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Abstract: Tower foundations are generally of a cast-in-place structure with the disadvantages of low
industrialization level and long construction period. The development of prefabricated foundation for
transmission line projects is efficient to improve the industrialization level of the construction of tower
foundation. In this study, the schemes of post-pouring belt U-shaped steel connection, post-pouring
belt lap connection, grouting sleeve connection, and post-tensioned bond prestressed reinforcement
connection, which have been widely used on building structures, are newly proposed to apply on
plate foundation. The schemes were compared on processing, transporting, on-site constructing
and performance. The pseudo-static tests on cast-in-place plate strip, post-pouring belt U-shaped
steel connection and post-pouring belt lap connection plate strip were carried out. The results
revealed that all the test plate bands were damaged in the bending mode, same as that of ordinary
concrete. When U-shaped steel is adopted, more than 90% of the cast-in-place bearing capacity can be
reached. The initial stiffness of prefabricated plate strip and cast-in-place strip is basically the same.
The load-bearing capacity of the component is relevant to the anchorage length of the U-shaped
steel. Although increasing the concrete strength of post-cast belt can improve the ultimate bearing
capacity and shorten the construction period, the deformation capacity is reduced. Compared to other
connection methods, post-pouring belt U-shaped steel connections have the advantage of simple
construction, higher bearing capacity and stability. In summary, the post-pouring belt U-shaped steel
connection scheme is recommended.

Keywords: prefabricated construction; plate foundation; bending performance; quasi-static test;
transmission line

1. Introduction

Due to the extremely rapid development of economy, power energy has been increas-
ingly demanded in recent decades. A large number of transmission line projects have been
designed to meet the developing requirements. Tower foundation is an important part of
transmission line, including plate foundation, pile foundation, and rock bolt foundation,
generally cast at the site. The traditional construction process requires a large investment,
a long construction period, excessive labor demand, and great construction difficulty in
complex geological environments. Therefore, technical development is strongly desired.

Currently, extensive studies focus on the mechanical performances and properties of
transmission tower foundation, while the prefabricated structure design and construction
of transmission tower foundation have been barely explored, hindering transmission tower
lines developing to reach modernization and high technology [1-4]. Li Wei and his team
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paid attention to the transmission tower found in saline areas, and they explored the
utilization of ultra-high-performance concrete (UHPC) to replace traditional concrete to
improve durable proprieties [5]. Guanglin Yuan et al. [6] prompted a new design of hybrid
plate foundations, which verified a good resistance to deformation and stress within the
system. Zhou Yingbo et al. [7] evaluated the stability of a 500 kV transmission tower
foundation on the landslide. As a result, merely the wind speed and buried depth of the
tower were attributed [7]. Nevertheless, prefabricated technology on transmission tower
foundations, having the advantages of high engineering quality, fast construction speed,
environmental friendliness, ease of construction, low site management, and low labor costs,
is scarcely studied.

Regarding prefabricated structures and construction, the connection of components
is critical to ensure its workability. Some prefabricated structure connection methods are
shown in Table 1. Moreover, a strong connection can improve the mechanical behavior and
seismic resilience of the nodes [8-14]. Studies based on prefabricated building structures
have been widely reported. Abtin Baghdadi et al. [15] proposed new types of connection by
changing its geometric shape for precast concrete structures, which can achieve 85% of the
strength of the whole structure. Chen Yihu et al. [16] investigated the mechanical properties
of U-shaped steel ring-buckle connections in prefabricated concrete beam—column nodes,
proving that ring-buckle steel in beam—column nodes can effectively transfer the tensile
and compressive forces required for connection, ensuring the safety of the connection.
Linfeng Lu et al. [17] investigated a novel prefabricated concrete composite slab, which
adopts the high-strength bolt as the shear connector. The composite slabs showed good
bending bearing capacity and ductility. Liu Xue-chun et al. [18] investigated a prefabricated
steel-reinforced concrete slab with a C-type steel border, which can effectively improve
the connection strength and increase the rigidity of the floor. However, the force pattern
and construction characteristics of transmission tower plate foundations are completely
different from ordinary building structures. The connection method and design of the
prefabricated plate foundation of the transmission tower need to be studied.

Table 1. Prefabricated structure connection method.

