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Effect of Rotation Angle of Voids on the Bearing Capacity of Subgrade
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Abstract: In order to calculate the limit bearing capacity of subgrade in the karst areas, combining the
theorem of the limit analysis with finite element method, the computation procedure was provided
based on MATLAB. The modified Hoek-Brown criterion was adopted to describe the non-liner char-
acteristic of the rock mass, which was also embedded into the computation procedure. On this basis,
dimensional parameters N,and 5 were defined to estimate the effect of voids on the bearing capacity of
subgrade, and the effect of different parameters was also analyzed in detail. The results reveal that
N,non-linely increases with increasing the values of D/L (the ration of thickness to span) and GSI
(the geological strength index) , and decreases with increasing the value of H/L (the ratio of height to
span) , and the linear relation between N,and m,. The value of y first increases, then decrease with an
increase in the value of @, when D/L has smaller values. The value of @ (rotation angle) has a little in-
fluence on 7, when D/L has larger values. The physical mechanics parameters (GSI, m,and y) of

rock mass has a negligible effect on 5. The failure mechanics could be classified punch failure of roof,
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combined roof punch and side wall failure, combined roof falling and side wall failure. The results of

bearing capacity for strip footing on a rock mass are compared with previous study, and the difference

within 3% . This indicates that the method proposed in this paper is correct. Meanwhile, for the conve-

nience of design in engineering practice, design tables are provided, which could be meet most require-

ments in engineering practice.

Keywords: void; rotation angle; subgrade; bearing capacity; finite element limit analysis

5l

[l

I LI M BT AR R A /3R E
T AR A M T . B SRR R A R R £ R
ON R R B A T X, R I S AR
SR T L R B R BRI A e o A
FHAE 5 5 10 b 2 1 i B i 2R 3 ) X L bR TR RA
HE A .

H AT, B AN AR 2 28 B Rt AT TR
WEE 7 3 0T 43 g 50 A 5 L B30 BIF 5% R0 ERC(E 40 7 -
IR AF 5T 07 1, R. L. Baus %556 T 58 P AR A 3 56 %)
VE R 7E & 23 0 M )22 T 0 5% 0% SE a3 0 i 47 T B
5% o M.Kiyosumi 556 VB HI 76 2 4N 1 T 4 )23 1 4%
TSR AR R T B DAL . oK E R DX
FU DX s BE AR E ) o R R AT Tl Y
IS A58 5 1, M.C. Wang %5 5% FH #% BR 43 B (9 5
X S5O R R TR DB 253 b i ik 3k kAT T
RIS T 3FARMBREA . FiE, M.C.
Wang %5 2% s I A7 B 1 A8 4k, A3 3 1 10 Rk B
WA 2R L X1 22 28 A0 OR L g 2 0 O R 6 A
DX A ] b 1) RS PR R AT T AT . XD SET R
B 23 BT 2 F 5% 23 T 1 4501 il b 6 R 28 ) . &=
A A5 T AR oR AU B T 75 2 T b 2 40 B i IR
149K B A 25 o BU(E 3 B O L, ML.C. Wang %57 A
B T 1 D5 TR R T R G 4% T SR Ak R 48 T 1 R
ZETT AT FLAC™ XA 78 i X 3 K JE Rl R A
BRI T AR A s R 2R AT T 40 M . ML Kiyosumi
ZENOR FH PLAXIS X85 25 1 b )2 v 45018 356 itk 1) )
R for B AT T H 5 . BB AR AR R 1 BR A BR T
AR T A e 2 s SR R, Db
3 BT 34 SR PP 9 U R UL A, T B A
P, AR LA & B R AR R R AE . WK SR &
YU 2 AN R A 1) % A R AR R R IR 1 . b
AR B 4 A B AT BEBLPE | FE SE PR TR HhonT R
21 8 B BLAT — 5 e B A B VI T E R

AT B i A DL ARE

ST AR SORE SR AT BROC R FR 23 B ik X 6
DX i S (9 R B T AT IR . %07 R R R T BROG
B N T 7 8 AL SR e e ELRY I ) S N IR
T BIR A AR O R A N A e ML R f
Ja 8 1 3 Y R LR SRR AR I R R
BR R g 7 A b R BR A . SR I Hoek-Brown i
) ofe 88 3 A B AR LR R OB LR AR R
B Eo AT BROG o B 35 0 S AR JECBE 5 L, XA
TE 5 1 M 2 1 g% i 1 R B AT O R
) e 5 £ BE 95 R 5 R e R R A R AT R — Ak
Ab BRI B USROG TE R s B m B A A S R L
(4 26 T8 ZE AR BT 5 B A BUR X H, DL IR R
TR 2 R R 2 T A5 A A T SR

