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Abstract: With the development of blind bolts that can be installed from the outer side of a section,
the application of steel pipe hollow sections in prefabricated structures has become possible. The
novel one-side bolt with a flip-top collapsible washer (FTW-OSB) is proposed, which can fold the
washer at the end of the bolt to achieve a simple and efficient installation. Firstly, the components and
installation process of the FTW-OSB are introduced. Additionally, axial tensile tests were carried out
on three types of new bolts, and the failure mode, load—displacement curve, and ultimate capacity
were analyzed. Based on this, the finite element model was verified, and through a series of finite
element parameter analyses, the influence of washer size and construction, the friction coefficient,
and the contact surface size on the new bolt were analyzed and optimized. The results show that
the L-shaped washer can prevent washer rotation and has better anchoring performance than the
I-shaped washer. The washer thickness, height, and upper contact surface size are the key factors
affecting the anchoring performance of the FTW-OSB bolt. Among these factors, when the washer
thickness increases from 0.1 dy to 0.3 d, the ultimate capacity and initial stiffness of the FTW-OSB bolt
increase by 136.5% and 100.3%, respectively. The lower contact surface size and friction coefficient
can be ignored. The failure model of the FTW-OSB is mainly washer shear failure and bolt tension
failure. By effectively adjusting the washer thickness, side wall height, and upper contact surface
size, shear failure of the washer can be avoided and an anchoring performance can be achieved that
is the same as that of the same type of 10.9-grade ordinary high-strength bolt.

Keywords: one-side bolt; flip-top washer; collapsible washer; anchor behavior; high-strength bolt;
finite element analysis

1. Introduction

The one-side bolt is a novel type of bolt that can be used for closed-off sections
or structures such as walls [1]. It is generally installed using specific techniques or by
modifying the structure of traditional high-strength bolts. It plays an important role in
situations where conventional bolts cannot be fastened [2]. Several one-side fasteners have
been developed abroad for connecting steel components, including Flowdrill [3,4] from
Flowdrill BV in the Netherlands; one-sided bolts [5,6] from Ajax Fastener Company in
Australia; BOM and HSBB [7] from Huck International in the United States; Ultra-Twist
high-strength bolts from the United States [8]; holo-Bolt, RMH, and EHB bolts [9] from
Lindapte in the United Kingdom; and Blind Bolt [10] from Blind Bolt Company. Two
key issues in these blind bolts have been widely studied, namely the one-sided operating
mechanism and the anchoring ability. Ajax Oneside [5,6] was found to be easily installed
using a special wrench and a foldable washer. However, it was found that the flat washer
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was unstable under high load levels, especially for high-strength bolts with high pre-
tension levels. Wang [11] reported on a blind bolt with a critical sliding washer, in which
an improved slope washer was developed to address this issue. However, in terms of the
anchoring capability of the one-side bolt’s washer, the one-side bolt [5,6] employs a flat
washer with excessive thickness. The BOM, HSBB [7] bolts can only meet the performance
requirements of the American standard A235 bolts, and it is not possible to apply pre-
tensioning force during installation. In terms of the failure modes of one-side bolts under
axial tension, Hollo-Bolt [9,11,12] experiences shear failure of the umbrella-shaped washer,
resulting in lower bolt-bearing capacity, while [13] exhibits the failure mode of bolt fracture,
failing to fully utilize the material properties of the bolt. Therefore, it is necessary to
optimize the design of key components such as the one-side bolt washer, while ensuring
convenient installation, in order to enhance the anchoring performance of one-side bolts.

Blind-bolt anchoring capacity is another hot research topic. Due to the differences
in the anchor head and washer compared to regular high-strength bolts, the anchoring
performance of blind bolts differs from that of regular high-strength bolts. Yeomans [14]
and Elghazouli [15] found in their experiments that the anchoring capacity of Hollo bolts
was lower than that of equivalent-grade regular bolts. K.A. Nakajima [16] conducted a
series of experiments on the axial relaxation and fatigue of one-side high-strength bolts, as
well as the post-fatigue anchorage, and found that the axial force relaxation and fatigue
design curves of one-side high-strength bolts were similar to those of regular high-strength
bolts. Agheshlui [17-19] conducted pull-out tests on three groups of single-side bolts
to study their anchoring capacity, and found that the anchoring capacity of single-side
bolts was comparable to that of standard high-strength bolts. Oktavianus et al. [20] stud-
ied the anchoring performance of double-headed blind bolts in circular hollow concrete
column sections and proposed a theoretical model for estimating the anchoring strength
and stiffness of bolts. Recently, Tilak et al. [21] reported the experimental results of the
anchoring performance of double-headed blind bolts in square hollow concrete sections
under cyclic loading. Zhang et al. [22] studied the force performance of TFOSB single-side
bolts and found that the operating efficiency was greatly improved, but the ultimate tensile
strength of the T-joints connected by TFOSB was reduced by 5.9% to 12.9% compared to
traditional bolted connection joints. Furthermore, regarding the application of the finite
element method in the deformation response of structural components, S. Gohari [23] and
Quesada [24] have made advancements and applied them in the selection of material model
parameters for the fracture simulation of aluminum plate components and sheet metal
forming. However, there is limited research on the effects of contact between different
components and element selection on the structural stiffness, strength, and other aspects
under structural plastic deformation.

