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Abstract: This study aims at investigating the effect of steel casing on vertical bearing characteristics
of steel tube-reinforced concrete piles in loess area by centrifugal model test. Five piles were
selected, one of them was a conventional reinforced concrete pile which was 35 cm in length and
2.5 cm in diameter as a contrast pile, and the length of steel casing for the remaining four steel
tube-reinforced concrete piles was 8 cm, 12 cm, 16 cm, and 20 cm respectively. The results show that
the axial force, unit skin friction, tip resistance, and shaft resistance of steel tube-reinforced concrete
piles with different steel casing lengths were different from conventional reinforced concrete pile.
Additionally, the ultimate bearing capacity of steel tube-reinforced concrete piles was compared with
a conventional reinforced concrete pile. Moreover, advantages of steel casing in pile foundation
engineering were summarized. The results of this study can provide reference for vertical bearing
characteristics of steel tube-reinforced concrete piles in loess area.

Keywords: steel tube-reinforced concrete piles; steel casing; centrifugal model test; vertical
bearing characteristics

1. Introduction

In recent years, with the rapid development of bridge engineering, pile foundation has attracted
the attention of designers as an important part of highway bridge construction [1-4]. On the one hand,
some researchers established theoretical models to analyze the bearing characteristics of piles [5-8].
On the other hand, some researchers studied the bearing characteristics of piles through field or indoor
experiments [9-12]. Moreover, some researchers studied the bearing characteristics of piles through
simulation experiments [13-15]. In the process of pile foundation construction, various types of soil
will be encountered. Loess is the dominant soil in Northwest China, accounting for 72.4% of the total
loess area in China. In addition, China introduced the conception of the “New Silk Road Economic
Belt” in 2013, and most of the soil in this area is loess, which brings great opportunity and challenge to
the construction of pile foundation in loess area [16-21]. When cast-in-place bored piles are used in
loess area, the steel casing is usually used to stabilize the borehole wall or solve the slurry leakage
problem of huge caves. Because of the difficulty in recycling, the steel casing is sometimes no longer
recycled after pile forming, so as to form a concrete-filled steel tube composite structure with reinforced
concrete materials, which is called steel tube-reinforced concrete piles in this study. When steel casings
are recycled, they are called conventional reinforced concrete piles.

There are some researches on pile foundation in loess area. Gao et al. [22] tested three squeezed
branch and plate piles in loess area and proposed the safety factor for the three piles. Wang et al. [23]
investigated the negative skin friction along piles caused by earthquake in loess area and developed
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a method to estimate the negative skin friction. Zhang et al. [24] found that down-hole dynamic
compaction pile could improve 50 m collapsible loess when the pile spacing is reasonable by field
tests. Xing and Liu [25] carried out water immersion tests to study the different pile types on negative
skin friction of pile foundations in loess regions and found NSF of the bored concrete pile was
smallest. Zhou et al. [26] used static load test and post-grouting technology; the settlement parameters
of post-grouting piles in loess area were analyzed and optimized. However, the above research
is on the bearing characteristics of concrete piles in loess area; there is little research on the effect
of steel casing length on vertical bearing characteristics of steel tube-reinforced concrete piles in
loess area. Compared with field tests, more and more centrifugal model tests have been applied
recently in various engineering due to its virtue of quick construction and low engineering cost.
Simultaneously, the results of centrifugal model tests are consistent with those of field tests, which had
been confirmed by a large number of studies, suggesting that centrifugal model tests have a certain
accuracy and reliability [27-32].

Based on this, the effect of steel casing on vertical bearing characteristics of steel tube-reinforced
concrete piles in loess area was investigated by centrifugal model test, which includes the axial
force, unit skin friction, tip resistance, shaft resistance, and ultimate bearing capacity. In addition,
advantages of steel casing in pile foundation engineering were summarized.

