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Root pile (hereafter called RP), which is a promising new type of noncircular cross-section-shaped pile and meets the re-
quirements of the development of the uplift pile, was introduced for promotion. On the basis of validation of experimental and
numerical results, finite element models were established to study the influence of the arrangement of roots and dimension
parameters on the uplift bearing capacity and the economy of RP compared with that of the straight-shaft pile and pedestal pile
(hereafter called SP and PP, respectively). The results show that the uplift bearing capacity of RP is higher than that of SP and PP,
and the longer the pile length is, the more the bearing capacity of RP would increase compared with that of SP and PP. In order to
further improve the bearing capacity of RP, the bearing mechanism of the root was analysed, and the suggested values of root size
and spacing of layers are given. In addition, the most economical way to increase pile bearing capacity is to increase pile length

rather than increasing pile diameter.

1. Introduction

With the development of infrastructure construction, the
development of piles is exposed to a series of challenges, in-
cluding higher bearing capacity and less material consumption.
Piles with noncircular cross-section shape which are promising
new pile types developed based on conventional SP meet the
requirements of the development of pile foundation. There are
several popular piles with noncircular cross-section shape in
the last few years: squeezed branch piles [1, 2], PP [3-6], screw
piles [7, 8], X-shaped piles [9, 10], and so on, and PP was often
adopted for buildings bearing uplift load.

RP is a new type of pile and put forward by Yin [11]
firstly, as shown in Figure 1, which is formed by grafting
prefabricated roots onto SP. The mechanism of RP is in-
cluding side friction of the pile shaft and cantilever action of
prefabricated roots, and RP therefore could improve bearing
capacity effectively. In addition, compaction effect generated

by pushing roots into the surrounding soil will enhance the
physical and mechanical properties of the surrounding soil;
however, root compaction effect is difficult to be taken into
quantitative consideration in practical engineering.

The construction process of RP is relatively complicated,
and the construction method varies according to the se-
quence of pushing roots and installation of reinforcement.
Pushing roots firstly and installation of reinforcement later
were adopted in the field testing, and the corresponding brief
construction process is shown in Figure 2.

RP was mostly used as a compressive bearing foundation
since its advent, and investigation and application on the
uplift bearing behaviour of RP is rare so that its uplift
bearing capacity was often ignored by researchers. The
compressive bearing capacity of root caissons and the op-
timal distribution of roots were investigated by Gong et al.
[12] through field loading tests and Yin et al. [13] through
numerical simulation, respectively, and their research
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FIGURE 1: Diagram of RP. (a) Elevation of RP. (b) Layout of roots. (c) Site picture of roots after pushing.
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FIGure 2: Construction process of RP.

studies both pointed out that the roots could significantly
improve the compressive bearing capacity. Whether the
existence of roots could improve the uplift bearing capacity
is unknown, but it is worth to explore the influence of the
arrangement of roots, pile length and diameter, and hollow
sections on the uplift bearing capacity of RP and the ad-
vantages of RP compared with those of SP and PP.

On the basis of validation of experimental and numerical
results, the above subjects were studied by numerical sim-
ulation. The bearing mechanism of the root was analysed,
and the influence of the number and size of the root and the
spacing of root layers on bearing capacity was discussed.
Based on the analysis of the influence of pile length and
diameter and hollow sections on the uplift bearing capacity
of different pile types, the advantages of RP over PP were
summarized. In addition, suggestions were put forward on
how to increase the uplift bearing capacity.

2. Materials and Methods

2.1. Material. The soil was simulated by the Mohr-Coulomb
model, and pile and roots both constructed by reinforced
concrete were simulated by the elastic model. Material

parameters are shown in Table 1, in which unit weight y,
Poisson’s ratio v, cohesion ¢, and internal friction angle ¢
were obtained by field tests and elastic modulus E and di-
lation angle ¢ were obtained by calibration.

