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ABSTRACT

Horizontal pullout mechanism and bearing capacity research of vertical square anchor plate has the problem of
artificial distinguishing shallow and deep buried types, but non-uniform definition standard. The presented thesis is
devoted to the research of three-dimensional unified model and theoretical approach of horizontal ultimate pullout
capacity of vertical square anchor plate based on deep analysis of failure mechanism. Symmetry of failure
mechanism varying with soil property and buried depth ratio in vertical and horizontal directions were reflected by
the evolution of projected triangles of rectangular pyramid soil core before anchor plate to the vertical plane and
horizontal plane respectively under ultimate load. Based on that, Three-dimensional unified mechanical model was
built and corresponding theoretical approach was derived using limit equilibrium analysis method. Comparison with
test datum indicated that new approach performed the best for the calculation was more closely to the measured
values with smaller discreteness and the average was generally safe compared with three other methods.

Keywords: vertical square anchor; horizontal pullout capacity; mechanical model; three-dimensional unified theoretical
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1 INTRODUCTION bearing capacity will be derived based on limit
equilibrium analysis, whose rationality will be

In the design of anchor plate retaining wall, the validated by comparing with three other theoretical

ultimate horizontal pulling capacity of vertical anchor

plate must be determined. However, the current
research on the bearing capacity of vertical anchor
plate mainly focuses on strip anchor plate(G.S. Kame
et al., 2012), while rectangular or circular anchor plate
considers its three-dimensional effect by introducing
the method of shape coefficient on this basis(Zhu et al.,
2006), and there is almost no research on the direct
three-dimensional theoretical analysis.In addition, the
current research generally follows the definition of
shallow or deep buried first, and then, using the
assumption of fixed asymmetric or symmetric form of
sliding line field to construct mechanical models for
shallow and deep  buried anchor  plate
respectively(Miyata, Y. et al., 2011; Neely, W.J. et al,,
1972). However, the symmetry of slip line field should
not be fixed artificially, nor should there be a fixed
boundary between shallow buried and deep buried.
Based on vertical square anchor plate as the object, the
research aims to build the three-dimensional
mechanical model under ultimate horizontal pulling
which can reflect the symmetry properties of slip line
field in front of the plate varying with buried depth
ratio and soil parameters continuously, without
artificial distinguishing shallow anchor from a deep
anchor. Unified theoretical approach of the ultimate

methods , laboratory and field test results.

2 MODEL AND THEORETICAL DERIVATION

Under horizontal pulling load, a four-pyramid soil
core will be formed gradually in front of the squre plate,
whose force diagram is shown in Figure 1.

Fig.1. Rectangular pyramid soil core before plate

The resultant soil pressures on the four sides of the
core are O, 0>, O3 and Qsrespectively, and the angles
between these forces to the normal directions of the
corresponding surfaces are 1, d2, d3 and ds. Two base
angles of triangle MNI, w1 and y, satisfy the Eq. (1).
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@ 1is the internal friction angle of soil. After the
rectangular pyramid soil core formed, the four sides
will continue to extrude the soil in the direction they
faced in the subsequent pulling process, and eventually
form a three-dimensional sliding body in front of the
plate as shown in figure 2 when the pulling enters into
failure state.

T fa
Fig.2. Three-dimensional sliding body before plate

The green sliding body is formed by the vertical (Z
direction) compression of the upper and lower sides of
the soil core.The red sliding body is formed by the
horizontal (Y direction) compression of the front and
back sides of the soil core. LFMN changes with the
increase of buried depth ratio from 7/2 to (n/4+¢/2)+m/2,
ZFMI satisfies the Eq. (2).

ZFMI =72y, — 7)/(7 - 2¢) )

The triangular body ADEI, the curved edge body
BCFGI, ABTGI and CDLPI were taken in turn for
mechanical equilibrium analysis, and the resultant soil
pressures on the four sides of rectangular pyramid soil
core were obtained as Eq. (3) to Eq. (5).