2. Methodology

2.1. Purpose of the Test

Field tests always have slow construction and high engineering cost. In order to quickly study the
bearing characteristics of the pile (with dimensions of 35 m in length and 2.5 m in diameter) in the
loess area and analyze the effect of steel casing on its bearing characteristics, a series of centrifugal
model tests were conducted. In addition, the results of centrifugal model test can be converted to
actual results in the field through similar relationships [33].

2.2. Centrifuge Equipment

In this study, TLJ-3 type geotechnical centrifuge was produced by china academy of engineering
physics, which s located in Mianyang City, Sichuan Province, China, as shown in Figure 1; the maximum
centrifugal acceleration of TL]-3 type geotechnical centrifuge is 200 g; it can accommodate up to 1000 kg
(including container quality and material quality) at the 60 g level, which means 300 kg at the 200 g
level, so it can accommodate up to 600 kg (including container quality and material quality) at the
100 g level. As a beam type of centrifuge, it has a container at the end of the arm and a balancing
container at the opposite side to balance the weight. The container used in this study is made of steel,
with dimensions of 70 cm in length, 50 cm in height and 36 cm in width. There are 40 channels on the
centrifuge to collect data, which can display the collected date on a computer. The designed centrifugal
model tests satisfied the similitude laws [33]. Detailed similitude ratios (i.e., parameter ratios between
the model and the prototype) are provided in Table 1.
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Figure 1. TLJ-3 type geotechnical centrifuge.

Table 1. Similitude ratios in centrifugal model tests.

Parameter Ratio
Length In
Displacement Iin
Diameter I:n
Stress and strain 1:1

Area 1mn?

Force 1mn 2

Note: Centrifugal acceleration =n g.

2.3. Model Pile

In this study, five model piles were prepared for the centrifugal model tests. Four model piles
with steel casing were called steel tube-reinforced concrete piles; the model pile without steel casing
was called conventional reinforced concrete pile. The steel casing length of four steel tube-reinforced
concrete piles was 20 cm, 16 cm, 12 cm, and 8 cm, as shown in Figure 2.
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Figure 2. Model piles.

Because cast in-situ piles are made up of reinforced concrete, it is difficult to form and take a long
time to make a model pile with the same concrete as the prototype strength. Therefore, according to
the similarity principle, the model material similar to the mechanical properties of the prototype pile is
selected as far as possible, and under axial load, the model material is controlled by the axial stiffness
EA (elastic modulus and cross-sectional area) of its prototype, as shown in Equation (1). At present,
the commonly used model pile materials are steel pipe, aluminum pipe, plastic, gypsum and so
on [34]. In this study, the conventional reinforced concrete pile was simulated by aluminum pipe.
Table 1 shows the specifications of the conventional reinforced concrete pile. Because the Young’s
modulus of the prototype reinforced concrete pile is 18.7 GPa, a similarity rate of 100 is available
according to Equation (1) and Table 2. This is the reason why centrifugal acceleration was carried out
at the 100 g level.

n?EmAm = EpAp = n?Enn(RE, — 13,) = EpnR3 )

where Ep, is Young’s modulus of model; Ep is Young’s modulus of the proto-type; An is the
cross-sectional area of the model; A, is the cross-sectional area of the proto-type; n is the similarity rate;
Ry, is the outer radius of model; rn, is the inner radius of model; and R;, is the radius of the proto-type.

Table 2. Characteristics of test piles.

Pile Length L Outside Diameter D Thickness T

g Level Young’s modulus E (GPa)
Model Proto-Type Model Proto-Type Model Proto-Type
(mm) (m) (mm) (m) (mm) (m)
100 350 35 25 2.5 2 0.2 63.3

Four model piles of steel tube-reinforced concrete piles have the same materials as the conventional
reinforced concrete pile. The steel casing was simulated by steel pipe; Table 3 shows the specifications
of the steel tube-reinforced concrete piles.

Table 3. Characteristics of steel casing.