2.2. Constitutive Model. The Coulomb friction model was
adopted to describe the friction behaviour between the
contact surfaces. Since the holes of piles in the field tests were
manually drilled and the side walls of the holes were rela-
tively rough, the external friction angle § between the soil
and piles was chosen as 22° which was the same as the soil
internal friction angle ¢, and the corresponding friction
coefficient y was 0.40. The maximum side friction 7, was
defined as follows:

1)

where p, is the normal pressure between the contact sur-
faces. In the Coulomb friction model of ABAQUS, the elastic
slip distance Aug g, should be specified. For small dis-
placement not greater than Au, g;,, a linear increase of the
side friction until reaching to 7,,,, is assumed, and for larger

Tmax = UPw
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TaBLE 1: Model material parameters.

Material Un(llil\?l/if%lt V" Elastic modulus E (MPa) Poisson’s ratio v Cohesion ¢ (kPa) Internal friction angle ¢ (*) Dilation angle ¢ (*)
Soil 16 15 0.3 20
Pile 24.5 30000 0.2 — 22 2.2

displacement, the side friction remains the same as 7,,.
That is, the side friction conforms to the following relations:

T= ksAu(Au <Au el,shp), @)

T= Tmax (Au > AM el,slip)’

where ki = 7,,,/Au o g;, is the tangential stiffness of the
contact surfaces. According to previous studies [14, 15], side
friction would reach its maximum value 7,,,, for a relative
displacement of 5 mm. The elastic slip distance A ;, in the

numerical model of this paper was therefore 5 mm.

2.3. Numerical Simulation. The diameter and the buried
depth of the model piles were 1.2-2.8 m and 5-25 m. For all
PP mentioned in this paper, the diameter of the enlarged
base was 1.5 times the diameter of the pile shaft, and the
height of the enlarged base was 1 m. Roots 0.15-0.3m in
width and 0.3-0.4m in height were extended 0.6-1.6 m out
of the pile shaft and were arranged in the circular direction
with equal spacing. It should be noted that the compaction
effect of roots pushing into soil was not considered in the
numerical simulation.

The radial and axial dimensions of the base were, re-
spectively, 25 and 16.7 times the pile diameter, which was
found from calculations sufficient to avoid a significant
falsification of the calculation results. The displacement in X
and Y horizontal directions of the lateral boundary and in all
directions of the bottom boundary had been constrained.
The piles and soil were discretized into C3D8R elements, and
the 3D finite element mesh of the model is shown in
Figure 3.

The models were calculated in three steps. Firstly, the
balance of the geostress field was carried out. In this process,
the soil weight was applied to the whole model, and the
horizontal stress coefficient k was defined. It is worth noting
that the magnitude of k determines the magnitude of side
friction, namely, k has a great influence on the numerical
results. Kulhway and Kozera [16] pointed out that the value
of k was related to the safety level of buildings and the stress
history of soil (the overconsolidation ratio of soil (OCR)),
which could be taken between the active earth pressure
coefficient k, and the passive earth pressure coefficient k. It
was decided to adopt kp = tan” (45" + (¢/2)) = 2.04 as the
horizontal stress coefficient, and in this case, the numerical
results can be in agreement with the experimental results to
the greatest extent. Subsequently, the difference between pile
and soil weight was applied to the pile again. At the end of
this step, due to the difference of weight, small displacement
and stress would be generated, which would be taken as the
initial condition for numerical calculation. Finally, uplift

FiGure 3: Finite element model.

load was applied to the pile top and increased gradually until
the ultimate load was reached.

The load was loaded by force until the calculation did not
converge. For the uplift piles, load displacement curves can
be divided into mutational and varying gradually types, and
the ultimate uplift bearing capacity can be taken as the prior
load before mutation for the mutational curves and the load
inducing upward displacement of 60mm for varying
gradually curves correspondingly.

3. Validation of the Numerical Model

Field loading tests were performed on three piles, including
No. 1 SP, No. 2 PP, and No. 15 RP (see Table 2). The soil
profile consisted of large thickness and continuous loess
strata. Freeze-thaw could affect the strength of the loess
[17, 18]; however, the freeze-thaw is not involved in field
tests; the purpose of the tests was to compare the bearing
capacity of three pile types, so the effect of freeze-thaw on
loess was not considered. Soil samples were collected and
tested in a laboratory, and the properties of samples are
shown in Table 1. All of the loading tests were conducted
according to the slow loading method and loaded by hy-
draulic jacks in an increment of 300 kN, as shown in Fig-
ure 4. Displacement sensors were placed at the top of the pile
head to measure uplift displacement. The comparison of
experimental and numerical results of these three piles is
shown in Figure 5.