Year Structure Connection Method
2019 beam—column U-type reinforcement
2022 beam—column Replawg:if;;iel plate
2022 continuous rigid-frame bridge =~ Grouting Sleeve Connection
2022 slab High-strength bolt
2022 slab C-type steel border
2023 walls Welded joint

In this study, a variety of prefabricated schemes are proposed for plate foundations
widely used in the field of a transmission towers in order to improve green and intelligent
construction technology on tower foundations, shorten construction time, and reduce the
labor force. Subsequently, different connection methods in terms of component processing
and site construction are compared. A quasi-static experimental study was carried out
on a cast-in-place plate, post-cast U-shaped steel plate connection, post-cast lap plate
connection, and reinforcement sleeve plate connection, respectively, to investigate the force
performance of the connection between independent plates. The load-bearing capacity and
failure patterns are recorded and analyzed. Furthermore, numerical analysis is conducted
to compare the displacement and stress distribution between the schemes of cast-in-place
plate and post-cast U-shaped steel plate connection.
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2. Prefabricated Schemes of Plate Foundation

The plate foundation of slope type widely used in transmission line engineering is
as shown in Figure 1. The buried depth is generally 3-5 m. The width of the base plate is
generally above 3 m. Due to the large size, transportation and hoisting of a complete plate
foundation are extremely difficult. In the current study, plate foundation is distributed
into blocks for prefabrication, as shown in Figure 1a. Two parallel splits are set vertical to
reinforcing bars; thus, the plate foundation is separated into three blocks. The main column
is subsequently connected to the foundation by grouted sleeves on site. Four prefabrication
schemes are proposed: reinforcement sleeve plate connection, post-tensioned bonded
prestressing tendon connections, post-cast U-shaped steel plate connection, and post-cast
lap plate connection. The characters of each scheme are listed and compared in Table 2.

Ground line
Post pouring belt

Main columns

Longitudinal reinforcement

3000

Main columns

800
4000

L. . o
be sa Grouted sleeve : ‘

U-shaped steel ]
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250

Foundation plate—x
L

4000

(a)

Figure 1. Plate Foundation. (a) Top View (b) Front View.

Table 2. Characters of Each Scheme.

. Processing Transportation Hoisting
Connection Modes Difficulty Difficulty Difficulty Other (Effects)
Post-cast strip U-shaped
steel connection low low low Low volume poured on site; some steel wasted.
(recommended scheme)
Post-pouring strip low low low Steel saving; large width of post-cast strip; less reliable.
lap connection
. . . . High connection reliability. high grouting difficulty;
Grouting sleeve connection medium low high difficult horizontal alignment on site; poor economy.
Post-tensioning connection Slow crack development; high inter-plate bond strength;
. & . full use of steel strength; improved foundation stressing
with bonded prestressed medium low low

reinforcement

properties. Difficult to process; difficult to construct on site;
large foundation excavation.

The construction methods and technical effects of each scheme are as follows.
(O  Post-cast U-shaped steel plate connection

U-shaped steel is partially exposed outside the plate strip, as shown in Figure 2. After
being hoisted in place at the construction site, the concrete to connect Component 1 and
Component 2 are cast. The use of U-shaped steel connections can reduce the anchorage
length of the reinforcement to 0.6 Ia [19]. The width of the post-cast strip zone can be
further reduced by reducing the diameter of the steel or increasing the strength of post-cast
strip zone material. Thus, the quantity of concrete to be cast on site can be decreased. This
scheme is highly recommended in this study.
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Component 1 Component 2

Figure 2. Post-cast U-shaped Steel Plate Connection.

@ Post-cast lap plate connection

The stressed steel is exposed outside the plate strip, as shown in Figure 3. After being
hoisted in place at the construction site, the concrete is poured for connecting Component
1 and Component 2. Compared with the U-shaped steel connection mode, this mode is
able to save more steel.

Component |~ Insitutying Component 2

Figure 3. Post-cast Lap Plate Connection.

® Grouting Sleeve Connection

The upper and lower bars of the bottom plate are embedded with steel sleeves, as
shown in Figure 4. Grouting is carried out after the constructing elements are hoisted. On
the premise of a good quality of grouting, the grouting sleeve connection can be achieved

with high reliability.
Component | Component 2 -
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Figure 4. Grouting Sleeve Connection.

®» Post-tensioning Connection with Bonded Prestressed Reinforcement

Each component buries the bellows along the vertical seam direction, as shown in
Figure 5. After excavation of the foundation pit, the components are hoisted into position.
The threading, tensioning, and grouting of the reinforcement are completed in the founda-
tion pit. The use of prestressing techniques can effectively slow down the development of
cracks in the bottom plate, providing significant advantages in corrosive geological condi-
tions [20,21]. This connection method significantly improves the bond strength between
plates. Steel reinforcements can be fully applied for strength bearing. The stress state of
concrete is optimized, which in turn improves the mechanical properties of the foundation.
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Figure 5. Post-tensioning Connection with Bonded Prestressed Reinforcement.

The post-tensioned bonded prestressing tendon connection solution is difficult to
process, as bellows are required for processing the prefabricated elements. Additional
reinforcement tensioning and bellow grouting operations were added to the construction
site, resulting in a cumbersome construction process. During the construction process,
additional pit excavation is required due to increased work surface. The post-tensioned
bonded prestressing tendon connection solution is not recommended given the economic
waste and the difficulty of lifting on site.