_ (Wl + qSAADE)Sin(a + :B) 3)
' osin(z/2+y, -8 —a—-p)

0, = \/le +[R,(R)] —27;[R, (R, )] cos(6, — 21) @

Q3 :Q4 :quS ®)

Wi is the weight of triangular body ADEI;
o=n/4-¢/2; Ri(R>) is the sum of the vertical components
of the soil pressure resultant forces on surface DEI and
surface AEI; £ is the angle between R;(R>) and line EI;
o1=arctan(c/o+tang); c¢ is the conhesion parameter of
soil; o is the average soil pressure on AADI; giis the
uniformly distributed load equivalent to the weight of

soil above AADE, which is equal to p(H-h); R3(Rs)
represents the sum of vertical components of the earth
pressure resultant force Rz on surface CGI and Rson
ABGI, while R4(Rs) represents the sum of vertical
components of the earth pressure resultant force R4 on
surface BFG and Rson ACFG; T is the resultant force
of resultant soil pressure acted on ABCF, R4(Rs) and
gravity of curved edge BCFGI; £ 1 is the angle
between T1 and R4(Rs) while 6 is the ones of R3(Rs) to
R4(Re); arecas of AABI and ACDI are equal to S;
qu=q2NgtcNe, g2 is the arverage earth pressure at rest
acted on A ABT and A CDL; Ngq and N are
coefficients of Meyerhof foundation ultimate bearing
capacity; the angle between surface ABI to plate is €,
so is the angle between surface CDI to plate.

Taking soil core of ABCDI as the research object,
the vertical mechanical equilibrium equation is shown
in Eq. (6).

o) Sin(‘//l -9 )+ w,-0, Sin(‘/’z - 52) =0 ©

W5 is the soil weight of pyramid ABCDI. y; can be
solved by the above equation, and then Q1, Q> can be
calculated by Eq. (3) and Eq. (4).

The formula for calculating the ultimate bearing
capacity of square anchor plate in horizontal pulling
can be obtained from the mechanical equilibrium
relation in horizontal direction as shown in Eq. (7).

T, =0, COS(‘//l - 51)"' 0, COS('//Z - 52)

+0; COS(§ -0, ) +0, COS(( - 54) "

3 VERIFICATION

For a square anchor plate with a size of 0.3 m in the
soil with weight y=15kN/m?, same internal friction
angle ¢ and different cohesion ¢, Figure 3 shows the
regulation of upper and lower base angles of the soil
core, ¥i, ¥, and their ratios versus the buried depth
H/h. Tt can be seen that, with different cohesion c, as
the depth ratio increases, the upper base angle ¥
increases while the lower base angle ¥, decreases, and
¥/ approaches to 1 , which is in good agreement
with the expectation of the model. It means that the
model can unified express the -characteristics of
shallow buried and deep buried anchor plates
effectively.

32 data points of field and indoor large-size pulling
test on square anchor plate as shown in Table 1, these
datas were collected from China, Japan and the United
States. Three other methods of PWRC, Miyata
amendment and Terzaghi will be used to calculate the
ultimate bearing capacity of anchor plates in Table 1,
and then compare with the results of three-dimentional
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Table 1 Summary of site and laboratory anchor-plate pullout tests

Plate

Test . Tri-axial 3 . Depth Ty
series Soil test type ¢ (deg) c(kPa) y(kKN/m’) Zlﬁ;: B (m) (kN) References Place
1 . 2 3332 .
2 SCO??GSIV‘S cu 295 196 197 03 4 321.4 léfilgate“’
3 0.75 2 364.6
4 3 153
5 . 0.5 3 205.8 .
6 Cohesive 265 196 167 3 2352 Field test,
soil China
7 3 368.5
0.75 Zhang etal,
8 3 431.2
Cohesive 1996 Field test
9 . CU 29 26.5 18.7 0.6 3 305.8 . ?
soil China
10 Cohesive 265 196 194 0.8 33 520.6 Field test,
soil China
11 Cohesive 32 8.96 15.7 09144 2286 71168 J.E. Smith1957 Licldtest
soil USA
12 3.311 24.8
13 0.106 6.623 34.2
14 Sandy 9.934 42.6 Takeoka et al., Laboratory,
15 soil cD 35 0 15.1 3.311 31.2 2009 Japan
16 0.125 6.623 422
17 9.934 56.6
18 2 103
19 Coarse 3 111.8 Laboratory,
20 sand CD 36 0 16 03 4 117.8 PWRC,1995 Japan
21 5 119.1
22 2 60.8
23 Fine 3 83.8 Miyata et al., Laboratory,
24 sand cu 30 2 154 0.3 4 894 2010 Jepan
25 5 82.4
26 3 40.6
27 . 3 44.4 Miyata et al., Laboratory,
28 Siltsand CU 11 4 15.2 0.3 4 448 2011 Japan
29 4 50.5
30 . 0.1 0.3 1.847
31 Sco‘ﬁles“’e cu 131 18 15 0.1 0.5  3.038 1; glgl“"ka etal, }‘:‘b;lrat"ry’
32 0.2 0.5 12.58 P
¢=10°,7=15kN/m3,h=0.3m 0w s Fs
60 o H/h<10 2 o HIh<10 2
- Z o Eowl v T E ] s
= 40 t=c=| 0kPa H H]
5‘ dr=c=20kPa E ] E
& ikt @ z z "
20 il =40k Pa = &=
0 2 4 0 8 10 12 ! 1 10 160 1000 ! 1 10 100 1000
H/h Calculated value T}, Calculated value T},
—10°.7= 3 =
L OISk 0 3m (a) Terzaghi method (b) PWRC method
90 —e=c-0kPa 05 Fg
o~ %0 —c=1kPa o Hh<10 10004 et i
N —#—c=10kPa 4 10=<H/p=<20 o =
R —a—c20kPa g . HI>20 R I
“ - ccoin ® 5 S e
40 ~40kPa =2 =2
0 2 4 6 8 10 12 ; ; 104
H/h e =
(|)=10°, y=15kN/m3,h=0.3m ke ) 100 1000 ke 10 100 1000
4 Calculated value T}, Calculated value T,
== c=(kPa
5 z D (c) Miyata amended method (d) 3D unified method
£ 1 ::gt: © Fig.4. Comparison of different methods
== c=40kPa
Y. 4 . s w n unified theoretical approach proposed in this paper. The