It can be seen from Figure 5 that the uplift displacement
obtained by the numerical simulation is larger than the ex-
perimental results, which is because the tangential stiffness of
the contact surface remains unchanged at the elastic slip stage
in the numerical simulation. However, for the field loading
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TaBLE 2: Simulation programs and results of piles with different root arrangement.

Pile No. Pile type Root No. per layer No. of

Depth of the
root layers first root layer (d) between root layers

Ultimate Q. increment

Spacing bearing capacity compared with pile

Q. (kN) No. 1 (%)
1 SP Mutation, 32.13 mm, 2550 kN
2 PP 3952 55.0
3 4 1 7.5 3288 28.9
4 6 1 7.5 3542 38.9
5 8 1 7.5 3687 44.6
6 RP 6 1 1 T Mutation, 31.74 mm, 2750 kN, 7.6%
7 6 1 2 Mutation, 34.68 mm, 3000kN, 17.6%
8 6 1 3 Mutation, 39.94 mm, 3250 kN, 27.5%
9 6 1 4 3512 37.7
10 6 1 5 3597 411
11 6 2 4 1d 4079 60.0
12 6 2 4 2d 4250 66.7
13 6 2 4 3d 4292 68.3
14 6 2 4 4d 4500 76.5
15 6 3 1 3d 4606 80.6

Note. d which equals to 1.2 m is the diameter of the pile shaft. Pile No. 1, 2, and 15 are validation piles with the same size as the field testing piles. The length,

width, and height of roots are 0.6, 0.15, and 0.3 m, respectively.
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[
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(b)

FIGURE 4: The layout of loading devices. (a) Schematic drawing of loading tests. (b) Field test diagram.

tests, the stiffness of the contact surface decayed gradually and
then remained unchanged. The numerical results of the three
testing piles were consistent with the trend of the experi-
mental results in general, indicating that the numerical results
could truly reflect the pile bearing capacity. And, then the
numerical simulation studies of RP were carried out.

4. Results and Discussion

4.1. Study on Root Arrangement. In order to study the
difference of bearing capacity of piles of different sections
(including SP, PP, and RP) and the influence of the ar-
rangement of roots on the uplift bearing capacity, nu-
merical simulations were carried out. Specific simulation
programs and the corresponding results are shown in
Table 2, and the load displacement curves of pile No. 1-15
are shown in Figure 6.

4.1.1. Root Pile with Single Root Layer

(1) The Number of Roots. Figure 6 and Table 2 show that the
ultimate uplift bearing capacity Q, of RP and PP was sig-
nificantly greater than that of SP, and the load displacement
curves of pile No. 2-5 varied gradually, which was different
from the mutation curve of SP and would provide a higher
safety factor for the upper structure. Furthermore, the more
the root grafting on the pile shaft, the higher the uplift
bearing capacity; however, with the increase in the number
of roots, the increase in Q, decreases gradually.

To further analyse the influence of the number of roots
on Q,, the plastic zone of soil around roots under Q, was
extracted, as shown in Figure 7. For the RP No. 3 (as shown
in Figure 7(a), the number of roots was 4, and the annular
spacing of roots was 0.792 m), the plastic zone of soil above
the roots was concentrated around the roots and scattered,
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Figure 6: Uplift load displacement of pile No. 1-15.
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FIGURE 7: Plastic zone distribution of RP. (a) RP No. 3. (b) RP No. 4. (c) RP No. 5. (d) The legend. In Figure 7(d), PEEQ, which means
equivalent plastic strain, is the cumulative result of plastic strain during the entire deformation process. The legend of Figures 10, 11, and 20

is the same as that of Figure 7(d).

which would not fully mobilize the soil above the roots. On
the contrary, the plastic zone of pile No. 5 (8 roots) was
overlapped with each other, which would affect the effect of
the root. As for RP No. 4, with 6 roots and 0.478 m annular
spacing, because of the basically connected plastic zone, the
soil above roots could be fully mobilized to resist the uplift
load. Considering the influence of roots on Q, and the
difficulty of construction and reinforcement, the number of
roots should be 6, and the annular spacing between roots
should be 0.4-0.5m. Furthermore, the annular spacing
between roots would be further analysed in Section 4.2.2.