1 = F Hoek-Brown # | B & IR 7T
1% BR 4 17

A7 BR T 1 BR 43 #r vk St T 7 A% 4 A R 23 A B
T ARl b B — R R BT O kO IR E S AR
oo, A AL A S R R bR BRE B A
J1G MBS, H A B b R A AT R AR TS R
TR i R — 0 R M R AT B BRAE . oh Tk
TRACR S BRI A, B2 Z M T
£ TR E TR

1.1 ARTHERZTETEN IR

A FRIC B T BR 2B 09 oK Aok B A 18 1 s A
CUAMATLAB J-F & gl 7 AHCTHH R AR, 5
X1 53 5 R A D0 A R AL A R K i, I
Tecplot360 # A4 5 LA HE 15 B ATk . BAR FE i
Wk T 2% k[ 14-16 ],

1.2 Hoek-Brown /& M #y 8 A\

Hoek-Brown #E W B2 8 4 B9 it o5 M 2 1 4
b, FESE PR T AR AR AR 2 7 7z N, H O i R0k

597



OFINJLET, FiEk PRSI X E S
@R E R AR RS B

PIRENE ML) R 72 @ BE (AT 2R
YR FEN D)

(OL S
SEMAR I @A
e 208 @EW%K%# © L B Fre

O L3 AL 7] 8% 4k — K uhn-Tucker
ALK @XTKuhn-TuckerfRAL S AFH1IELL
ﬁﬁﬁﬁﬁﬁ@:@m&*%ﬂﬁ%:@ﬁﬂ
AT B AT RS el ©HWTET
sk, HENES BRPR, HRNEFEEER
I v R

%= FTecplot360) R
i . O EMIEE; QERER; ORLMIEE;
%g?’? 1@1‘%& @1 BRBERE.

[ em | meas | we=|

E1 A RIT b R BRI B TSRS )
Fig.1 Computer implementation of upper and low bound fi-

nite element method

i W TR
ol =01+ o, (mbag//a, Jrs)d (1)

K, ol Fl o) 000 B K B /NI T 50,00 AL
R AN BT R 5y, s F a5 b T R 48 AR GST
EEPIE = E S W
my = m, exp[(GSI—100)/(28— 14D)]  (2)
s= exp[(GSI—100)/(9— 3D)] (3)
a=1/2 + (e V0 — e %) /6 )
K, m G E A B RIEAR L H D s R
BB A B EO, 5E s B, A S D=0,
B 6F AR SC R B 5 1 1), SR FH Hoek-Brown
A5 400 44 , HH T Hoek-Brown #fi: U A [7] F 3 7= 4%
P J AR 7E ) (4 Mohr-Coulomb 7 W . Tresca #i M
) DRI A ) S Mk ek B0k AR T B A A BT
M AT A . FER AR R SR A i A2 P R T
ﬁﬁ%ﬁﬁﬁﬁuﬁﬁﬁﬂﬁﬁﬂﬁil‘ﬁﬁﬁ s WO AR AT T
PR EROGT N 7 AR 8 — B L B A, RO R ek %R
E‘J*ﬁﬁf;miﬂ?DHesmaniﬁﬁm LR IR
AT EF T, ¥ Hoek-Brown #E W %% 4k Ay b

TS R IBIIE X
S =/T: g(0) + [T, h(0) + B + 2]
KA L — B AN B 5 T, R 5 AR N ) AR
0 9% =AML I AL s R B S i B g(0) h(0)
KRN
g(0) = —2cos(0) (6)
h(0) =—myo [co%( + sin (4 /\F]
p=ma (8)
= sole 9)

598

i F Hoek-Brown #fE W] (4] i 7 25 [8] 41 %% 181 - A7
TEAF 5 4, RO AWK 5, O T ik Hoek-Brown /i
DS T Al 2 vk R B3k, 75 o HL AT O i Ak b
o ARESCERL20] A =Fh Ot 7 b A Ip
a3 ) Ry 4 SR D' T A 3Ry FR O e Ak B RN Z2 it TG
S PR, A SR o Je — R 2 il OGS BRI T
i) kAT S % SCER[20] o HAR M0 2 SR A