The adoption of a direct lap scheme leads to an increment in the width of post-pouring
zone. The reliability of the connection mode is low. Nevertheless, compared with the
U-shaped steel connection scheme, this scheme consumes less reinforcement steel. For
the base plate, it is difficult to complete the horizontal docking and hoist on-site when
using the grouted sleeve connection scheme. However, grouted sleeve connections are
currently a widely used connection method with reliable connection strength. In summary,
three schemes of U-shaped steel connection, lap connection of reinforcement, and grouted
sleeve connection are identified for the plate connection test. The reliability of the different
connection methods is verified to provide a reference for practical engineering applications.

3. Method and Material
3.1. Test Design

In this study, 9 specimens of foundation plate strips were designed and processed.
The parameters are shown in Table 3. The concrete adopts the way of on-site preparation
and is prepared according to C30. U-shaped steel lap lengths are taken as 0.3 la, 0.4 Iz and
0.6 la, respectively. The la value is calculated according to the reinforcement anchorage
length calculation formula, as shown in Formula (1):

la = zx&d. 1
fi
Table 3. Parameters of Specimens.

Specimen Assembly Planning Member Size/mm Splice Length Material of Panel Zone Steel Bar
Number X mm X mm Types

1-1 Cast-in-Place / /

2-1 U-shaped steel connection 0.31la C30

2-2 U-shaped steel connection 0.41la C30

2-3 U-shaped steel connection 0.6 Ia C30

2-4 U-shaped steel connection 1700 > 400 > 300 0.31a High strengtlr} grouting HPB300

material
2-5 U-shaped steel connection 0.6 Ia C30
26 100 MPa U-sha?ped steel 061 C30
connection
3-1 Lap connections la C30
4-1 Grouted Sleeve Connection / High-strength grouting

material




Buildings 2023, 13, 2114

6 of 21

« is the form factor of anchoring reinforcement that takes the value of 0.16 according to

the Code for the Design of Concrete Structures [22]. f, is the design value of tensile strength
of common reinforcement. f; is the design value of axial tensile strength of concrete. d is the

diameter of anchoring reinforcement.

The geometric dimensions and reinforcement of test piece 1-1 are shown in Figure 6.
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Figure 6. Dimension and Rebar Arrangement of Specimen 1-1.

Geometric dimension and reinforcement of Specimens 2-1, 2-2, and 2-3 are shown in
Figure 7. The field machining diagram is shown in Figure 8. After each component is cured
for 28 days, 4 reinforcing bars parallel to the split direction are added at the 4 corners of the
U-shaped steel. Subsequently, the concrete is poured at the splicing site to complete the

component connection.
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Figure 7. Dimensions and Rebar Arrangement of Post-pouring Belt U-shaped steel Connection

(a) Specimen 2-1; (b) Specimen 2-2; (c) Specimen 2-3.
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Figure 8. Field Processing Diagram of Post-pouring Belt U-shaped steel Connection. (a) Specimen
2-1; (b) Specimen 2-2; (c) Specimen 2-3.

Upper and lower layers of reinforcement in Specimen 3-1 are independent. The lap
part is arranged with stirrup to ensure that no shear failure occurs in the post-cast section.
The geometric dimension and reinforcement of Specimen 3-1 are shown in Figure 9. The
field machining diagram is shown in Figure 10. In Specimen 4-1, one member has an
embedded grouting sleeve. The exposed length of the other member reinforcement should
be greater than 8d in order to ensure full insertion into the sleeve. Splicing and grouting
are carried out after the two components are processed. Grouting material should meet the
requirements of relevant regulations. Geometric dimension and construction are shown in
Figure 11. The field machining diagram is shown in Figure 12.
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Figure 9. Dimensions and Rebar Arrangement of Specimen 3-1.

Figure 10. Field machining diagram of Specimen 3-1.
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Figure 12. Field machining diagram of Specimen 4-1.

3.2. Material Properties

HPB300 is utilized for the longitudinal reinforcement and stirrup in the test, with
the diameters of 12 mm and 8 mm, respectively. Each type of reinforcement is sampled
by the “Standard for Test Methods of Concrete Structures” (GB/T 50152-2012) [23]. The
reinforcement strength is then obtained by tensile testing. The test device is shown in
Figure 13. The stress—strain curve of the longitudinal reinforcement is shown in Figure 14.
Its mechanical properties are shown in Table 4.

Figure 13. Device for Rebar Tensile Test.
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Figure 14. The stress-strain curve of the longitudinal rebar.

Table 4. Mechanical Properties of Rebars.