To address the complexities associated with construction and the substantial weaken-
ing of both the bolt and steel pipe in existing one-side bolt anchoring methods, this paper
presents a novel blind bolt with a flip-top collapsible washer (FTW-OSB). This innovative
bolt design facilitates convenient manufacturing and easy installation. Through experi-
mental testing and finite element parameter optimization, the dimensional parameters of
the profiled washer are fine-tuned to control the failure mode of the bolt, thus achieving
anchoring performance comparable to high-strength bolts of similar caliber. The aim is to
achieve a combination of convenient bolt installation and robust anchoring performance.

2. The Introduction of the FTW-OSB

As previously mentioned, the development of the novel blind bolt with a flip-top
collapsible washer (FTW-OSB) aims to use the space behind the blind-bolt anchoring head
to improve the anchoring ability of the flat washer. The conceptual design of the FTW-OSB
is illustrated in Figure 1. The development approach involves modifying the bolt head
of domestically produced high-strength bolts. The self-designed fixing plate and torsion
spring are welded to the end of the bolt head using argon arc welding. The profiled washer
is connected to the torsion spring through a steel strip. During installation, the profiled
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washer rebounds within the closed section under the torque of the spring, creating an
anchoring end and enabling the one-sided operation of the bolt. The main components
of the FTW-OSB include a high-strength bolt rod, fixing plate, torsion spring, profiled
washer, steel strip, outer washer, and nut. The torsion spring is an improved version of
the existing 180° torsion spring. As shown in Figure 2, the operating principle and process
of the FTW-OSB for one-sided operation are as follows: Four profiled washers are fixed
onto the octagonal fixing plate using torsion springs. The fixing plate is then welded to
the top of the bolt head. The profiled washers are point-welded to the reinforcing bar and
connected to the torsion springs as a whole. Before installation, the profiled washers are
folded to the top of the bolt head. The foldable washer is designed to be smaller than the
bolt hole after flipping, so the washer can easily enter the bolt hole together with the bolt
head. When the washer and bolt head pass through the hole completely, the flip-foldable
washer folds back to the bottom of the bolt head under the torsional force of the spring. By
pulling the bolt rod backward, the washer tightly contacts the bolt head, achieving initial
anchoring. Finally, a pretension load is applied by tightening the outer nut.

Fixed plate

Torsion spring
Steel strip
Profiled washer

-High strength bolt rod

External washer

Nut

Figure 1. The conception design of FTW-OSB.

flip install springback
/
J

Figure 2. The installation process of FTW-OSB.

The anchor mechanism of the FTW-OSB is shown in Figure 3. It can be seen from
Figure 3 that during the FTW-OSB working process, the profiled washer is subject to
compression and shear. Specifically, when the bolt shank is subjected to tensile force (F), the
compression surfaces 1 and 2 are, respectively, subjected to the pressure of the bolt head and
the fixed plate (N1 and N2). The shearing surface inside the washer is subject to the shearing
force (V1) of the bolt head and fixed plate. Furthermore, the anchoring performance of
the flip-top collapsible washer has been improved compared to the flat washer used in the
one-side bolt [5,6] and the umbrella-shaped washer used in the Hollo-Bolt [9].
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Figure 3. Force analysis of profiled washer.

3. Experimental Tests
3.1. Design of the Test Specimens and Material Properties

Nine specimens of FTW-OSB were designed considering two factors: bolt specifica-
tions and the thickness of the washer. According to [25], the thickness of the washer and
the length of the bolt for normal high-strength bolts are considered. Due to the complexity
of the profiled washer design, a washer thickness range of 0.1 dy to 0.3 dy was selected. To
prevent local failure at the end of the bolt and slippage in the fixture during the tensile test,
the length of the FTW-OSB was chosen as 150 mm. The diameter of the bolt was designed
to be 10 mm larger than the diameter of the bolt, which was 26 mm, 30 mm, and 34 mm
for M16, M20, and M24 bolt, respectively. The torsional spring and the steel strip were
designed for the installation purpose, with diameters of 1 mm and 3 mm, and other labels
and dimensions of test components are shown in Table 1. The material of the FTW-OSB
was composed of 20 MnTiB alloy structural steel. Typical material properties such as
elastic modulus, yield strength, and tensile strength of the specimens were obtained by
conducting tests according to ASTM A370-18 standard [26] on a 100-ton electro-hydraulic
servo universal testing machine, and the results are shown in Table 2.