1 Length L Outside Diameter D Thickness t
g Leve Young’'s modulus E (GPa)
Model Proto-Type Model Proto-Type Model Proto-Type
(cm) (m) (mm) (m) (mm) (m)
20 20
100 16 16 30 3 2 0.2 164
12 12

8 8
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In order to ensure the integrity of the strain gauge during the testing process, the model piles
were cut vertically; strain gauges were laid out in the model pile. After the strain gauges were affixed,
the model piles were pasted and restored by epoxy resin, and the position of the pile shaft strain
gauges were laid out as shown in Figure 3. Because the pile that enters the soil layer is 30 cm deep,
the pile length is 35 cm, so the position of the first group of strain gauges is 5 cm from the top of the
pile. The second to the fifth group of strain gauges are positioned according to the length of the steel
casing. In order to save the number of strain gauges and reflect the strain near the bottom of the pile,
the sixth group of strain gauges is arranged at 2 cm from the bottom of the pile.
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Figure 3. Strain Gauges Layout diagram.

The aluminum pipe and steel pipe are bonded by epoxy resin, regardless of the friction between
them. Finally, sandpaper will be used to polish the outer surface of the model pile, so that their bearing
characteristics are closer to the actual pile [33]. Tip resistance of the pile can be obtained by earth
pressure cell, which is installed at the bottom of the pile (see Figure 4).

Figure 4. Position of earth pressure cell.

2.4. Physical Properties of Loess

The soil samples were loess; the main physical properties of loess were tested by an oedometer
test (Figure 5a), a moisture content test (Figure 5b), and a direct shear test (Figure 5c¢). Density is
calculated according to the mass and volume of the soil. Compression modulus was obtained by the
oedometer test. The moisture content was determined from the moisture content test. The cohesion
and internal friction angle were obtained by the direct shear test. The test results are shown in Table 4.
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Figure 5. Tests: (a) Oedometer test; (b) Moisture content test; (c) Direct shear test.

Table 4. Physical properties of loess.

Name Density Compressive Modulus Moisture Cohesion ¢ Internal Friction Angle
(g/cm®) (MPa) Content w (%) (kPa) @ (°)
Loess 1.7 26.9 13.5 27 21

2.5. Test Procedure

The main test procedures are shown in Figure 6, and the specific steps are set out below:

Displacement meter Reverse force frame

E
Then fasten the
reverse force frame
to the container.

v

Then drill the hole First, the displacement
and press the piles meter is mounted on the
into the hole. inverse force frame.

First, pour the soil
into the container
and compaction it.

t

Figure 6. The main test procedures.

1.  Inorder to ensure that the density of soil in the container is consistent, a certain mass of soil is
compressed into a certain volume. In this study, the soil density is 1.7 g/cm3; each layer of the soil
is compressed to 2 cm, because the container length is 70 cm; width is 36 cm; and each layer of
the soil is compressed to 5040 cm3, so it can be calculated that each layer requires a soil mass of
8568 g. First, 8568 g of soil was weighed and placed in plastic bags, then a shovel was used to
spread the soil evenly into the container, and finally a vibrator was used to compress the soil to
2 cm; the operation was repeated 20 times and the soil was filled to 40 cm high. Then the hole
was drilled according to the pile position; the position of the model piles are shown in Figure 7.
The depth of the hole was 30 cm; the aperture was slightly smaller than the pile diameter, so that
the shaft resistance between the pile and soil was closer to the actual value. Finally, the pile was
pressed into the hole.
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Figure 7. The position of the model piles: (a) Planar graph; (b) A-A section diagram; (c) B-B
section diagram.

2. The container was put into the centrifuge by hoisting machine.

3. First, the displacement meter was mounted on the inverse force frame to measure top displacement.
Then the reverse force frame was fastened to the container by bolts. Finally, strain gauges,
earth pressure cells and the displacement meter were connected with the centrifuge channel,
which can obtain the data from the computer.