(2) The Bearing Mechanism of Root. Taking RP No. 4 (6
roots) as an example, the effect and the bearing process of
root were analysed. Figure 8 shows the axial stress distri-
bution of the root, and Figure 9 shows the bending moments
of the root along the cross section. It can be seen from the
figures that, except for the region of the joint of roots and
pile shaft, the distribution of axial stress and bending mo-
ment was close to the cantilever beam under uniform load.
The size of uniform load was determined by magnitude of
uplift load, physical and mechanical properties of the sur-
rounding soil, and the spacing between roots. The roots bear
uplift load independently while the spacing among them is
large enough; however, the roots and the soil would work
together, and the soil arch effect would come into play when
the spacing is relatively small.

(3) The Buried Depth of Roots. As for RP No. 4 and 6-10, each
pile has one root layer, and the roots’ buried depth was 7.5, 1,
2, 3, 4, and 5d, respectively. As seen from Figure 6 and
Table 2, with the buried depth of roots changing from
shallow to deep, load displacement curves gradually changed
from sudden failure to slow destruction. Roots drive the soil
to pull up together, which reduces the lateral pressure be-
tween base and pile shaft when the buried depth of roots was
too shallow; for example, Q, and load displacement curve of
RP No. 6 (roots buried at 1 d depth) were similar to those of
SP. In addition, the uplift displacement of RP No. 9 and 10

S, S11
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FiGure 8: Axial stress distribution of the root. The unit of the
legend is kPa.
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FIGURE 9: Bending moments of the root cross section.
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with the buried depth of 4d and 5 d was smaller than that of
No. 4 with the buried depth of 7.5d, i.e., a higher bearing
capacity of pile No. 9 and 10; the reason of which was that
the roots’ buried depth of pile No. 4 was too large, and only
when the uplift displacement was large enough, roots could
come into full play. In conclusion, too shallow or too deep
buried depth of roots was unfavourable to uplift bearing
capacity, and the best embedding depth is between 4 and 5 d.

As shown in Figure 10, when the depth of roots was
shallower than 3d (RP No. 6-8), the plastic zone would
reach the ground under Q,, and the reason of that uplift load
displacement curves of pile No. 6-8 was mutation. When the
buried depth was deeper than 4d (RP No. 4, 9, and 10), the
plastic zone showed a mountain-shaped distribution, which
was concentrated in the range of 2d above the roots.

4.1.2. The Spacing between Root Layers. As shown in Fig-
ure 6 and Table 2, the bearing capacity of one root layer RP
was smaller than that of PP; however, with the increase in
root layers, the uplift bearing capacity increases significantly,
and the opposite relationship was shown. For the RP with 2
layers (No. 11-14), their bearing capacity increases with the
increase in layer spacing. Because of shallow buried depth of
the first root layer, Q, of pile No. 15 with three root layers
was only slightly larger than that of pile No. 14.

Figure 11 shows the plastic zone distribution of RP No.
11-14 under Q,. Compared with Figure 10, it can be seen that
the plastic zone of pile No. 11-14 was larger than that of piles
with one root layer, which demonstrates that multilayer RP
could mobilize soil to resist the uplift load in a larger range
and lead to larger bearing capacity than one root layer RP.
When the spacing was not more than 2 d (pile No. 11 and 12),
the plastic zone between the two layers would be overlapped,
which should be avoided. When the spacing was not less than
3 d (pile No. 13 and14), the plastic zone of the first and second
layers would not be connected under Q,, which indicates that
the effect of two layers could be independently played and not
be affected by each other. The study in Section 4.1.1 showed
that the plastic zone was concentrated in the range of 2d
above the roots; in other words, when the spacing between
two layers is not less than 2 d, the influence between roots is
small, which is the same conclusion as that in this section.

Through the above analysis, the relationship between the
optimal buried depth of the first root layer and layer spacing
and pile diameter d (d was 1.2m in this section) was dis-
cussed. In fact, these two values were totally unrelated to d,
but are related to the actual distance, which will be further
elaborated in Section 4.2.4.