Table 1. Test piece parameter table.

N Diameter Thickness Height
o of Bolt/mm of Profiled Washer/mm of Profiled Washer/mm
F16-1 16 1.6 14.8
M16 F16-2 16 3.2 14.8
F16-3 16 4.8 14.8
F20-1 20 2.0 16.0
M20 F20-2 20 4.0 16.0
F20-3 20 6.0 16.0
F24-1 24 2.4 17.2
M24 F24-2 24 4.8 17.2
F24-3 24 7.2 17.2

Table 2. Mechanical properties.

51105

Section Thickness/mmf, 1/MPa fu 2/MPa fu/fy 3 8 4% EN;}l)(;
rectangle 10 420.5 539.1 1.28 243 2.03
rectangle 20 424.3 545.1 1.28 23.1 2.06
round 12 710.2 864.5 1.22 25.3 1.95

1 5

means yield strength, 2 means tensile strength, 3 means strength yield ratio, 4 means elongation,
elasticity modulus.

means

3.2. Test Setup

The anchoring test was conducted on a computer-controlled hydraulic servo universal
testing machine with a model number of WAW-1000B and a capacity of 100 tons, as shown
in Figure 4a. The anchoring test was conducted on a 100-ton hydraulic universal tensile
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machine, as shown in Figure 3. Two rigid anchor plates were fabricated and connected
with 4 M20 high-strength bolts. Then, the lower anchor plate was fixed to the lower chuck
of the tensile machine. One end of FTW-BB was fixed to the upper flange plate, and the
other end was fixed to the upper chuck of the tensile machine. A stable and increasing load
was applied on the top chuck of the machine until the specimen failed. The displacement
variation of the specimens was measured using a linear variable displacement transducer
(LVDT) with a total stroke of 50 mm. To obtain the relative displacement between the
upper and lower flange plates, LVDTs 1 and 2 were arranged under the upper flange plate,
while LVDT 3 was placed at the center point of the bolt head to measure the compressive
displacement at the bolt head. LVDT 4 was used to measure the absolute displacement of
the upper flange plate.

Upper chuck

FTW-OSB

Stiffener

- Upper flange plate

Displacement meter

High-strength bolts

Under flange plate

g
Stiffener
Under chuck

(b)
Figure 4. Test setup of FTW-OSB: (a) specimen installation; (b) displacement meter arrangement.

3.3. Test Phenomena and Typical Failure Modes

The failure modes of specimens are shown in Figure 5, which can be mainly classified
into washer shear failure and bolt tensile failure. As shown in Figure 5a,d,g, when e = 0.1 d,
the washers of FTW-OSB in M16, M20, and M24 models were all sheared, but the bolt rods
were not pulled apart, indicating that the bolts did not fully exert their bearing capacity.
When e = 0.2 dy, the failure positions of M16 and M20 models were transferred from
washer shear failure to bolt tensile failure, indicating that the bolt rods failed before the
non-standard washer. However, the FTW-OSB of the M24 model was sheared, but the bolt
rod was not pulled apart. When the washer thickness increased to 0.3 dy, all FTW-OSB bolts
in M16, M20, and M24 models underwent bolt tensile failure, fully exerting the bearing
capacity of the bolts. (Figure 5b,c.e f/h,i).

3.4. Load-Displacement Curves and Anchor Strength

The load—-displacement curves of the specimens are shown in Figure 6. The methods
for obtaining the initial yield stiffness, yield capacity, and ultimate capacity are described
in reference [27], and the test results are summarized in Table 3.

Table 3. Summary of FTW-OSB anchoring performance test results.