4. Five minutes preliminary operation at the 100 g level was conducted.

5. The test data was transferred to the computer.

6. Load was increased after one load ended, and then the steps above were repeated. Vertical loading
was achieved by adding steel plates to the loading platform at the top of the model pile, and the
vertical loading was divided into eight levels; the weight of the loading platform itself can be
considered as the first stage load, the loading size is 225 N, 450 N, 675 N, 900 N, 1125 N, 1350 N,
1575 N, and 1800 N. The loading device is shown in Figure 8.

Adding steel plates to the loading platform
at the top of the model piles

Figure 8. Vertical Loading device.

3. Results and Discussion

The results of centrifugal model test and the actual results show only proportional transformation;
the law is consistent, and so the following analysis of the bearing characteristics will be directly using
the results of centrifugal model test. Because the ultimate bearing capacity is the most important
parameter in the practical application of pile foundation, it is converted to the ultimate bearing capacity
of the prototype pile, and the lifting value of the steel casing to the ultimate bearing capacity is reflected
by the truck whose quality is 5000 kg.
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3.1. Effect of Steel Casing on Bearing Capacity

The load—settlement curve of steel tube-reinforced concrete piles is shown in Figure 9.
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Figure 9. Load—settlement curve.

As shown in Figure 9, under the same settlement, the longer the length of the steel casing,
the greater the load the pile can bear. The load—settlement curve is always used to judge the ultimate
bearing capacity of piles. There are two different criteria. In the first, the ultimate bearing capacity is
the load when the settlement mutates. In the second, the ultimate bearing capacity refers to the load
corresponding to the settlement of 5% of the pile diameter [35]. Since the settlement in Figure 9 does
not mutate, the second method is used to determine the ultimate bearing capacity of piles.

The ultimate bearing capacity of steel tube-reinforced concrete piles is shown in Figure 10.
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Figure 10. Effect of steel casing on ultimate bearing capacity: (a) Ultimate bearing capacity; (b) Lifting
rate of ultimate bearing capacity.

As shown in Figure 10, when the steel casing length is 0 cm, 8 cm, 12 cm, 16 cm, and 20 cm
respectively, the vertical ultimate bearing capacity is 892.6 N, 937.8 N, 957.5 N, 964.6 N, and 968.2 N.
With the increase of the steel casing length, the vertical ultimate bearing capacity of steel tube-reinforced
concrete piles shows a gradual increasing trend. The main reason is that the diameter of the steel
casing is slightly larger than the borehole size, which has an extrusion effect on the soil, and with the
increase of the length of the steel casing, the extrusion area of the steel casing and the soil increases,
and the larger the shaft resistance that can be obtained. When the steel casing length is less than
12 cm, the vertical ultimate bearing capacity of steel tube-reinforced concrete piles increases rapidly,
and when the steel casing length is greater than 12 cm, the vertical ultimate bearing capacity of steel
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tube-reinforced concrete piles increase slowly. Additionally, when the steel casing length of steel
tube-reinforced concrete piles is 8 cm, the lifting rate of ultimate bearing capacity is 5.1%, see Figure 10
and Equation (2), and it can be seen that the existence of the steel casing can improve the ultimate
bearing capacity. When the steel casing length of steel tube-reinforced concrete piles is 16 cm, the lifting
rate of ultimate bearing capacity is 8.1%; it is only 0.8% more than steel tube-reinforced concrete piles
whose steel casing length is 12 cm. The main reason is that when the length of the steel casing exceeds
a certain value, this means that the growth of length has not had much effect on the bearing capacity.

oy = S0 @
where o, is the lifting rate of the ultimate bearing capacity; Fy is the ultimate bearing capacity of the
conventional reinforced concrete pile; and F; is the ultimate bearing capacity of the steel tube-reinforced
concrete piles with steel casing of 8 cm, 12 cm, 16 cm, and 20 cm.