— AT/ e XoF e Ml o S AT B Y B fRL T Ak HE
RIoR A2 (10) % 1A 7R

JZZ\/];;JFEZ (10)
Ao, e i 5 MR R 8 A O BY 8
W 75T AL Hoek-Brown #E W AT & 7 4

fi =T, g(0) + |V @) + pri+ 2] )

MG (1) K — By Bl S 48 v SR 45 8 IR pR
B B BE () 4 A1 Hessian 28 B4, i T 55 08 B FR , B 4&
HRIES % CHE16], A AR

2 o)A iR

21 EAXRE

FR A T AR SE B 00, AR SORE R) 8 fi] A6 o — 4
TS, AR 2 BT 7, FFABGE = (1) e 56 A 23y 289 A
2, ME TR A M 2 5 (2) VR e R O R L
NE RN MR, B A A & IE 1 Hoek-Brown
P

HCHHHHHHHH

B1E+
no BHEE %
h, FnEt a

2 R
Fig.2 Calculation model

T g R BT 25y A — )2 R AR by By BB TR
e JE Ry WAEANEE , y e B L ke n 2
e B TR 5 D Ry IR TRUR B TR 5 H L 43 S 9 ) A o RS 5 o Ry
VA IR 4 TE A £



2.2 MRS

R T U N TS R 00 AR R R R B
A3 SIECTOL (151 o A5 78 72 A5 1 A 30 35t 19 7K SF- 5 7%
kO, T AR B R i B K SF RN IR LA RS AR 0.
B T B ff 2k E B i A 2R R B A 2
% 11 it o0 A% B Ao 48 g, L R/ S5 T B for 2R 1
HBEEMEZA, MRS ITTENBOR SR E, R
FH & A 36 R4 8 AR B3 a9 X RE A
WA TR, [ )8 8 A% G 50 M . = MAIB T B
R 6 000, I HEAT 4 W W AS FE A6, A% Tl 43 30 2R
U 3 s .

K3 MR R
Fig.3 Sketch of meshing

2.3 MBS RETFMIER

7oA B BPE B B EL B30 GPa, I A v B
0.25, {HAFERERE, & A MMESEE, X fif
R FRAE /I 04 5% T W] 2 W AN T o GST R B ¥
S 40~90, m, 19 BUE 5 Ry 5~15, FE b a] DL 2
R S bR TR B T5 3K o Ry T BRIV IR i e AR
X i BRI g, LIS TE RN SN,

N,= q./ 0. (12)
A gy R TR E AR R R O B, W BR 7R 3 T 1 BR A
5 IR M1

1= q:/ ¢ (13)
K, g, R W TR E R AR O a s AR BR R 3 T 1 BR A
5F R0 B0

3 #REiE

U X BE R R ) T e R TE A S
N, K3, 5 T WS D/ L H/L 5 1 iE
M o AR BT TEbR GSLum, oy T K. R
T A BT RS2 R DL R AR 1B R R
UL 1.2, I VRN R T 45 S 5 R

®1 TENSH nHEUE(GSI=40.m=5.y=25 kN/m")
Table 1 The values of dimensionless parameter 17( GSI=40.m =5, y=25 kN/m")

a

H/L D/L

a

H/L D/L

0° 30° 45° 60° 90° 0° 30° 45° 60° 90°

0.5 1.00 1.06 1.16 1.50 1.49 0.5 1.00 1.07 1.18 1.01 0.98

0.75 1.00 1.04 1.14 1.35 1.51 0.75 1.00 0.96 0.96 0.99 1.11

1 1.00 1.09 1.23 1.35 1.30 1 1.00 1.00 0.98 1.01 1.05

0.25 1.5 1.00 1.05 1.10 1.17 1.09 0.75 1.5 1.00 1.03 1.04 1.05 1.05
2 1.00 1.01 1.04 1.07 1.03 2 1.00 1.02 1.01 1.02 1.01