4.2. Study on the Influence of Pile Length and Diameter and
Hollow Sections on Pile Bearing Capacity

4.2.1. The Influence of Pile Length. Piles length ranging from
5m to 25 m was simulated to compare the influence of pile
length and type on the uplift bearing capacity. In addition,
an RP length of 20 m with different number of root layers
was analysed to study the influence of the root layout on the
bearing capacity. Specific simulation programs and the

corresponding results are shown in Table 3, and the load
displacement curves of the piles are shown in Figure 12.

The bearing capacity of piles increases with the increase
of pile length, and the load displacement curves of SP
gradually changes from mutation to gradual variation. The
Q, increment of PP and RP compared with SP decreases
with the increase in pile length, which is more obvious for
PP. For example, load displacement curves of PP of length
no less than 20 m are basically coincident with that of SP. The
Q, increment of RP was 15-25% higher than that of PP. In
addition, when pile length is large, roots arranged on the
upper pile are available to bear the uplift load even when the
uplift load is small; however, the enlarged base of PP could
only bear load under the condition of the large displacement
which would often exceed serviceability limit state. More
importantly, the enlarged base of PP is difficult to operate,
and collapse hole takes place frequently when the pile length
is large; on the contrary, it is feasible to arrange several root
layers on the upper part of the pile.

Figure 12 and Table 3 indicate that for RP No. 24-27 with
3-6 root layers, respectively, the bearing capacity increases
with the increase in the number of root layers. Besides, the
bearing capacity of pile No. 26 (5 root layers, and the
maximum buried depth of roots is 15.6 m) is almost the same
as that of pile No. 27 (6 root layers), which means the effect
of roots arranged on the lower part of the pile on the re-
sistance of the uplift load is small especially for the long piles.

4.2.2. The Influence of Pile Diameter. Piles with a diameter of
1.6-2.8 m were simulated to compare the influence of pile
diameter and the length and number of roots on the uplift
bearing capacity. Specific simulation programs and the
corresponding results are shown in Table 4, and the load
displacement curves of the piles are shown in Figure 13.

Compared with SP, the Q, increment of RP with dif-
ferent number and length of roots is shown in Figure 14. The
bearing capacity of RP increases with the increase in the
number and length of roots, while the increment rate de-
creases with the increase in the number of roots. In general,
the bearing capacity of RP increases slightly with the increase
in the number of roots when the annular spacing between
the roots is smaller than 0.4-0.5m. The influence of root
length on the bearing capacity is greater than root number,
and it is suggested that the length of the root should not
exceed 0.5 times the pile diameter due to the special con-
struction process.

The height and width of the root should match the pile
diameter; besides, the influence of the construction of the
root on the reinforcement should also be taken into account.
In other words, the width and the height of the root should
not exceed the spacing between main reinforcement and the
spacing between stirrup bars, respectively. It is suggested
that the height and width should be 0.3-0.4 times the length
of the root and about 0.1 times the pile diameter, respec-
tively. In addition, the height and width should be less than
400 mm and 300 mm, respectively; if not, the height and
width should be reduced by increasing reinforcement ratio
or increasing concrete strength of roots.
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F1GURE 10: Plastic zone distribution of one root layer RP under ultimate bearing capacity. (a) RP No. 4. (b) RP No. 6. (c) RP No. 7. (d) RP No.

8. (e) RP No. 9. (f) RP No. 10.

(c)

(d)

FiGure 11: Plastic zone distribution of RP. (a) RP No. 11. (b) RP No. 12. (¢) RP No. 13. (d) RP No. 14.

4.2.3. The Influence of Hollow Sections. In order to compare
the influence of wall thickness and burial depth of hollow
sections on the uplift bearing capacity of piles and to
optimize the design of large-diameter piles, the simulation
of hollow piles with different parameters was carried out.
Specific simulation programs and the corresponding re-
sults are shown in Table 5, and the load displacement
curves of the piles are shown in Figure 15. The chart

indicates that the uplift bearing capacity was basically
unaffected neither by wall thickness nor buried depth of
hollow sections.