Fig.3. Upper and lower angles versus buried ratio

comparison results are shown in Figure 4. It can be seen
from the figures that under different buried depth ratios,
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the ratio(F;) points of T, calculated by Terzaghi method to
the measured value Ty, are evenly distributed on both
sides of the 1:1 line, only for the buried depth ratio
H/h>20, the calculated value is more serious larger, and
the maximum is more than 5 times of the measured one.
Compared with the Terzaghi method, Fs of the PWRC
method has a more obvious tendency due to the buried
depth ratio. When the depth ratio H/A<10, the calculation
value is general too large. When the buried depth ratio
H/h is between 10 and 20, most of them are uniformly
located on both sides of the 1:1 line, except for the fact
that some individual data points are too small. After the
buried depth ratio H/A>20, the calculated value is
generally small. Miyata proposed an amendment to
PWRC method based on a large number of experimental
data, but the calculations show that the correction doesn't
work very well, which further magnifies the tendency of

the PWRC method to be affected by the buried depth ratio.

When the buried depth ratio H/A<10, the calculation value
is general too large, and the maximum is more than 3
times of the measured value, which is dangerous. When
the buried depth ratio is H/h>20, the calculated value is
only 10% of the measured value. The ultimate bearing
capacity of the anchor plate is seriously underestimated.
The reason of this problem is probably because the data
used is the indoor model test data, the majority of the
anchor plate size is less than 5cm, but the minimum size
of the anchor plate collected this time is 0.1m, the
maximum is 0.9144m. This shows that the ultimate
bearing capacity of the anchor plate has a strong size
effect, and the data obtained from small size indoor model
test is very unreliable for engineering practice. The
three-dimensional unified theoretical solution is similar to
PWRC method, which has a similar tendency, but it's
more better than that of the latter. the ratio points are
evenly distributed on both sides of the 1:1 line and
more closer to it.

Statistical analysis of deviation shows that the
mean values of Fs are 1.33, 2.687, 1.088, 0.986, and
COV of variation coefficients were 0.918, 1.346, 0.582
and 0.351 for the four methods respectively. The
accuracy of three-dimentional unified theoretical
solution is more than 30% higher than that of PWRC
method. Although the mean value is not much different
from that of the Terzaghi method, the dispersion degree
is also significantly reduced by more than 30%. So the
performace of three-dimentional unified theoretical
approach is the best.

4 CONCLUSION

In the ultimate pulling state, a quadrature pyramid
soil core will be formed before anchor plate. The
projection of this soil core onto the vertical plane is a
triangle, the shape variation of which can be used to
reflect the continuous change regulation of the slip line
field before anchor plate with the soil property and
buried depth ratio. Based on this, a unified mechanical
model was built and limit equilibrium analysis method
was used to derive the three-dimensional unified

theoretical solution of the ultimate bearing capacity.
The rationality of the three-dimensional unified
theoretical solution was proved by the comparison with
three other theoretical methods and the large size
indoor and outdoor test datas.
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