According to Table 1, a similitude ratio of force is 1: n? and n is 100 in this study, so the prototype
force is 10,000 times the model force. When the steel casing length of model piles is 0 cm, 8 cm, 12 cm,
16 cm, and 20 cm respectively, the vertical ultimate bearing capacity of model piles is 892.6 N, 937.8 N,
957.5N, 964.6 N, and 968.2 N. So when the steel casing length of prototype piles is 0 m, 8 m, 12 m, 16 m,
and 20 m, respectively, the vertical ultimate bearing capacity of prototype piles is 8926 kN, 9378 kN,
9575 kN, 9646 kN, and 9682 kN. The lifting value of ultimate bearing capacity is 452 kN, 649 kN,
720 kN, and 756 kN, see Equation (3). If there is a truck whose quality is 5000 kg, the lifting value
of the ultimate bearing capacity can be converted into gravity for 9.2 trucks, 13.2 trucks, 14.7 trucks,
and 15.4 trucks respectively, as shown in Figure 11.

PL=P;-DPy 3)

where P is the lifting value of the ultimate bearing capacity; Py is the ultimate bearing capacity of the
conventional reinforced concrete pile (proto-type); and P; is the ultimate bearing capacity of the steel
tube-reinforced concrete piles with steel casing of 8 m, 12 m, 16 m, and 20 m (proto-type).

1000
900 I(— One truck is 5000kg
8001 14T ks 154 0ucks
700+ 132 trucks
= 600
< 500 RN
£ 4004
300-
200-
1004
0_
8 12 16 20

Steel casing length (m)

Figure 11. Lifting value of ultimate bearing capacity.

3.2. Effect of Steel Casing on Axial Force

Pile shaft strain data can be obtained by computer. Axial force of the pile shaft can be obtained by
Equation (4).
P = EeA (4)

where P is the axial force of the pile; E is Young’s modulus of the pile; ¢ is strain of the pile; and A is
the cross-sectional area of the pile.
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The effect of steel casing on the axial force of steel tube-reinforced concrete piles is shown

in Figure 12.
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Figure 12. Axial force of steel tube-reinforced concrete piles with different steel casing lengths: (a) Steel
casing length is 0 cm; (b) Steel casing length is 8 cm; (c) Steel casing length is 12 cm; (d) Steel casing
length is 16 cm; and (e) Steel casing length is 20 cm.

As shown in Figure 12, whether there is steel casing or no steel casing, at the same depth, when the
pile top load gradually increases, the axial force of the pile shaft shows a gradual increasing trend.
Under the same level load, when there is no steel casing, the axial force of the pile shaft changes slowly
along the direction of pile, and the axial force curve of the pile shaft is relatively flat; when there is
steel casing, the axial force of the pile shaft decreases rapidly along the direction of the pile, and the
curve becomes steeper. For example, when the load is 1800 N, the depth is from 0-8 cm, and when
the steel casing length is 0 cm, 8 cm, 12 cm, 16 cm, and 20 cm, the slope is approximately 55, 139, 142,
144, and 148, respectively, see Equation (5). The main reason is that as the length of the steel casing
increases, more axial forces are transmitted to the soil through the form of shaft resistance.

_Pi-Piyg

A7 ©)

S

where S is the slope of two axial forces; P; is the axial force of the pile, i is the number of strain gauges,
1~6 from top to bottom; and AZ is depth difference of two strain gauges.

3.3. Effect of Steel Casing on Unit Skin Friction
Unit skin friction of the pile shaft can be obtained by Equation (6).

_ P; —Piq

niDh ©)

T

where T is the unit skin friction of the pile; P; is the axial force of the pile, i is the number of strain
gauges, 1~6 from top to bottom; D is the diameter of the pile; h is the distance between two adjacent

strain gauges.
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Unit skin friction of steel tube-reinforced concrete piles with different steel casing lengths is shown
in Figure 13.

