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A bidirectional m-method for allocating spatial effects of special pile groups
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Abstract: The load distribution from a pile group to a single pile is the key issue in calculation of pile foundations. Aiming at
the limitation that the one-way m-method in the Chinese specifications and codes is only applicable to plane action, the
formulas are derived from three levels: stiffness of a single pile, stiffness of pile groups and equation for force balance, and the
stiffness matrix for a deformation-coordinated pile group and the equation for spatial force balance are established, forming a
bidirectional m-method suitable for spatial loads. Based on the examples of symmetric straight piles with equal length,
bidirectional inclined piles and asymmetric piles, the calculated results by the one-way m-method and the bidirectional
m-method are compared and analyzed. The results show that when using the one-way m-method to calculate the symmetric
straight piles with equal length, the results are accurate. When calculating the bidirectional inclined piles, the bending moment
and shear force of a single pile fluctuate greatly, with the maximum value being about 20% smaller. When calculating the
asymmetric piles, the sum of external forces of a single pile is not closed to the total external force, and the reliability is low.
The theoretical solutions for the bidirectional m-method can cover these pile foundation types, and the results are closer to the
finite element numerical solutions. The research results provide a fast and simple method for special pile foundations,
expanding the scope of application of the Chinese design specifications and codes for pile foundations of highway and railway
bridges.
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Fig. 1 Effects of loads on a pile group
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Fig. 2 Distribution of external force on a single pile
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Fig. 3 Distribution of bidirectional loads on a pile group
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Fig. 4 Coordinate system of a pile group
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Fig. 5 Calculation of m-value of soils at pile side
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Fig. 6 Unit horizontal displacements of pile cap along X-axis
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Fig. 8 Unit rotation angles of pile cap along X-axis direction
[FIRE, 49 Z fho7 a7 A B R A I, R B
LR R I Z My s W X BRI YL
X Z BEIKP RITZ A Yz, s XX R R AN
yie M ZBRE LRy, T

Vop = 7217 ’ (29)
?’xzaﬁ = y;ﬂa ’ (30)
Viap =V ipa» (31)
Vigs = Z[(p," cos” @+ p; sin® @)zx +2xp; sing-cosO +
P, -sinfcosf + p; -cosfsinf] (32)

Vasp = 2L(pi" cos’ @+ pysin” p)z” +

2zp; sing-sin@ + p; -sin’ @ + p; - cos® 0] -(33)
2.4 YPHEHEXNZHTEERIE
HRAEE DA_E A T OGN (e AH SRR AE MRS, 255
BIRZ 508, W 9, nI{ERGIRE L% 1T
JitE:
DYy + Y0, + ﬁz}’;ﬂ +ay,,+ xygﬂ -N=0,
DYy + @Y 2 + ﬁz}/::aﬂ +aY 0t ﬁx}/jaﬂ -H, =0,
DYy + @Y pa+ BoY oy + AV ipa + By =M. =050 (34)
DY ap + Y taa + B cap + .Y o0 + BeYap —H. =05
b?’;b + ax}/;ﬂa + ﬁz}/xzﬂﬂ + azyzzﬂa + ﬁxy;ﬂﬂ -M, =0,
X b NAERGREMNE (m); ao a8 X HhJ7RIA
BBOKFALRE, Z HO51RA G BUKFALE (m); B e
NEEGE Z HiAGE X M (rad);s N, Heo M,
H., M NPER TR G BUREARAR IR 5L O IS,

(a) YBFr

(b) Hkfr
9 BN AR HERBTEE

Fig. 9 Bidirectional forces and displacements of a pile group
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Fig. 10 Forces on a single pile
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Fig. 11 Bidirectional inclined piles of cross-sea bridge
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Table 1 Pile coordinates and inclination angles in foundation with

inclined piles

o XARhR/ ZMehR/ WA of XY TR ZY T

BE= . o o
m ) /() @I )
1 -2.0 55  11.31 -3.913 10.644
2 2.0 55  11.31 3.913 10.644
3 -5.5 20 11.31 -9.826 5711
4 -2.0 2.0 8.13 -5.768 5.768
5 2.0 2.0 8.13 5.768 5.768
6 5.5 20 11.31 9.826 5711
7 -5.5 -2.0 11.31 -9.826 -5.711
8 2.0 -2.0 8.13 -5.768 -5.768
9 2.0 -2.0 8.13 5.768 -5.768
10 5.5 -2.0 11.31 9.826 -5.711
11 -2.0 -5.5  11.31 -3.913 -10.644
12 2.0 -5.5 11.31 3.913 -10.644