The arrangement of the hollow sections would change
the stress distribution of piles. Because of the tension
condition of piles and small tensile strength of concrete, it is
necessary to compare the stress distribution of hollow piles.
For piles with diameters 1.2, 2.0, and 2.8 m, the axial stress



Advances in Civil Engineering

TaBLE 3: Simulation programs and results of piles with different length.

Pile Length Pile . Ultimate bearing capacity Q, Q, increment compared with the same length

No. (mg) type Buried depth of roots (kNg) pacity P SP (%) &

16 SP Mutation, 16.70 mm, 700 kN

17 5 PP 1490 112.9

18 RP 1d, 3.5d 1596 128.0

1 SP Mutation, 2550 kN, 32.13 mm

2 10 PP 3952 59.7

15 RP 1d,4d, 7d 4413 78.3

19 SP Mutation, 5030 kN, 54.92 mm

20 15 PP 5887 17.0

21 RP 1d,4d, 7d 10d 7136 41.9

22 SP Mutation, 7500 kN, 52.67 mm

23 PP 8134 8.5

1d,4d, 7d, 10d, 13d,

24 20 RP 16d 10000 33.3

25 RP 1d,4d, 7d 9010 20.1

26 RP 1d, 4d, 7d, 10d 9044 20.6

27 RP 1d,4d, 7d, 10d, 13d 9648 28.6

28 SP Mutation, 9975 kN, 56.37 mm

29 PP 10580 6.4
25 RP

30 1d,4d, 7d, 10d, 13d, 12114 214

16d

Displacement (mm)

0 L | L | L | L | L | L | L |

0 1000 2000 3000 4000 5000 6000 7000
Uplift load (kN)

—a— No.16 5m SP —4 No.1510 m RP

—e— No.175m PP —— No.19 15 m SP

—A— No.18 5m RP —e— No.20 15 m PP

—¥— No.1 10 m SP —— No.21 15m RP

—— No.210m PP

(a)

Displacement (mm)

0 P N RN U RS TS RS
0 2000 4000 6000 8000 10000 12000
Uplift load (kN)
—=— No0.22 20 m SP — No.27 20 m six layers RP
—e— No0.23 20 m PP —— No.28 25 m SP
—a— No.24 20 m three layers —e— No.29 25 m PP
RP
—v— No.2520 m four layers —x— No.30 25 m RP
RP
—e— No.26 20 m five layers
RP

(b)

Ficure 12: Uplift load displacement of piles with different length. (a) Pile length of 5, 10, and 15m. (b) Pile length of 20 and 25 m.

distribution of the middle part of piles was extracted when
the uplift load was 3000, 5000, and 6000 kN, respectively (the
corresponding uplift displacement was all about 30 mm), as
shown in Figures 16-18. It should be noted that the elastic
model was adopted for piles, and the cracking failure of piles
was not considered.

Figures 16-18 indicate that the axial stress distribution of
piles with a wall thickness of 0.5m, 0.7m, and 0.9m is
similar to that of solid piles with diameters 1.2, 2.0, and
2.8m, respectively. Correspondingly, the ratio of wall
thickness to pile diameter is 0.416, 0.35, and 0.32, respec-
tively. Furthermore, it could be inferred that for large-
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TaBLE 4: Simulation programs and results of piles with different diameter.

Q, increment compared

Pile Diameter Root size Root Root No.  Roots annular ~ Ultimate bearing ith th diameter SP
No. (m) (height x width) (m?) length (m) per layer spacing (m) capacity Q, (kN) wi € sar?l;; ) tameter
31 SP Mutation, 3600 kN, 43.41 mm
32 PP 4915 36.5
33 1.6 0.3x0.15 0.8 6 0.687 5622 56.2
34 8 0.478 5947 65.2
35 10 0.352 6125 70.1
36 SP Mutation, 4650 kN, 52.00 mm
37 PP 6151 32.3
38 1.0 8 0.585 7233 55.5
39 2.0 0.4%x0.2 10 0.428 7416 59.5
40 12 0.323 7531 62.0
41 0.8 7019 50.9
42 1.2 10 0.428 7828 68.3
43 SP 5692 _
44 PP 7079 24.4
45 2.4 0.4x0.2 1.2 10 0.554 8515 49.6
46 12 0.428 8684 52.6
47 14 0.338 8809 54.8
48 SP 6608 —_
49 PP 8505 28.7
50 1.4 10 0.579 9805 48.4
51 12 0.433 9997 51.3
52 2.8 0.4x0.3 14 0.328 10154 53.7
53 1.0 9158 38.6
54 1.2 12 0.433 9600 45.3
55 1.6 10378 57.7

Note. The length of the piles above is 10 m, and all of the RP were arranged as three root layers with buried depth at 1.2 m, 4.8 m, and 8.4 m, respectively.

