)
Rock-mass
Score by grade 93 -3.44 x (Depth of Boundary) + 110 7
2-1. Type (USCS) GW,GP GM,GC CH,CL MH,ML SM,SC SW,SP OL,OH
Score by grade 93 79 64 50 36 22 7
2-2. Relative density/
Degree of compaction: SPT (N) 30 49-1 0
2. Soil Score by grade 100 Nx2 =98~2 0
2-3. Water content (%) <15 15~55 >55
Score by grade 920 -2.0 x (Water Content) + 120 10
2-4. Liquid limit (%) <35 35~90 >90
Score by grade 87 -1.35 x (LL) + 134 13
Rock Coal Mud- Lime- Rock
-1. Rock hal Dolomi
3 ocktype etc Shale shale stone olomite stone Gypsum salt
Score by grade 94 81 69 56 44 31 19 6
3.Rock-  3-2. Distance to main fracture (m) 50 49~2 1
mass 100 2 x (Distance) = 98~4 2
Score by grade
If fault or fault zone or fracture zone, or brittle shear zone exist
3-3. RQD (%) 100~81 80~61 60~41 40~21 20~0
Score by grade RQD value = Score
4-1. Distance to main channel (m) > 400 100~400 <100
87 0.247 x (Distance) - 11.67 13
Score by grade
If a main channel exist
. .- ML, MH
4 Hydro 2 Coefficient of permeability - CL,CH =\ G e sc SM  SW SP,SW GP,GW
(cm/sec) intactrock . o
geology discontinuities
Score by grade 93 79 64 50 36 22 7
4-3. Groundwat(?r level above <1 120 20
planned excavation bottom (dw, m)
Score by grade 92 -4.42 x (dw) + 96 8
5. External 5-1. Pipelines . NO. .Gro.und level of 20 m <Depth<-1m G.roufld level of
fact pipeline  pipelines < -20 m pipelines <0 m
actors
Score by grade 100 90 -4 x (-Depth) +10 10
T2 AR 91955 B7HEE ol-8slo] 7ol A 4-83t AT, Table 1291201 E, G, ] R KA 5olA 4%
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Table 12. Ground subsidence reevaluation results
Site Excavation depth (m) Ground condition Original score Reevaluation score
Soil (0.0~1.3 m)
A o0 Soil+Rock (1.3~9.0 m) 66 I 68 I
Soil (0.0~5.1 m)
B 60 Soil+Rock (5.1~6.0 m) & I 70 I
C 8.0 Soil 53 I 56 I
D 6.0 Soil 62 I 60 I
E 6.7 Soil 50 I 54 I
F 14.0 Soil 55 I 55 Jil§
Soil (0.0~18.7 m)
G 240 Soil+Rock (18.7~24.0 m) 44 L 49 U
H 16.0 Soil 61 I 60 I
I 14.6 Soil 60 I 57 I
J 4.4 Soil 61 I 55 I
K 8.8 Soil 53 I 65 I
L 6.6 Soil 64 I 64 I
=2 3 e 2iSE B
=2F A ARelE 1955 E 2 AP ol Je8H AREEALETHE Hrgste] Hr PR IR ARIFA]7L
WAL 25 o] Bt - folle ARMIEE EtshA mfefsto] Hr 1S Zlegstel At %E’r 3 ; Rt 2|9 S Bf
Foz frprt ol fofxl gl AAVSS] @Fu AlE AJE, A15-9] ol whet AHEE/Jo] HslE o & =&k T
wfel 747 gekd 4 ek wrebd 22 119 Foll 22 Ao nfel AHE 915 el G AL A4S A
Brlete] 22 W WS A4S HAY Bavt ik 224 3 AW QS-S 22 1 Wk A 919
& Aol 27436 vhedsof it Table 13-2 Park et a1.(2017)o] 2|HeHE ) P %lﬂﬂ 2000] H O] =i} t}4-0]
1% 57 A AR AESlel AT GIUA ARS8 /| FO R/ el Belct 38 1 AU
Aesw HF Hr 1008S 7=z =21 T A B7H ke HAules o1‘j1‘—:L(Term Frequency) 71g-]°] o
a4 AT 2 QA A8 A1l Aol W, A2, 9] 2ol e 1 2 AP 212
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Table 13. Weights for correction of the risk rating of ground subsidence during excavation

Sort in order of Number of Correction weight
. Influence factors .
influence citations All Factors Score
50%
1 Fl ion of 2
uctuation of groundwater 58 @7%) 0
40%
. . . 30%
2 Measuring results during excavation 40 (37%) 12
(33%)
3 Type of soil 24 20% 8
etc. 205 - - -

Total 327 - - 40
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Table 14. Correction of the risk rating of ground subsidence during excavation

Category Score by grade

Fluctuation h <0.5 (m/day) 0.5 <h <1 (m/day) 1 (m/day) <h

Rating (F1) 0 -2 -5
Ground Dripping Flowing

water General condition Wet Contents of soil particle Contents of soil particle
None  Slight  High None  Slight  High
Rating (F2) 0 -2 -5 -10 -5 -10 -15
Horizontal displacement (dh) dh < H/300 H/300 <dh < H/100 dh>H/100
Rating (F3) 0 -3 -6
Settlement (dv) dv < H/300 H/300 <dv < H/100 dv>H/100
Rating (F4) 0 -3 -6
Soil type Coarse grained soil Low plastic silt & clay High plastic silt & clay (peat)
Rating (F5) 0 -4 -8
GSR = GSRp + (F1+F2+F3+F4+F5),0 < GSR < 100

H: Excavation depth, h: Groundwater level change after applying retaining walls.
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Table 15. Results of GSRp correction considering excavation stages
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