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Bearing and Deformation Characteristics of Expanded Stiffened

Deep-cement-mixing Pile in Soft Strata and Bearing Capacity Prediction
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(1. School of Civil Engineering, Qingdao University of Technology, Qingdao 266520, China;
2. Qingdao China Petroleum Geotechnical Engineering Co., Ltd., Qingdao 266071, China)

[ Abstract] To investigate the bearing deformation characteristics of the expanded stiffened deep-cement-mixing pile in soft strata and
establish a reliable predictive method for its bearing capacity, field comparative static load tests were conducted on six expanded stiff-
ened deep-cement-mixing piles and three conventional concrete pile types, enabling systematic analysis of their load-settlement
behavior, ultimate bearing capacity, and deformation stability. The test results show that the load-displacement curves of the expanded
stiffened deep-cement-mixing piles exhibited a gradual-variation behavior with stable settlement development, and the ultimate compres-
sive bearing capacity increased by approximately 12% ~15% compared with the design estimate. In particular, the expanded stiffened
deep-cement-mixing pile with an effective length of 9 m achieved an ultimate bearing capacity of 2 760 kN, which is higher than those
of the 25 m bored cast-in-place pile and the 23 m prestressed concrete square pile, demonstrating a pronounced short-pile, high-
capacity advantage; meanwhile, the minimum settlement range among different test piles is only 2. 65 mm, indicating good consistency
in bearing performance and deformation stability in soft soil. Regarding predictive models for bearing capacity, the exponential-power
function model demonstrates the highest fitting accuracy compared to the exponential function and hyperbolic models, accurately simula-
ting the load-settlement response from the elastic stage to the entire failure process, with particularly high agreement near the ultimate
load, and is recommended as the preferred model for predicting the bearing capacity of the expanded stiffened deep-cement-mixing
pile; in contrast, the hyperbolic model shows a sharp sinking trend in later-stage predictions, which is inconsistent with the measured

gentle characteristics, indicating poor applicability.
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Table 1 Design parameters of pile foundation
TR HE AT TR £ T i FEAR A ) J2 TR
2905 TN R
RS AT ® ga/kPa  qu/KPa q./kPa g, /kPa f./kPa F¥/m
@® Es A% 20 — 22 — 75 ~170 0
@ i+ Ay - 2 25 — 27 — 75 ~ 160 2.54
@-1 mb rhg 50 600 52 1500 160 6.66
®-2 i FATR-F % 30 — 32 1 100 110 10. 86
®-3 i g 50 — 52 1 500 150 12.53
@-1 TR+ e b Hyp-n] g 40 — 42 850 120 13.61
@-2 HrbJdets + %5 30 — 32 1 900 140 16.03
@-3 Bt Ik Hoyp-nr 8 42 — 44 1 000 130 18. 80
® b L0 T - S5 60 900 62 3 000 180 23.18
©-1 W IR IR A AR G| 50 — 52 — 150 29.79
©®-2 K URb IR A i 1 F - 55 — 57 — 160 31.39
©-3 W IR AT G B2 50 — 52 — 140 34.81
@-1 b L h 60 1 000 62 3 800 170 35.98
@2 M anas e 80 1200 82 3 800 210 36.57
TE s g ABEMNSE )2 L AR KRB I AR AL 5 g, o s 1 AR, MR S BEL T AR HEAEL 5, St B AR 8 R
B % q/MPa Ji/kPa YN M) E,,/MPa
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Fig. 1 Soil layer names and main in-situ test data
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Fig. 2 Schematic diagram and pile position diagram of the expanded stiffened deep-cement-mixing pile
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Table 3 Design parameters of the expanded stiffened

deep-cement-mixing pile
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=] b 9 ®_3 )%
5400