2.5 1.00 1.00 1.00 1.04 1.00 2.5 1.00 1.01 1.01 1.01 1.01

3 1.00 0.99 1.00 1.01 0.99 3 1.00 1.00 0.99 0.99 1.00

0.5 1.00 1.06 1.24 1.15 0.94 0.5 1.00 1.11 1.27 1.22 1.00

0.75 1.00 0.97 1.07 1.09 1.22 0.75 1.00 0.94 1.06 1.07 1.00

1 1.00 1.05 1.06 1.10 1.11 1 1.00 1.06 1.02 1.04 1.00

0.5 1.5 1.00 1.06 1.07 1.07 1.06 1 1.5 1.00 1.06 1.07 1.05 1.00
2 1.00 1.04 1.03 1.04 1.03 2 1.00 1.06 1.05 1.04 1.00

2.5 1.00 1.01 1.00 1.00 1.00 2.5 1.00 1.04 1.03 1.04 1.00

3 1.00 1.01 1.00 0.99 1.00 3 1.00 1.03 1.03 1.02 1.00
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*x2 ZENSHN,HEE(y=25KkN/m’)

Table 2 The values of dimensionless parameter N, ( y=25 kN/m")

H/L=0.25 H/L=0.5 H/L=0.75 H/L=1

GSI D/L
m=5 m=10 m=15 m=5 m=10 m=15 m=5 m=10 m=15 m=5 m=10 m=15

0.25 0.006  0.008 0.009  0.005  0.007 0.009  0.006  0.007 0.009  0.006  0.007  0.009
0.5 0.038  0.067 0.090  0.038  0.064 0.087  0.037  0.059 0.083 0.036  0.059  0.081
0.75 0.100  0.179 0.256  0.097  0.167 0.235 0.091  0.153 0.220  0.087 0.148 0.204

1 0.169  0.307 0.443  0.158  0.281 0.404 0.143  0.250 0.372  0.136  0.236  0.329

10 1.5 0.320  0.594 0.877  0.279  0.521 0.771  0.244  0.453 0.653  0.224 0.406  0.596
2 0.464  0.883 1.308  0.395 0.753 1.103  0.348  0.660 0.973  0.313  0.588  0.868

2.5 0.592  1.139 1.694 0.505 0.971 1.437  0.444  0.843 1.256  0.396 0.756  1.115

3 0.700  1.353 2.011  0.605 1.166 1.730  0.533  1.022 1.524 0476 0913 1.357

0.25 0.011 0.014 0.015  0.009 0.012 0.015  0.010 0.013 0.015 0.010 0.012 0.015

0.5 0.063  0.108 0.142  0.062  0.100 0.140  0.060  0.095 0.127  0.059 0.096  0.132

0.75 0.162  0.269 0.381  0.154  0.260 0.367  0.145 0.245 0.340  0.141  0.230  0.325

_ 1 0.266  0.475 0.684  0.251  0.436 0.613  0.233  0.390 0.547 0.218 0.369 0.514
°0 1.5 0.493  0.917 1.293 0433 0.793 1.154  0.389  0.691 0.988  0.350 0.621  0.896
2 0.708  1.324 1.951 0.613 1.139 1.656  0.539  0.995 1.451 0.487 0.892 1.294

2.5 0.904 1.691 2497  0.774  1.455 2132 0.683  1.275 1.864 0.613 1.135 1.660

3 1.068  2.007 2971 0925 1.742 2.551 0.815 1.534 2.256  0.733 1.371  2.010

0.25 0.019  0.023 0.027  0.017  0.020 0.025 0.015 0.022 0.025 0.018 0.021  0.025

0.5 0.098  0.165 0.220  0.099  0.158 0.222  0.097  0.141 0.198  0.094 0.148 0.201

0.75 0.253  0.417 0.579  0.238  0.401 0.553  0.231 0.372 0.517  0.230  0.356  0.485

1 0.409  0.706 1.007  0.386  0.636 0.928 0.356  0.594 0.810  0.341  0.560  0.770

o0 1.5 0.745 1.356 1.947 0.658 1.171 1.695 0.593  1.029 1.455 0.541 0.930 1.333
2 1.064 1.946 2.829 0.921 1.683 2.430  0.817  1.469 2.129  0.740  1.325  1.900