Bar Diameter Yield Strength Ultimate Strength Elastic Modulus Elongation after
(mm) (MPa) (MPa) (MPa) Fracture (%)
8 435.2 588.3 2.01 x 10° 20.27%
12 378.4 4947 2.05 x 10° 27.65%

The concrete test blocks for the first pouring part and the post-pouring part need to be
reserved. When conducting material tests, the load is applied continuously and uniformly
at a rate of 0.5 MPa per second. According to the “Standard for test method of mechanical
properties on ordinary concrete” (GB/T50081-2002) [24], the value of compressive strength
of concrete cube is measured. The compressive strength of a non-standard size specimen
of 100 x 100 x 100 is multiplied by the size conversion coefficient of 0.95. The material
property test results are shown in Table 5. The maximum value of the strength measurement
of the three post-cast material specimens differs from the middle value by more than 15%.
Thus, the maximum value and the minimum value are excluded, and the middle value is
taken as the compressive strength value of the specimen. The temperature and humidity
are higher after the first part of the pour, which is more conducive to the growth of concrete
strength than in the post-poured part.

Table 5. Cube Compressive Strength of Concrete.

Specimen Test Piece 1 Test Piece 2 Test Piece 3 Compressive Strength f,, . .
Type feu Mpa) feu (MPa) feu (MPa) (MPa) Axial Compressive Strength f. (MPa)
Pre-cast part 40.2 439 425 32.29
Post-cast 289 282 289 21.96
part

The compressive and bending strengths of high-strength grout were tested using
40 mm x 40 mm X 160 mm specimens. Three specimens were made for each group and
left to be molded after 24 h. The compressive strength test was carried out after 28 days of
standard maintenance. The flexural test was loaded on the cement flexural strength testing
machine at a loading rate of 50.0 N/s. The compressive test was loaded on a pressure
testing machine with a stress-controlled loading rate of 0.5 MPa/s. The strength of the
high-strength grout is shown in Table 6.
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Table 6. Strength of high-strength grouting material.

Compressive Strength
(MPa)

High-strength grouting material 75.4 10.1

Specimen Type Bending Strength (MPa)

3.3. Test Loading Method and Measurement Method

The prefabricated plate foundation plate strip is loaded using a 1000 kN testing ma-
chine at the Structural Testing Laboratory of Shandong Jianzhu University. A single-point
centralized loading mode in the mid-span is used. The pre-load is conducted before the
formal loading. After the measuring equipment works normally and the load, displace-
ment, and strain data are stable, the material is unmounted to the initial state to start formal
loading. The test load is applied in 5 kN increments and remains constant for 5 min after
each applied load is stabilized. A movable hinge support and a fixed hinge support are
used to achieve simple support boundary conditions. The test loading device is shown in
Figure 15.

o)

b

1
e

> :‘El'..ﬂ

Figure 15. Testing Equipment.

According to Standard GB/T 50152-2012, the loading system is formulated. The main
measure contents include the load sensor and TS-5A intelligent tester, which are used
to record load sensor data during component loading. The mid-span displacement is
measured using an SDP-100 displacement meter, and the load—deflection curve is drawn
based on this. The width of the crack is observed and recorded by an integrated crack
width meter. The strain of reinforcement and concrete is measured using the DH3816N-2
strain box and a computer.

4. Experimental Results and Discussion
4.1. Experimental Phenomena

1.  Cast-in-place plate

Test phenomena and failure patterns of Specimen 1-1 are shown in Figure 16. At
the initial stage of loading, the load increment of each stage is 5.23 kIN. When the load is
achieved at 41.75 kN, cracks occurr on Specimen 1-1, located at 79 cm, 80 cm, 85 cm, 84 cm,
and 78 cm, respectively, from the left edge of the plate. This is because the tensile stresses in
the concrete at the tensile edges of the section reach the ultimate strain of its tensile strength.
The first cracks appear in the weakest tensile section of the member. With the increase in
the load, the number of cracks in the middle part of Specimen 1-1 plate span increases
gradually. When the load reaches 83.47 kN, a transverse crack of 2 cm appears 8 cm from
the upper edge of the plate. When the load reaches 125.07 kN, a transverse crack of 5 cm
appears 77 cm from the left edge of the plate and 5 cm from the upper edge. At this point,
the width of the main crack reaches about 3 mm. A flexural crack 82 cm from the left edge
of the plate develops almost to the whole height of the plate section. The load continues
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to increase and the crack height basically stops growing. However, the width continued
to widen. Meanwhile, the displacement in the mid-span increases rapidly. Finally, the top
crack develops horizontally. When the load reaches 140.7 kN, the reinforcement in the
tension zone of the plate strip reaches yield strain. The concrete in the compression zone
is crushed. Meanwhile, the crack width reaches about 5 mm. The deformation has a high
possibility to continuously develop. In summary, the process of damage to the cast-in-place
concrete plate is slow. Obvious signals can be detected before failure.

Figure 16. Experimental Phenomenon and Failure Mode of Cast-in-Place. (a) Topical of specimen 1-1;
(b) Whole of specimen 1-1.