D1 000 K Je A+ HEHEE E4% 1 000 mm;D,1 200 FR/KIE+
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Table 4 Summary of vertical compressive static load test results of prestressed pipe pile single pile
- . MEE AR/ R W&/t irN)| FiHl PURMFRR L S1/kN
A2 7 . L N N
mm M/ m R 5 #HiE/kN [4/mm Wit K BitHl
GZ-3 400 23.0 i EIN 1 650 45.61 1 500 1575
I & GZ6 400 23.0 M REIR 1 650 47.09 1 500 1575 1550
GZ-19 400 23.0 HE 4 W R 1575 48.43 1 500 1 500
GZ-5 500 23.0 ME LW IR 2 300 45.46 2 000 2 200
I 7Y GZ-23 500 23.0 iR EIN 2 400 51.56 2 000 2 300 2 260
GZ-24 500 23.0 B BR 2 400 43.95 2 000 2 300
x5 WMNAFERERENESRIELERCES
Table 5 Summary of vertical compressive static load test results of prestressed square pile single pile
fe e Liisul e FRL HE B /AL R it YU BR A& 2R 1/kN
mm i /m N R /KN [%/mm wAkE KRDIE SIHE
FZ-1 500 23.0 B IR 2772 43.65 2520 2 646
I 29 FZ-7 500 23.0 il 27 2 646 45.12 2520 2520 2 640
FZ-20 500 23.0 M IR 2 898 47.12 2520 2772
FZ-9 500 38.0 B BEIR 5472 46.14 4 560 5244
Vi FZ-12 500 38.0 BE IR 5016 43.73 4560 4788 5010
F7-22 500 38.0 HE LW 5244 42.61 4 560 5016
F6 shrlEEHRERERESRFABLERLCE
Table 6 Summary table of vertical compressive static load test results of single pile of bored pile
- e AR/ R it i TN 23t PR RA ST /kN
RALY = N - N N
mm iR/ m 27N Rl #Hie/kN [4/mm Wit KIE S
GZZ-1 600 25.0 iR EIN 2 400 50.02 2 000 2 300
VI GZZ4 600 25.0 il 27 1 900 47.74 2 000 1 800 2 060
GZZ-6 600 25.0 i BEIR 2 200 41.78 2 000 2100
GZZ-9 600 41.0 M+ IR 3 705 43.63 3 900 3510
VI GZ7-10 600 41.0 HE - IR 3 900 45.19 3 900 3705 3 640
GZZ-11 600 41.0 HE LW 3 900 42.48 3 900 3705
KT Y EEHEHERERESHFABERLCE
Table 7 Summary of vertical compressive static load test results of single pile of the
expanded stiffened deep-cement-mixing piles
o MR d, HEK K SR UM FR R 1 /KN
i} i e _ = s ; ;
H5E b/mm MK /m /N [%/mm Hififi Keriml (g G5
D1 000/D,1 200
FHZ4 9.0 2 880 43.10 2 400 2 760
d400
D1 000/D,1 200
VI FHZ-5 9.0 2 880 42.18 2 400 2 760 2 760
d400
D1 000/D,1 200
FHZ-6 9.0 2 880 44.83 2 400 2 760
d400
D1 000/D,1 200
FHZ-7 9.0 2 880 43.10 2 400 2 760
5400
D1 000/D,1 200
VI %! FHZ-8 9.0 2 640 41.27 2 400 2520 2 680
5400
D1 000/D,1 200
FHZ-9 4400 9.0 2 880 44.02 2 400 2 760

D1 000 F7R /K e EAEHE £ 42 1 000 mm; D, 1 200 Fn/K e HHEY R E AR 1 200 mm; d400 F G A B4R 400 mm; 6400 7w it bk i 5

400 mm,
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2.2 BERERAE N SIBELE S

W45 2R B P M R AR 2R T G T S A (E
TRIFIEAT T, 25 SR a3k 8 i . Hidh 435144
(GRS AR BIEY JGI 94—2008"") A FhP H L
RIFEYT/CCES 41—2023 ") Fifdi  HLIR5E T Wk Fn £
YA MBI PR FR AR 3 F7 . 45 8RRy 7E
U SRR 2 FIVE R BRI B2 9 iR,

a2 8 IS BE HEA T AT A 25 2R
RIER SRR R DTS Rt LA R 22 5% 7
BB BRI, SR A AELL 9 m A RUBER
SEPL 2 760 kN B SO AR BR AR 3R 7, BT A (B
2 400 kN H 15% , HS2E 5 s (6 0 e (e &
T BRI TE TR RS IR g R,
Ab R E L A 20K VIR A
55 A6 Jr A, o™ J8 G < SR v AR A A O R AR
M T AR AR« DL B R R 1 B AR
A Z T, 76 A JE T AR AR 2 B, PHC [5]55 A
P T [58 E2 A8 rf XetJ FB1  A A 5% e iy o 4, HC A o)
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I3 RN e, AR 2, R /N