FiGure 13:: Uplift load displacement of piles with different diameter. (a) Pile diameter of 1.2, 1.6, and 2.0 m. (b) Pile diameter of 2.4 and 2.8 m.
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FIGURE 14: Q, increment of RP with different number and length of roots.

TaBLE 5: Simulation programs and results of hollow piles.

The bearing capacity corresponding The bearing capacity corresponding
to 30 mm uplift displacement (kN)

to 60 mm uplift displacement (kN)

Pile Diameter Wall Buried depth of
No. (m) thickness (m)  hollow section (m)
15 Solid pile

56 0.3

1.35-8.25 (between

>7 04 the 1° and 3™ layer)

58 12 0.5

59 ’ 1.35-4.65 (b%tween
04 the 1** and 2" layer)

60 ’ 4.95-8.25 (between

the 2" and 3™ layer)

39 Solid pile

61 2.0 04 1.35-8.25 (between

62 0-55 the 1* and 3" layer)

63 0.7

51 Solid pile

64 2.8 0.5 1.35-8.25 (between

65 0.7 the 1* and 3™ layer)

66 0.9

3118 4413
3079 4356
3097 4381
3107 4395
3104 4392
3105 4391
4789 7416
4696 7253
4817 7345
4753 7342
6329 9997
6161 9712
6266 9875
6318 9945

Note. The hollow sections of pile No. 56-60, 61-63, and 64-66 were arranged based on pile No. 15, 39, and 51, respectively. All of the piles were 10 m long and
arranged as three root layers with buried depth at 1.2 m, 4.8 m, and 8.4 m, respectively.

diameter piles, hollow sections could be adopted to reduce
material consumption. The wall thickness of hollow piles
should be 0.3-0.4 times the pile diameter, and the larger the
pile diameter, the smaller the value. In addition, stress
concentration would occur at roots and the joint between
pile shaft and roots, and structural measures, such as in-
creasing the concrete grade and reinforcement ratios, should
be considered to get roots and the joint strengthened.

4.2.4. Discussion on the Influence of Pile Length and Diameter
and Hollow Sections. The comparison of the influence of pile
length and diameter on the bearing capacity of different pile

types is shown in Figure 19, in which the number of root layers
of RP length ranging from 5m to 25 m is 2-6, respectively, the
length of the root is half of the pile diameter, and the annular
spacing of roots is between 0.4 and 0.5m. As seen from
Figure 19, the Q, increment of PP and RP compared with SP
remains basically unchanged with the increase in pile diameter,
that is, the influence of pile diameter on bearing capacity of SP,
PP, and RP is similar. However, the influence of pile length on
bearing capacity of different pile types shows different trends.
Both PP and RP could be used to improve the pile uplift
bearing capacity when the pile length is no more than 10 m. For
piles no less than 15 m long, compared with the increment of
the bearing capacity of RP, the increment of PP is smaller.
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FiGure 15: Uplift load displacement of piles with hollow sections.
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FIGURE 16: Axial stress distribution of piles of 1.2 m in diameter with different wall thickness. (a) 0.3 m. (b) 0.4 m. (c) 0.5 m. (d) Solid pile. (e)
The legend. The unit of the legend in Figures 16(e), 17(e), and 18(e) is kPa.