2. U-shaped steel connection

Test phenomenon and failure pattern of Specimen 2-3 are shown in Figure 17a. When
the load is loaded in stages to 15.69 kN, two cracks at 70 cm and 100 cm away from the
edge of the plate propagate. The reason for this is the difficulty in achieving the effect of
one overall pouring at the interface of old and new concrete [25]. The bond strength at
the interface is less than the tensile stress of the concrete, and the damage occurs earlier
than the tensile damage of the concrete. Loading continues to increase to 62.64 kN and
the vertical cracks continue to develop upwards. The maximum crack width increases to
around 1.5 mm. When the load reaches 93.87 kN, a 2 cm long transverse crack appears.
When the load reaches 132.87 kN, the crack width rapidly increases to about 10 mm. The
concrete in the compressed area is crushed and the reinforcement yields. A slip occurs at
the connection between U-shaped steel and transverse reinforcement. The load-bearing
capacity decreases rapidly, the deflection increases, and the component is crushed. The
test phenomenon and the failure pattern of Specimen 2-1 are shown in Figure 17b. When
the load on Specimen 2-1 reaches 106.87 kN, the inclined crack extends to the top of the
plate. At this point, two longer transverse cracks appear. This is due to the short lap length
of the component U-shaped steel. The splitting failure and early damage occur along the
reinforcement lap part [26].
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Figure 17. Experimental Phenomenon and Failure Mode of U-bar connection. (a) Topical of Specimen
2-3; (b) Topical of Specimen 2-1; (c) Whole of Specimen 2-3; (d) Whole of Specimen 2-1.

3. Lap connections

The test phenomenon and failure pattern of Specimen 3-1 are shown in Figure 18.
When the load is 15.69 kN, the specimen develops two cracks located at the junction of the
old and new concrete sections. When the load reaches 39.15 kN, the vertical crack continues
to develop, and the crack width reaches about 3 mm. A 4 cm inclined crack appears as well.
When the load reaches 73.07 kN, the inclined crack extends upward to the section height,
61 cm from the left edge of the plate. Its width increass to about 7.8 mm. At 106 cm from
the left edge of the plate, the maximum crack width is about 24 mm. The steel bar in the
tensile area yields and emits a “bang” sound. Lap reinforcement undergoes large slips due
to unreliable connections. The deflection of the mid-span increases sharply. The specimen
is recorded in a brittle failure mode.

4. Grouted Sleeve Connection

When the load is loaded to 39.15 kN, Specimen 4-1 begins to crack 97 cm from the
edge of the plate. With the increase in load, the number of cracks in the middle span of
Specimen 4-1 plate increases gradually. The vertical cracking continues to develop when
the load reaches 52.18 kN. A 5 cm horizontal crack appears 97 cm from the left edge of
the plate strip. When the load reaches 109.47 kN, a large number of cracks appear in the
concrete compression zone. Meanwhile, the width of the main crack reaches about 6 mm.
The upper part of the concrete begins to break up. When the load reaches 114.67 kN, the
reinforcement in the tensile zone of the plate reaches yield strain. Meanwhile, the crack
reaches a width of around 7 mm. At this point, the concrete in the compression zone is
crushed and the reinforcement yields. The load-bearing capacity drops rapidly and the
deflection increases continuously. The test phenomenon and failure pattern are shown in
Figure 19.
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(b)

Figure 18. Experimental Phenomenon and Failure Mode of lap connections. (a) Topical of Specimen
3-1; (b) Whole of Specimen 3-1.

.a.v w'm i

109.47
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Figure 19. Experimental Phenomenon and Failure Mode of Grouted Sleeve Connection. (a) Topical
of Specimen 4-1; (b) Whole of Specimen 4-2.

4.2. Analyses and Discussions
4.2.1. Load-Mid-Span Deflection Analysis

Deformation performance is an important indicator to determine whether the com-
ponent meets the serviceability limit state. During the test, the vertical deformation data
of the plate in the loading process were collected by the dial indicator. The recorded
mid-span vertical displacement value and the corresponding test load were drawn into
the load-mid-span deflection curve. According to the graph, the influence of the prefabri-
cation connection mode and the length of the steel lap on the deformation performance
was analyzed.
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For Specimen 1-1, when the load was increased to 140.7 kN, the ultimate load recorded
for the test was reached. For Specimens 2-1, 2-2, 2-3, 2-4, 2-5, and 2-6, the ultimate load of
the test record was reached when loaded to 106.87 kN, 127.67 kN, 132.87 kN, 132.87 kN,
130.27 kN and 125.07 kN, respectively. The ultimate load of each specimen reached 76%,
90.7%, 94.4%, 94.4%, 92.6%, and 88.9% of the ultimate load of cast-in-place structure,
respectively, indicating that the U-shaped steel connecting prefabricated plate foundation
has high bending bearing capacity. Specimen 3-1 reached the ultimate load when loaded
to 73.07 kN. Compared with the cast-in-place concrete plate strip, the ultimate bearing
capacity was lower. The ultimate bearing capacity of Specimen 4-1 was 114.67 kN, reaching
81.5% of the ultimate load of the cast-in-place component, and the mechanical properties of
the material were fully utilized.