* 2 PR SRIN A

Table 2 External forces at bottom of cap with inclined piles

T (A=) X J71A] Z 77 1A
ey T A2HR N/ M./ H./ M./ H./
kN (kN'm) kN (kN'm) kN
1 U2y 21811 0 0 0 0
2 F+ft 76838 35708 -1002 120826 7752
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Table 3 Comparison of calculated results for inclined piles
™ B m ik I m vk AIRTCIE B m VRS A R TiR R ZE LI m V5 A Rtk 22
P LT oo M 0 N AO%  AM%  ANW%  AQW%  AMi%
KN kN (Nm) kN kN (Nm) kN kN (kN-m)
1 1836  9.98 724 1834 29.16 211.6 1835 29.07  209.7 0.1 -65.7 -65.5 -0.1 0.3 0.9
2 1836  9.98 724 1834 29.16 211.6 1835 29.07  209.7 0.1 -65.7 -65.5 -0.1 0.3 0.9
3 1808 2496 181.1 1829 29.16 211.6 1822 29.07  209.7 -0.8 -14.1 -13.6 0.4 0.3 0.9
4 1843 14.86 1074 1864 2126 153.7 1863 21.15 149.7 -1.1 -29.7 283 0.1 0.5 2.7
5 1843 14.86 1074 1864 2126 153.7 1863 21.15 149.7 -1.1 -29.7 283 0.1 0.5 2.7
6 1808 2496 181.1 1829 29.16 211.6 1822 29.07  209.7 -0.8 -14.1 -13.6 0.4 0.3 0.9
1 7 1808 2496 181.1 1829 29.16 211.6 1822 29.07  209.7 -0.8 -14.1 -13.6 0.4 0.3 0.9
8 1843 14.86 1074 1864 2126 153.7 1863 21.15 149.7 -1.1 -29.7 283 0.1 0.5 2.7
9 1843 14.86 1074 1864 2126 153.7 1863 21.15 149.7 -1.1 -29.7 283 0.1 0.5 2.7
10 1808 2496 181.1 1829 29.16 211.6 1822 29.07  209.7 -0.8 -14.1 -13.6 0.4 0.3 0.9
11 1836 9.98 72.4 1834 29.16 211.6 1835 29.07  209.7 0.1 -65.7 -65.5 -0.1 0.3 0.9
12 1836 9.98 72.4 1834 29.16 211.6 1835 29.07  209.7 0.1 -65.7 -65.5 -0.1 0.3 0.9
KA 1843 2496  181.1 1864 29.16 211.6 1863 29.07  209.7 -1.1 -14.1 -13.6 0.1 0.3 0.9
1 11469 2049  740.1 11560 1209 1077.6 11580 122.86 1104.2 -1.0 66.8 -33.0 -0.2 -1.6 2.4
2 10639 205.0 4204 10668 95.1  346.1 10647 9252  334.0 -0.1 121.6 259 0.2 2.8 3.6
3 9391 271.5 1329.5 9571 261.1 1559.6 9504 264.13 15969 -1.2 2.8 -16.7 0.7 -1.1 2.3
4 8881 2623 1083.0 9019 221.1 1159.8 8933 218.70 1138.4 -0.6 19.9 -49 1.0 1.1 1.9
5 7981 2620 781.5 8043 2039 399.2 8034 20221 394.8 -0.7 29.6 97.9 0.1 0.8 1.1
6 7174 2638 7859 7157 231.1 5755 7110 228.86  566.3 0.9 153 38.8 0.7 1.0 1.6
2 7 5565 271.5 1329.5 5734 3459 1662.6 5764 34248 1643.8 =35 -20.7 -19.1 -0.5 1.0 1.1
8 5004 2623 1083.0 5094 330.0 14464 5135 32592 1406.5 2.6 -19.5 -23.0 -0.8 1.3 2.8
9 4103 262.0 7815 4117 316.1 12093 4136 31395 11904 -0.8 -16.5 343 -0.5 0.7 1.6
10 3348 2638 7859 3319 3114 1152.6 3370 318.67 1203.0 -0.7 -17.2 -34.7 -1.5 2.3 4.2
11 2293 2049  740.1 2256 312.1 12929 2217 30120 12424 34 -32.0 -40.4 1.8 3.6 4.1
12 1464 2050 4204 1365 297.8 1157.5 1370 299.58 1169.7 6.9 -31.6 -64.1 -0.4 -0.6 -1.0
KA 11469 2715 13295 11560 3459 1662.6 11580 34248 1643.8 -1.0 -20.7 -19.1 -0.2 1.0 1.1
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Table 4 External forces at bottom of cap with asymmetric piles
v ) . BRI XJiW Z 5T
MX’ $%4:I%z$\ N/ M/ HJ  MJ  H
A kN (kN'm) kN (kN-m) kN
Y 1 BEKHH 128863  1257.8  26.6  3296.7 280.7
% K F BR8] m v ) m B AAG BR i 3 FhTik o)
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Fig. 12 Finite element model for foundation with inclined piles
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Fig. 13 Layout of foundation of a bridge with asymmetric piles
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Table 5 Calculated results of asymmetric piles

FfA) m % BA) m ik A BRTi%
BE= Ni/ M/ M/ N izl ix/ "il "id M"i/
kN kN (KN-m) kN kN (kN-m) % % %
1 3555.3 -81.4 -64.1 3317.3 -70.3 -82.7 3317.3 -69.8 -82.1
2 2581.7 -73.3 -64.1 2641.5 -62.1 -82.7 2641.5 -61.8 -82.2
3 26743 -77.3 —-61.4 2643 —66.2 -79.9 2643 —66.1 -79.7
4 2766.9 -81.4 -58.6 2644.5 -70.3 =772 2644.5 -70.4 -77.3
5 1308.1 -733 -53.9 1640.1 —62.1 -72.5 1640.1 —62.0 -724
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Table 6 Summary of external forces on top of asymmetric piles
TR EIREN% RESES J5417) WRE%
>N Ni+N2+N3+Nat+Ns= 12886.3 12886.3 0.00
ﬁg > M: 4xN5+1.5%(Na=Ni—No)+) Mi-= -209.5 1257.8 -116.66
m
> M 2.2X(Ni1+Na=N2=Ns)+y M= 5049.2 3296.7 53.16
>N Ni+N2+N3+Nat+Ns= 12886.4 12886.3 0.00
XY{[’:; > M: 4xN5+1.5%(Na=N1—No)+) Mi-= 1257.95 1257.8 0.01
m
> M 2.2X(Ni1+Na=N2=Ns)+y Mix= 3301.4 3296.7 0.14
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