The influence of pile length and diameter and hollow
sections on the bearing capacity of per unit of concrete
(hereafter called Q,;) was compared with pile No. 15 (solid
pile of 10 m in length and 1.2 m in diameter), and the results
are shown in Table 6. The Q,n; increment ratio tends to
remain unchanged with the increase in pile length, while
Qunit decreases with the increase in pile diameter, and the

larger the pile diameter, the higher the reduction. In ad-
dition, within the scope of diameter of 2.8 m, the arrange-
ment of hollow sections has little influence on Q;.. Taken
together, improving pile bearing capacity through increasing
pile length is more economical than through increasing pile
diameter, but it must be pointed out that the construction
process becomes harder with the increase of pile length. On
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FIGURE 17: Axial stress distribution of piles of 2.0 m in diameter with different wall thickness. (a) 0.3 m. (b) 0.55 m. (c) 0.7 m. (d) Solid pile.
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the whole, the influence of construction difficulty and In order to study the influence of buried depth of roots

concrete  consumption  should be  considered  and pile diameter on the plastic zone above roots, the plastic
comprehensively. zones of RP with diameters ranging from 1.2 m to 2.4 m and
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TaBLE 6: The influence of pile length and diameter and hollow sections on the bearing capacity.

Pile Length Diameter Concrete Ultimate bearing  Bearing capacity per unit of Q; increment compared

No. (m) (m) consumption (m?) capacity Q, (kN) concrete Quui (KN/m?) with pile No. 15 (%)

15 10 11.79 4413 374.30 —

21 15 12 17.60 7136 405.36 8.30

27 20 : 23.42 9648 411.99 10.07

30 25 29.23 12114 414.41 10.72

34 1.6 20.96 5947 283.73 —24.20

39 2.0 33.80 7416 219.41 —41.38

46 2.4 48.67 8684 178.42 -52.33

51 10 2.8 67.59 9997 147.90 -60.49

58 1.2 11.30 4395 388.80 3.87

63 2.0 30.33 7342 242.07 -35.33

66 2.8 62.17 9945 159.97 -57.26

Note. Pile No. 58, 63, and 66 are hollow piles.

FIGURE 20: Plastic zone of RP with different buried depth of roots and pile diameter. (a) Diameter of 1.2 m. (b) Diameter of 1.6 m.
(c) Diameter of 2.0 m. (d) Diameter of 2.4 m. (e) RP of three layers. (f) RP of four layers. (g) RP of five layers. (h) RP of six layers.

RP of 20m in length with different number of root layers
were extracted under Q, as shown in Figure 20. The range of
the plastic zone, which were all concentrated in the range of
about 2.4 m above the roots, remained basically unchanged
with the increase in root depth and pile diameter. In other
words, the spacing of root layers is independent of pile
length and diameter and should not be less than 2.4 m.

5. Conclusions

In this paper, the finite element models of RP under uplift
load were established, and the influence of root arrangement
and pile diameter and length on bearing capacity of piles was
studied. The following conclusions are obtained:

(1) The bearing capacity of piles could be greatly im-
proved by arranging roots on the pile shaft, and the
uplift bearing capacity of RP increases with the in-
crease in pile length and diameter, root length and
number, and number of root layers. In addition, the

bearing capacity was basically unaffected by the
arrangement of hollow sections.

(2) Both PP and RP could be used to improve the pile

uplift bearing capacity when the pile length is no
more than 10m. For piles no less than 15m, the
advantages of RP in bearing capacity and con-
struction feasibility are more obvious than those of
PP, and it is more convenient to use RP to improve
the bearing capacity. The more the number of root
layers, the higher the uplift bearing capacity, while
the effect of the root arranged on the lower part of the
pile on the resistance of the uplift load is small, and
the number of root layers should not be too much. In
addition, the spacing of root layers is independent of
pile length and diameter and should not be less than
2.4m.

(3) Improving pile bearing capacity through increasing

pile length is more economical than through in-
creasing pile diameter, but it must be pointed out
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that the construction process becomes harder with
the increase in pile length. In addition, the effect of
hollow sections on reducing concrete consumption
is not obvious for large-diameter piles. On the whole,
the influence of construction difficulty and concrete
consumption should be considered
comprehensively.

(4) Bearing mechanism of the root is similar to the
cantilever beam under uniform load. The influence
of root length on the bearing capacity is greater than
the root number. It is suggested that the length of the
root should not exceed 0.5 times the pile diameter
and the number of roots should correspond with the
root annular spacing of 0.4-0.5m. In addition, it is
suggested that the height and width of the root
should be 0.3-0.4 times the length of the root and
about 0.1 times the pile diameter, respectively, and
should not affect the reinforcement.
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