According to the provisions of the Code for Design of Concrete Structures GB 50010,
the maximum allowable deflection of the specimen is 7 mm. Specimens 1-1, 2-1, 2-2, 2-3,
2-4,2-5,2-6, 3-1, and 4-1 reached the maximum allowable deflection at 54 kN, 42 kN, 40 kN,
45 kN, 56 kN, 40 kN, 46 kN, 45 kN, and 56 kN, respectively. Compared with specimen 1-1,
when the load reached 54 kN, the mid-span deflection of Specimen 2-1 increased by 2.9 mm,
while the deflection of Specimen 2-3 increased by 2 mm, and that of Specimen 3-1 increased
by 1.5 mm. This is because the prefabricated plate foundation after the cast of concrete and
the original concrete connection interface are weak [27], increasing the mid-span deflection.

The load-mid-span deflection curve of each specimen is shown in Figure 20. At the
beginning of loading, the change curves of different specimen plates basically coincide
with each other. The way the prefabricated members are connected has less effect on the
cracking loads as well as the stiffness of the members. Specimens 2-1, 2-2, and 2-3 are
three U-shaped steel specimens with different lap lengths, and the comparison curves
of the three are shown in Figure 20a. From Figure 20a, it can be seen that the ultimate
load on the component increases as the lap length of the U-shaped steel increases. The
deflection in the mid-span of Specimen 2-2 is higher when the load is kept the same. The
comparison curves for Specimens 2-1, 2-3, and 2-4 with different post-cast materials are
shown in Figure 20b. From Figure 20b, it can be seen that the ultimate loads of Specimens
2-3 and Specimens 2-4 are approximately 1.24 times higher than those of Specimen 2-1.
This is due to the larger anchorage length of the U-shaped steel in Specimen 2-3. The
post-cast section of Specimen 2-4 was made with a high-strength grout, which has high
compressive strength. In Specimen 2-1 and Specimen 2-3, the reduced length of the lap
connection can play a role in hindering the development of cracks. The small difference in
vertical displacement between Specimen 2-3 and Specimen 2-4 at the time of damage is
due to the high-strength grout used in the post-cast part of Specimen 2-4, which has high
compressive strength and high overall stiffness. The comparison curves of four different
connection schemes of Specimens 1-1, 2-3, 3-1, and 4-1 are shown in Figure 20c. It is known
from Figure 20c that the limit load of Specimens 2-3 is about twice that of Specimens 3-1,
so the connection of U-shaped steel is more reliable than that of steel lap. The vertical
deformation of Specimens 2-3 and 3-1 is basically the same, so the ductility is not much
different. Specimen 4-1 has less vertical displacement than Specimen 1-1. This is due to the
high reliability of grouted sleeve connections. The comparison curves of Specimens 1-1,
2-1,2-2,2-3, 2-4, 2-5, 2-6, 3-1, and 4-1 are shown in Figure 20d. As shown in Figure 20d,
the vertical deformation of the prefabricated foundation plate strip is always greater than
that of the cast-in-place concrete plate strip. This is because the deformation capacity of
the plate strip is significantly enhanced by the lap connection of the rebar in the post-cast
strip [28-30]. The ultimate load of Specimen 2-6 is approximately 1.2 times that of Specimen
2-1. Its anchorage length was obtained according to a reinforcement strength of 100 MPa.
This shows that the bearing capacity of Specimen 2-6 meets the requirements.

During the loading process, the load-mid-span deflection curve of the prefabricated
specimen is similar to that of Specimen 1-1 and is divided into three typical stages. The
initial stage is the linear elastic stage. When the concrete surface cracks and the number
of cracks gradually increases, the stiffness of the specimen decreases. The change speed



Buildings 2023, 13, 2114

15 of 21

of vertical deformation is greater than that of the load change. This stage is the crack
development stage. In the third stage, the tensile reinforcement of the specimen yields, and
the rate of change in deflection is accelerated. This is the same pattern of change as for
ordinary concrete plates and strips [31].

4.2.2. Calculation of Flexural Capacity

In this study, the anchoring of longitudinal reinforcement of precast members in post-
cast concrete complies with the provisions of the current national standard Code for Design
of Concrete Structures GB 50010 and Technical Specification for Application of Headed Bars
JGJ 256 [32]. According to the provisions of Article 6.2.10 of the Code for Design of Concrete
Structures (GB 50010-2010) [21], the flexural bearing capacity of the load—deflection curve
of each specimen is calculayed, as shown in Formulas (2) and (3).