2.5 1.351  2.496 3.644  1.163 2.133 3.101  1.027  1.879 2.735 0.925 1.681 2.423

3 1.595  2.959 4317 1.384  2.564 3.731  1.225 2.261 3.279  1.105 2.019 2.934

0.25 0.034 0.038 0.043  0.029  0.033 0.041  0.032  0.036 0.040  0.030  0.035  0.040

0.5 0.153  0.249 0.336  0.155  0.244 0.321  0.151  0.238 0.318 0.154 0.231 0.311

0.75 0.386  0.636 0.861  0.380  0.607 0.826  0.361  0.568 0.762  0.361  0.540  0.730

1 0.629 1.034 1.491 0.596  0.992 1.369  0.563  0.921 1.230  0.529 0.840 1.146

E 1.5 1.123  2.014 2.864  0.994 1.734 2.464 0.902 1.517 2.166  0.829 1.399 1.960
2 1.598  2.880 4.127  1.382  2.469 3.044 1.227  2.173 3.116  1.116  1.954  2.789

2.5 2.015  3.646 5.274  1.736  3.142 4.515  1.537  2.770 3.967  1.391 2474 3.549

3 2.368  4.312 6.216  2.055  3.750 5413 1.830 3.319 4.788 1.649 2.966  4.270

0.25 0.059  0.064 0.072  0.052  0.054 0.062  0.049  0.058 0.067  0.058 0.059  0.068

0.5 0.240  0.375 0.499  0.234  0.369 0.475 0.240  0.353 0.457 0.239  0.351  0.459

0.75  0.600  0.952 1.313  0.589  0.922 1.239  0.558  0.866 1.165 0.562 0.811  1.085

1 0.973  1.588 2.197  0.918  1.480 2.033 0.861 1.384 1.831 0.823 1.277 1.726

8 1.5 1.702  2.938 4.189  1.509  2.572 3.632  1.371  2.305 3.161  1.274  2.088  2.888
2 2.386  4.204 5.980  2.073  3.635 5.184 1.854 3.204 4.554 1.691 2.891 4.083

2.5 3.004 5.338 7.680  2.597 4.618 6.603  2.303  4.063 5.803  2.088 3.636  5.186

3 3.524  6.307 9.059  3.063  5.482 7.875  2.733  4.858 6.968  2.465 4.369  6.221

90 0.25 0.104 0.107 0.118  0.091  0.097 0.102  0.080  0.100 0.110  0.095 0.102  0.110

0.5 0.377  0.565 0.765 0.388  0.563 0.754  0.381  0.557 0.729  0.384 0.541 0.713
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GSI DIL H/L=0.25 H/L=0.5 H/L=0.75 H/L=1

m=5 m—10 m=15 m=5 m=10 m=15 m=5 m=10 m=15 m—=5 m=—10 m=15

0.75 0.934  1.465 1.949  0.913 1.384 1.855  0.884  1.327 1.753  0.887 1.315 1.666

1 1.494  2.361 3.283 1419 2.231 3.035 1.344  2.036 2.745 1.289 1.949 2.579

1.5 2.551  4.355 6.133  2.297  3.817 5.342  2.099  3.443 4.652  1.956  3.135 4.290

2 3.581  6.189 8.807 3.120  5.366 7.598  2.804  4.742 6.676  2.573  4.288  5.987

2.5 4.498 7.844 11.192 3.897 6.771 9.639  3.476 5.973 8.462  3.165 5.381  7.594

3 5.270  9.266  13.209 4.595 8.055 11.459 4.106 7.126 10.155 3.710 6.425 9.073
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Table 3 The effects of GSI and m; on 7

GSI
m;
40 50 60 70 80 90
5 1.14 1.16 1.17 1.19 1.18 1.17
10 1.24 1.24 1.23 1.25 1.24 1.26
15 1.25 1.25 1.24 1.26 1.25 1.27
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Table 4 The effects of Y on N, and n

y/(kN'm )
0 15 25
N, 0.10 0.11 0.10
p(a=45°) 1.15 1.15 1.14
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Table 5 Bearing capacity factor N,, for strip footings on a

rock mass
GSI m, SCHR[18] AR WE/N
5 0.644 0.641 0
50 10 1.037 1.013 2
20 1.765 1.730 2
5 1.582 1.585 0
70 10 2.444 2.429 1
20 4.012 3.908 3
5 3.881 3.876 0
90 10 5.758 0.737 0
20 9.125 9.050 1
6 % it
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