Unit skin friction(kPa) Unit skin friction(kPa) Unit skin friction(kPa)
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
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Figure 13. Unit skin friction of steel tube-reinforced concrete piles with different steel casing lengths:
(a) Steel casing length is 0 cm; (b) Steel casing length is 8 cm; (c) Steel casing length is 12 cm; (d) Steel
casing length is 16 cm; and (e) Steel casing length is 20 cm.

As shown in Figure 13b,c, when the steel casing length is 8 cm or 12 cm, the unit skin friction of steel
tube-reinforced concrete piles will reduce first, then increase, and finally decrease. Between the upper
steel casing section and the lower reinforced concrete section, a smaller value of the unit skin friction is
generated, and the maximum unit skin friction of the upper steel casing section is significantly larger
than the lower reinforced concrete section. The main reason is the downward and lateral extrusion of
the soil at the end of the upper steel casing section, so that a relatively small pile-soil displacement
appears near the junction of the upper steel casing section and the lower reinforced concrete section,
so the unit skin friction of this part is small. As for the main part of the unit skin, the friction of the
upper steel casing section is significantly larger than the lower reinforced concrete section; the reason
is that the superficial area of the upper steel casing section is larger than that of the lower reinforced
concrete section.

As shown in Figure 13d,e, when the steel casing length is 16 cm or 20 cm, the unit skin friction
of steel tube-reinforced concrete piles will gradually reduce. Between the upper steel casing section
and the lower reinforced concrete section, a smaller value of the unit skin friction is not generated.
The main reason is that when the steel casing length is large, the lateral earth pressure at the end of the
steel casing section is bigger [36], which will hinder the settlement and deformation of the soil at the
end of the steel casing section; the upper steel casing section, the lower reinforced concrete section and
the soil below the bottom of the steel casing section form a whole, hence the original unit skin friction
of the smaller section will disappear.

As shown in Figure 13a, the maximum unit skin friction of the reinforced concrete pile without
steel casing is smaller than that of steel tube-reinforced concrete piles. The main reason is that the
diameter of the steel casing is slightly larger than the borehole size, which has extrusion effect on the
soil, and with the increase of the length of the steel casing, the extrusion area of the steel casing and the
soil increases, and more axial forces are transmitted to the soil in the form of shaft resistance.
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3.4. Effect of Steel Casing on Tip Resistance

Tip resistance of the pile can be obtained by earth pressure cell, which is installed at the bottom of
the pile.

The effect of steel casing on the tip resistance of steel tube-reinforced concrete piles is shown
in Figure 14.

600
—=— Ocm
5004 *— 8cm ! ““I'"
Z 4— 12cm 1578
= 400+ v 16cm 1350 N
= —&— 20cm )
2 300 1125
o 900 1
— g
& 200
- - |}
100 31
— = .
0 T T T \( \'| \
0 400 800 1200 1600 2000
Load (N)

Figure 14. Effect of steel casing on tip resistance.

As shown in Figure 14, the tip resistance of the pile increases gradually with the increase of pile
top load; when the pile top load is small, the tip resistance of pile changes slowly; when the pile top
load is large, the tip resistance of pile changes sharply. The main reason is that when the pile top
load is small, the pile top load is mainly transmitted to the soil through the form of shaft resistance;
when the pile top load exceeds a certain value, the shaft resistance has been fully utilized, and the
pile top load will be transmitted to the soil mainly through the form of tip resistance [36]. In addition,
the tip resistance of the pile without steel casing is larger than the steel tube-reinforced concrete piles
with different steel casing lengths. The main reason is that pile top load is utilized through the form of
shaft resistance and tip resistance; the shaft resistance of the pile without steel casing is smaller than
the steel tube-reinforced concrete piles with different steel casing lengths, so the tip resistance of the
pile without steel casing is larger than the steel tube-reinforced concrete piles. Moreover, the longer the
steel casing is, the greater the shaft resistance is, and so the smaller the tip resistance is. In a word,
the presence of steel casing will reduce the tip resistance of pile foundation.