S

X
M < M, = anfebx(ho — 2 ) + Al (ho — al). @)
The height of the concrete compression area is determined according to the following formula:
x1fcbx = fyAg — fg,Ag, 3)

where M is the design value of the bending moment; M, is the bending moment that
the section can resist; the coefficient o is calculated according to Article 6.2.6 of the
specification, 1.0. The f. and f’ are the axial compressive strength of concrete and the tensile
strength of rebar, respectively. The f,’ takes the steel material test results in Table 3. The f.
takes the axial compression strength of concrete test results in Table 3. A and Ay’ are the
section area of the longitudinal reinforcement in the tensile area and the compression area,
respectively. b is the width of the rectangular section. x is the depth of the compression zone;
hy is the effective depth of section. a’; is the distance between the joint point of ordinary
longitudinal reinforcement in the compression area to the edge of the compression section.
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Figure 20. Relationship between Load and Mid-Span Deflection. (a) Different lap length; (b) Different
post-pouring materials; (c) Different splicing schemes; (d) Scheme summary.
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The comparison results of calculated and test values of flexural bearing capacity are
shown in Table 7. Except for Specimen 3-1, the error of the other specimens is between
8.9% and 15.3%. It shows that the calculation formula of flexural bearing capacity in the
current specification is suitable for the calculation of the flexural bearing capacity of the
specimen. The flexural load capacity formula in the above-referenced Code for Design of
Concrete Structures does not take into account the tensile effect of the reinforcement in
the compression zone of the plate, and the compressive effect of concrete can increase the
flexural load capacity. Therefore, the test value of the flexural bearing capacity of the plate
is greater than the calculated value.

The flexural bearing capacity was increased, as the anchorage length of the prefab-
ricated U-shaped steel connecting plate was extended. The flexural bearing capacity test
value of Specimen 2-1 is slightly less than the calculated value. This is due to the small lap
length causing splitting damage to the specimen. The remaining prefabricated specimen
test value is larger than expected. This also shows that the prefabricated plate strip has a
certain safety reserve [33]. Specimen 3-1 has a large error between the test value and the
calculation value, and it is less than the calculated value obtained by the gauge formula.
This is due to the low anchorage strength of the reinforcement in the lap connection scheme,
which leads to fragility damage occurring in the prefabricated plate strip.

Table 7. Comparison of Tested Bending Capacity and Code-based Value.

Specimen Number Experimental Value/(kN-m) Theoretical Value/(kN-m) Experimental Value/Theoretical Value
1-1 38.69 1.15
2-1 29.39 0.88
2-2 35.10 1.05
2-3 36.54 1.09
2-4 36.54 33.54 1.09
2-5 35.82 1.07
2-6 34.39 1.03
3-1 20.09 0.60
4-1 31.53 0.94

4.3. Finite Element Simulation Analysis

The mechanical behavior of the designed prefabricated plate foundation plate strip is
simulated using the ABAQUS finite element software. By analyzing the stress distribution
of the components, the mechanical properties of the plate and strip in the design example
are verified to provide support for the prefabricated plate foundation design method.

4.3.1. Modelling

Numerical simulations on Specimen 1-1, Specimen 2-3, and Specimen 2-4 were con-
ducted. The prefabricated foundation plate and strip model are composed of concrete
and reinforcement stages. The tensioned bar adopts HPB300-grade reinforcement. Elas-
tic and plastic models [34] were used for tensioned bars and plastic damage models for
C30 concrete. Material properties adopt test-measured value. Concrete adopts the C3D8R
solid element. The grid was divided into regular hexahedral elements. The reinforced
steel bar adopted a T3D2 truss unit. The unit length was 40 mm, embedded in contact
with concrete. The binding was set between the later-poured concrete and the first-poured
concrete [35]. Frictional contact was provided between the steel plate and the plate and
strip. The finite element model is shown in Figure 21. Details of the number of nodes and
cells in each model are shown in Table 8 below.
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Figure 21. Finite Element Model. (a) Test Specimen 1-1; (b) Test Specimen 2-3; (c) Test Specimen 2-4.

Table 8. Details of the number of nodes and elements.

Specimen Number Number of Nodes Number of Elements
1-1 2791 1732
2-3 10,872 6156
2-4 15,373 9751

4.3.2. Foundation Boundary Conditions and the Loading Protocol

To accurately simulate the plate and strip force, the model applied 1172.5 kN/m? and
1107.25 kN/m?, 1476.3 kN /m? on the steel plate on the upper surface. The loading process
was completed in a nonlinear smoothing mode. A constraint was imposed at the point
where the bottom meets the backing plate to limit the displacement and angle [36].