F9 BHBBRARNEATNELCEAESH
Table 9 Summary and analysis of settlement under

ultimate bearing capacity of each pile type

e b WEEAR d, HRL TUREfE/ mm
H5E b/ mm BERK/m  FIE FE41E/9. 80
P, I 5y d400 23.0 11.97 1.22
74 d500 23.0 10.45 1.07
I 74 5500 23.0 16.58 1.69
T J\i 5500 38.0 — —
VLR Vil d600 25.0 20.44 2.08
VI# d600 41.0 — —
D1 000/D,1 200
Viizy 4400 9.0 9.80 1.00
Y D1 000/D,1 200
VI 74 9.0 8.26 0.84
5400

S T 3 - W T B e NI E K
P IR AT A A 3K R 2 T 1 ) B A o i )
FRIRETRITRE > | HA e BR AT A R 1 e/ N34 30T
R4 8.26 mm, # UL K AH fe /NHERY (11 Y. 10. 45
mm ) FEAKZY 21% 5 B UTRE (A S R HERY (V7. 20. 44
mm) FFEAKZ 60% , FUCTT L, $hy & A FE7E SEE
FRL AR 2k Ty i R R A 78 4[] B 39T A 2 T A A
21% ~60% , X i msm UL AR PE UL K e + 4
R R T Wk v 3 D 2 B 1 2R AR A R A A | 5
Y15 B 45 | [R] B 8 & 7 iy BRI R g 9 43 A, K
AR B A B i) o 22k B X ) BT A A 7 A i B JEE
PN, Fe o P T REMIEERR J1 . BEAh, i F oK e
it A v g s M S I VR, AT I ik
B WAL EZ XA R s R SR AT A S A
e, TG R e M A R S R R SR X i
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Table 8 Summary and analysis of ultimate bearing capacity of each pile type
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Fig. 5 Comparison of (-s curve and prediction model of the expanded stiffened deep-cement-mixing pile
K10 BFRVEERITESY
Table 10 Calculation parameters of each function model
o AR R R - R A A X2 PR RS A
i -
B/mm a b k a
FHZ4 0.364 50 0.087 83 -0.130 60 -0.599 97 1.603 15
FHZ-5 0.341 62 0.089 06 -0.121 99 —-0.565 60 1.709 50
FHZ-6 0.386 19 0.463 86 0.034 19 0. 180 80 1.531 46
FHZ-7 0.361 77 0.309 41 -0.009 75 -0.177 09 1.646 69
FHZ-8 0.388 98 0.754 62 14.145 48 —-0.940 96 1.474 92
FHZ-9 0.353 50 0.085 51 -0.126 06 -0.601 27 1.652 55
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Table 11 Prediction accuracy of ultimate bearing capacity of each function model
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F R B T 0.990 81 2816.3 2.04
FHZ4 6 - PR 0.995 62 2 400 2 760 2 760.2 0.01
LI £ bR S A 0.928 89 2931.6 6.22
T A R H T 0.990 93 2816.3 2.04
FHZ-5 6 - PR AR T 0.995 73 2 400 2 760 2 760.2 0.01
LI £ R SR A 0.928 91 2932.6 6.25
o E R B R 0.993 67 2791.0 1.12
FHZ-6 18- PR BT 0.993 85 2 400 2 760 2779.2 0.70
WU 2L R B A 0.947 20 2923.3 5.92
FE B R RO 0.990 08 2721.5 1.39
FHZ-7 18- PR B 0.990 15 2 400 2 760 21732.4 1.00
XL 28 o AR A 0.956 00 2845.2 3.09
F R BB Y 0.979 89 2590.8 2.80
FHZ-8 18- PR AR 0.996 41 2 400 2520 2550.2 1.20
XL £ e 5 A 1Y 0.893 34 2 686.5 6.61
F BRI 0.990 96 2815.7 2.02
FHZ-9 - PR AR A 0.995 62 2 400 2 760 2 760.2 0.01
WU bR B Y 0.929 49 2931.4 6.21
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