The tip resistance under the ultimate bearing capacity will be further analyzed, as shown
in Figure 15.
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Figure 15. Effect of steel casing on tip resistance under ultimate bearing capacity: (a) Tip resistance
under the ultimate bearing capacity; (b) Reduction rate of tip resistance under ultimate bearing capacity.

As shown in Figure 15, when the steel casing length is 0 cm, 8 cm, 12 cm, 16 cm, and 20 cm
respectively, the tip resistance under the ultimate bearing capacity is 147.0 N, 92.8 N, 76.1 N, 69.1 N,
and 53.0 N; the ratios of the tip resistance to the ultimate bearing capacity are 16.5%, 9.9%, 7.9%, 7.2%,
and 5.5%. With the increase of steel casing length, the tip resistance of steel tube-reinforced concrete
piles shows a gradual decreasing trend. The main reason is that the diameter of the steel casing is
slightly larger than the borehole size, which has an extrusion effect on the soil, and with the increase of
the length of the steel casing, the extrusion area of the steel casing and the soil increases, and the larger
the shaft resistance that can be obtained. Because the bearing capacity is composed of shaft resistance
and tip resistance, the tip resistance decreases as the length of the steel casing increases. When the
steel casing length is 8 cm, 12 cm, 16 cm, and 20 cm respectively, the reduction rate of the tip resistance
under the ultimate bearing capacity is 36.9%, 48.2%, 53.0%, and 63.9%, see Figure 15 and Equation (7).
From the above research, it can be seen that the existence of steel casing will greatly reduce the tip
resistance of piles.

Fio—Fy
Xt = Fao @)
where o is the reduction rate of the tip resistance under the ultimate bearing capacity; Fy is the
tip resistance of the conventional reinforced concrete pile; and Fy; is the tip resistance of the steel
tube-reinforced concrete piles with steel casing of 8 cm, 12 cm, 16 cm, and 20 cm.

3.5. Effect of Steel Casing on Shaft Resistance

Shaft resistance of the pile shaft can be obtained by Equation (8).
Qs = Qu—-Q ®)

where Qg is the shaft resistance of the pile; Q,, is vertical loading of the pile; and Q; is the tip resistance
of the pile.

The effect of steel casing on the shaft resistance of steel tube-reinforced concrete piles is shown
in Figure 16.



Appl. Sci. 2019, 9, 2874 14 of 17

—=— (Ocm

Shaft resistance (N

v v
0 225 -f-SU 075 r‘)()l] 1125; 1350 157:'5 1800

0 400 800 1200 1600 2000
Load (N)

Figure 16. Effect of steel casing on shaft resistance.

As shown in Figure 16, the shaft resistance of the pile increases gradually with the increase of pile
top load; when the pile top load is small, the shaft resistance of the pile increases linearly; when the
pile top load is large, the increase of shaft resistance gradually slows down. The main reason is that
when the pile top load increases gradually, the shaft resistance of the pile side gradually tends to
limit. The shaft resistance of the pile without steel casing is smaller than steel tube-reinforced concrete
piles with different steel casing lengths, which is due to the fact that the diameter of the steel casing is
slightly larger than the borehole size, which has an extrusion effect on the soil, and with the increase of
the length of the steel casing, the extrusion area of the steel casing and the soil increases, and more
axial forces are transmitted to the soil in the form of the shaft resistance. In a word, the presence of
steel casing can enhance the shaft resistance of the pile foundation.

The shaft resistance under the ultimate bearing capacity will be further analyzed, as shown
in Figure 17.

950 30
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2 Y ]
i
)
w
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Figure 17. Effect of steel casing on shaft resistance under ultimate bearing capacity: (a) Shaft resistance
under the ultimate bearing capacity; (b) Lifting rate of shaft resistance under ultimate bearing capacity.