4.3.3. Stress Analysis

The stress cloud map of plate and strip concrete is shown in Figure 22. It can be
seen from Figure 22 that the stresses in the specimen at the time of damage are mainly
concentrated in the area of the compression bending section. The concrete stresses in the
compression-bending section reach the maximum, indicating that the plate zone eventually
cracks along the mid-span and at the interface between the old and new concrete, which is
consistent with the test phenomenon. The stress cloud for the reinforcement in the plate is
shown in Figure 23. It can be seen from Figure 23 that the steel stress on the tensile side
of Specimen 1-1 is significantly greater than the steel stress on the compression side. The
maximum steel stress of Specimens 2-3 and 2-4 is small compared with that of Specimen
1-1. This is because the compressive side of the U-shaped steel can share the tensile stress
with the tensile side. Therefore, Specimen 2-3 exerts higher stress on the compressed side
of the reinforcement. The high-strength grout in the post-cast portion of Specimen 2-4 can
carry the load together with the reinforcement. Therefore, the stresses in the reinforcement
on the compressive side are lower. In summary, the U-shaped steel connection method is
significantly different from ordinary reinforcement in cast-in-place plates in terms of stress
transfer path and distribution.

The simulation results of the displacement cloud map of each specimen are shown
in Figure 24. The three specimens are a typical flexural failure, and the span deflection is
consistent with the test results. Figure 24 shows the comparison results of the load-mid-
span medium deflection simulation value and the measured test value of Specimens 1-1,
2-3 and 2-4. As can be seen from Figure 24, the finite element simulation results agree well
with the measured test value. The overall error is small, so the flexural performance of each
specimen can be simulated more accurately.
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Figure 22. Concrete Stress Cloud Diagram of Plate and Strip. (a) Test Specimen 1-1; (b) Test Specimen
2-3; (c) Test Specimen 2-4.
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Figure 23. Reinforcement Stress Cloud Diagram of Plate and Strip. (a) Test Specimen 1-1; (b) Test
Specimen 2-3; (c) Test Specimen 2-4.

(a)

U, Magnitude
+2.274x10"
+1.751x10°
+1.228x10"

o

+
©
N
o
o
x
oy

<

[

Ab bbb b

=)

U, Magnitude

+2.485x103
+0.000x100

(©)

Figure 24. Displacement Cloud Diagram of Plate and Strip. (a) Test Specimen 1-1; (b) Test Specimen
2-3; (c) Test Specimen 2-4.
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Figure 24. Comparison between Simulated and Measured Mid Span Deflection of Plate and Strip.
(a) Test Specimen 1-1; (b) Test Specimen 2-3; (c) Test Specimen 2-4.

5. Conclusions

The schemes of post-pouring belt U-shaped steel connection, post-pouring belt lap
connection, grouting sleeve connection, and post-tensioned bond prestressed reinforce-
ment connection were newly proposed to apply on plate foundation with the purpose of
improving green and intelligent construction technology for tower foundations, shorten-
ing construction time, and reducing labor force. Different plate splicing schemes were
compared in view of component processing, transporting, on-site constructing, and per-
formance. Furthermore, pseudo-static tests were conducted to study its basic mechanical
behavior. The following conclusions were obtained:

1.  The post-cast belt U-shaped steel connection is recommended with the advantages
of low processing difficulty and high reliability. The flexural load-bearing capacity
of spliced plates with the scheme of post-pouring belt lap connection is much lower
than that of cast-in-place plates. Grouted sleeve connections and prestressing tendon
connection schemes have complex processing and difficult construction and are
not recommended.

2. The typical flexural failure of a U-shaped steel connecting strip is basically the same
as that of an ordinary concrete plate belt. The flexural load-bearing capacity of the
U-shaped steel connecting plate can reach more than that of 90% of the cast-in-place
member, which is basically equivalent to the values of cast-in-place members. The
ductility coefficient ratio of prefabrication nodes to cast-in-place nodes is about 1.5,
with increased ductility.

3. The load-bearing capacity of the component is relevant to the anchorage length of
the U-shaped steel. Splitting failure along the lap reinforcement may occur if the
lap splice length of the U-shaped steel is not sufficient. However, the load-bearing
capacity still meets the code requirements when the anchorage length is 0.3 la.

4.  Compared to the fact that most flexural cracks of the cast-in-place specimens were
located in the pure bending span, the concrete damage of prefabricated specimens
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in the spliced region and the pure bending span were more serious. Improving
the strength grade of concrete can promote the ultimate bearing capacity of the
prefabricated concrete plate and strip connecting joints. The high-strength grouting
material used in the design can greatly shorten the construction period, which has
obvious advantages for a project with a tight construction period.

5. The prefabricated plate foundation for transmission towers has a good application
prospect. However, its seismic resistance, corrosion resistance, and susceptibility to
cracking need to be further studied.
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