Label Initial Stiffness N/m x 10° Field Load/kN Theoretical Yield Load/kN Ultimate Capacity/kN The(():rehca.l Ultimate
apacity/kN
F16-1 273.23 92.05 111.50 115.06 135.73
Fl16-2 321.37 95.58 111.50 122.10 135.73
F16-3 329.65 95.67 111.50 124.95 135.73
F20-1 238.65 71.71 174.00 91.85 211.80
F20-2 448.57 169.62 174.00 214.95 211.80
F20-3 478.17 173.06 174.00 217.23 211.80
F24-1 275.68 87.82 250.70 118.37 305.17
F24-2 446.18 170.15 250.70 213.36 305.17
F24-3 443.10 216.02 250.70 289.95 305.17
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(®) ) Q)

Figure 5. Failure modes of FTW-OSB: (a) F16-1 (b); F16-2; (c) F16-3; (d) F20-1; (e) F20-2; (£) F20-3 (g);
F24-1; (h) F24-2; (i) F24-3.
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Figure 6. Load—displacement curve of test bolts: (a) M16; (b) M20; (c) M24.

According to Figure 6 and Table 3, it can be observed that the initial stiffness and
ultimate bearing capacity of FTW-OSB significantly increase with the increase in washer
thickness. For instance, when the thickness of the washer increases from 0.1 d to 0.2 d
and 0.3 dj, the tensile bearing capacity of the FTW-OSB of M20 increases by 134.0% and
136.5%, respectively, and the initial stiffness increases by 87.9% and 100.3%, respectively.
For M16 and M20 bolts with e = 0.2 dy and e = 0.3 dy, the bolt load-displacement curves are
basically the same, but the bolt bearing capacity is slightly lower than the theoretical value
due to machining errors, i.e., the actual diameter of the bolt is slightly smaller than the
theoretical value. For M24 bolts, the load—displacement curves differ significantly when
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the washer thickness is 0.2 dy and 0.3 dy, which is caused by the eccentric tension and shear
stress acting on the bolt during loading. Furthermore, when the washer thickness is 0.1 dy,
the washer undergoes brittle shear failure for all three types of bolt, and the bolt rod cannot
be fully loaded and its bearing capacity cannot be fully utilized.

4. Finite Element Model and Validation
4.1. Finite Element Model

A finite element model of an anchored FTW-OSB was established using ABAQUS 6-14
software, as shown in Figure 7a. Based on the aforementioned working mechanism and
failure mode of the FTW-OSB, it is evident that the tensile load-bearing capacity of the FTW-
OSB is primarily controlled by the bolt and profiled washer. Therefore, the model simplifies
the remaining structural components, such as the torsion spring and steel strip. Due to
the symmetry of the model, a 1/4 solid model was established to reduce the calculation
time and improve the calculation convergence. The bolt and washer were modeled using
a multi-linear kinematic hardening constitutive model, considering the Von Mises yield
criterion and related flow rules. The stress and strain relationship of steel is simplified to
three stages of “elastic elastic-plastic plasticity”, and the elastic modulus, yield strength,
and ultimate strength are taken according to the material test results. The yield strength of
the steel was 980 N/mm?, and the elastic modulus and Poisson’s ratio of the material were
E =20 x 10° N/mm? and u = 0.3, respectively. The shear modulus of the hardening stage
was E1 =0.01 E. In Figure 8, oy and oy, are yield strength and limit strength, respectively;
¢y and &, are the corresponding yield strain and limit strain values, respectively. The
parameters convert the engineering stress-engineering strain data by Equations (1) and (2).
As the current model was established to analyze the anchoring behavior of the washer, an
infinitely rigid plate was introduced to ensure that failure occurred on the washer or bolt
instead of the plate. The contact between the washer and bolt head, as well as between
the washer and rigid plate, was considered in the current model. The bottom of the plate
was completely fixed, and the degrees of freedom of all units at the bottom of the bolt
were coupled to the reference point RP1 located on the central axis, applying displacement
constraints on the reference point and facilitating the definition of various load conditions
and boundary conditions.

Otrue = Geng(l + Ueng) (1)

Etrue = 11‘1(1 + Seng) (2)

4.2. Element Type and Meshing

As shown in Figure 7a, a three-dimensional eight-node solid element with linear
reduction integral element C3D8R was used to model the FTW-OSB. The bolt bottom
reference point RP1 was allowed to move only in the Y direction (the bolt axis), controlling
its Y direction movement and applying an axial load. Between the plate and the gasket,
and between the gasket and the bolt, all use the “surface” contact; the normal direction is
“hard contact”, which allows them to be separated from each other but with no penetration;
and the tangential direction is the “Coulomb friction” model. As shown in Figure 7b,c,
the mesh size of the FE model was determined through a convergence study based on the
optimization of CPU time and accuracy. Compared with the test results, the results show
that the Mesh3 with a thousand elements can achieve the optimized outcomes.