As shown in Figure 17, when the steel casing length is 0 cm, 8 cm, 12 cm, 16 cm, and 20 cm
respectively, the shaft resistance under the ultimate bearing capacity is 745.6 N, 845.0 N, 881.4 N,
895.5 N, and 915.2 N, and the ratios of the shaft resistance to the ultimate bearing capacity are 83.5%,
90.1%, 92.1%, 92.8%, and 94.5%. With the increase of steel casing length, the shaft resistance of steel
tube-reinforced concrete piles shows a gradual increasing trend. The main reason is that the diameter
of the steel casing is slightly larger than the borehole size, which has an extrusion effect on the soil,
and with the increase of the length of the steel casing, the extrusion area of the steel casing and the
soil increases, and the larger the shaft resistance that can be obtained. When the steel casing length is



Appl. Sci. 2019, 9, 2874 15 of 17

8 cm, 12 cm, 16 cm, and 20 cm respectively, the lifting rate of the shaft resistance under the ultimate
bearing capacity is 13.3%, 18.2%, 20.1%, and 22.7%, see Figure 17 and Equation (9). From the above
research, it can be seen that the existence of steel casing will increase the shaft resistance of the piles.
However, when the length of the steel casing exceeds 12 cm, the increase of the length of the steel
casing has little effect on the shaft resistance.

F; - F
o = si s0 (9)

Fso
where « is the lifting rate of the shaft resistance under the ultimate bearing capacity; Fy is the shaft
resistance of the conventional reinforced concrete pile; and Fg; is the shaft resistance of the steel
tube-reinforced concrete piles with steel casing of 8 cm, 12 cm, 16 cm, and 20 cm.

3.6. Advantages of Steel Casing in Pile Foundation Engineering

In this study, an increase of 8 m steel casing can increase 452 kN (ultimate bearing capacity)
compared to conventional reinforced concrete piles without steel casing, equivalent to the gravity of
9.2 trucks whose quality is 5000 kg, in which it can be seen that the presence of steel casing can enhance
the ultimate bearing capacity of the pile foundation.

In addition to the above advantage, steel casing has lots of other advantages. For example, it can
position the pile, stabilize the borehole wall and so on.

Moreover, there are lots of loess caves and karst caves in China [37]. When a cave is encountered
during an impact into a hole before forming a bored pile, if the cave is small and the leakage is less,
it can be backfilled through the stone and clay, re-impact into the hole. If the cave is huge and the leak
is serious, it is necessary to use a steel casing to clog the cave [38], as shown in Figure 18.

Put in the stone and clay,
re-impact into the hole Put in the steel casing

|

Drilling =

Small caves ——)‘ .'

Drilling - Steel casing

~ Huge caves

Figure 18. Engineering Application of Steel casing.

In a word, the steel casing is very beneficial to the pile foundation; it can not only improve the
bearing capacity of the pile foundation, but also solve the slurry leakage problem of huge caves in
the project. The most important point is to choose a reasonable length of steel casing according to the
engineering needs.

4. Conclusions

The axial force of steel tube-reinforced concrete piles drops faster along the pile shaft than
conventional reinforced concrete pile. The main reason is that as the length of the steel casing increases,
more axial forces are transmitted to the soil through the form of shaft resistance.

When the length of steel casing is 8 cm or 12 cm, the unit skin friction of steel tube-reinforced
concrete piles will reduce first, then increase, and finally decrease. When the length of steel casing is
16 cm or 20 c¢m, the unit skin friction of steel tube-reinforced concrete piles will gradually reduce.
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The tip resistance of steel tube-reinforced concrete piles is smaller than a conventional reinforced
concrete pile; the existence of steel casing will greatly reduce the tip resistance of piles.

The shaft resistance of steel tube-reinforced concrete piles is bigger than the conventional reinforced
concrete pile; the existence of steel casing will increase the shaft resistance of piles. When the length
of the steel casing exceeds 12 cm, the increase of the length of the steel casing has little effect on the
shaft resistance.

The presence of steel casing can enhance the ultimate bearing capacity of the pile foundation.
Moreover, it can solve the slurry leakage problem of huge caves in the project.
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