Buildings 2023, 13, 1571 8 of 15

Coupling point

—a == I Comparison of mesh density

r == I 250 R
108 o
3 5 200 106 5
Symmetry | KJ 104 M
" 2 |2
Fixedend - . g w0 102 o
| B ' 3
B 100 098 ®
. © 096 ;::
I 50 094 2
1 052 &
0 s A

I Meshl Mesh2 Mesh3 Mesh4 Mesh5

) / @~ CPU time = @ = Strength ratio to FTW-0SB

. -
. el
| - Tie
| "
(a) (b)
Mesh 1 Mesh 2 ) Mesh 3 Mesh 4 Mesh 5

990 elements 1613 elements 5762 elements

84 elements 347 elements

(©)

T 5x102E

Strain

Figure 8. Material model.

4.3. Validation of Models

Figure 9 shows the comparison between the finite element analysis results and the
experimental results. Overall, the failure modes and load—displacement curves of the two
are in good agreement. Specifically, as shown in Figure 9a, when e = 0.1 d, the failure of
FTWOSB is controlled by washer shear, while when the washer thickness is 0.2 dy and 0.3 d,,,
the failure location shifts to the bolt rod. The load—displacement curve result in Figure 9b
shows that the ratio of initial stiffness and ultimate strength between the experimental and
finite element calculation results is 0.9 and 0.98, respectively, with a standard deviation
coefficient of 0.001.
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Figure 9. Comparison between FEM and test results: (a) failure modes; (b) load-displacement curves.

5. Parameter Analysis
5.1. Parametric Analysis Scheme

The experimental results have shown that the thickness of the washer significantly af-
fects the anchoring performance of the FTW-OSB. To further expand the scope of parameter
research and conduct a comprehensive analysis of the influencing factors on the anchoring
performance of the FTW-OSB, the above parameters are shown in Figure 10.

]
=

|
1
N

51,89,

Figure 10. Parameters for FTW-OSB. e: the thickness of the profiled washer; /: the side wall height of
the profiled washer; y: the friction coefficient of the upper and lower contact surface for the washer;
s1: the contact width on the upper surface of the washer; s,: the contact width on the lower surface of
the washer.

The parameter analysis plan is shown in Table 4. M16, M20, and M24 FTW-OSBs with
the washers of e = 0.2 dy, hyp = 0.25 hy, p = 0.4, ¥ =0, s; =5 mm, and s, = 0.8 s; (where dj
and h are the nominal diameter and head height of the bolt, respectively) are selected as
the reference specimens. Therefore, a single sensitivity analysis is performed to reveal the
influence of each parameter on the performance of FTW-OSB.

Table 4. Parameters considered for FTW-OSB.

Parameters Notation Benchmark Expansion
Washer thickness e 0.24d, 0.1dy,0.3dy
Side wall height hy 0.25 k1 0.1h,0.5m
Friction coefficient u 0.4 0.35,0.5
Upper contact surface size s1 0.24d, 0.1dy,0.34dy
Under contact surface size Sy 0.8 51 0.6s1,1.051

Note: dy = 20 mm is the nominate diameter of the bolt shank, #; = 14 mm is the height of the bolt head.

5.2. Thickness Effect of Flat Washer

The FTW-OSB load—displacement curves for M16, M20, and M24 with the flat washer
are plotted in Figure 11, where the effect of the washer thickness on the anchoring perfor-
mance of the FTW-OSB can be observed. The initial stiffness and ultimate tensile capacity
of the FTW-OSB increased significantly with the thickness of the flat washer. For instance,
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as the washer thickness increased from 0.1 dy to 0.2 dy and 0.3 d;, the initial stiffness of
the M24 bolt increased by 14.8% and 26.8%, and the tensile ultimate capacity increased by
36.5% and 63.4%, respectively. Moreover, when the washer thickness reached ¢ = 0.3 dy, the
initial stiffness and tensile strength of all types of FTW-OSB reached the same level as that
of the same size ordinary 10.9 high-strength bolts. Therefore, it is recommended to use a
washer thickness of 0.3 dj. As the bolt diameter increases, the influence of the flat washer
thickness on the anchoring performance of FTW-OSB gradually increases because the effect
of insufficient compaction of the washer against the plate diminishes with the increasing
thickness of the washer.
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Figure 11. Influence of the flat washer thickness on FTW-OSB anchoring performance: (a) M16;
(b) M20; (c) M24.

5.3. The Influence of Thickness for L-Shaped Washer

The L-shaped washer was selected, and the side wall height of the washer was uni-
formly set to 0.25 h1. The FTW-OSB load-displacement curves for M16, M20, and M24 are
shown in Figure 12. As can be seen from the figure, with the increase in the thickness of
the L-shaped washer, the initial stiffness and ultimate tensile capacity of the FTW-OSB are
improved. When the thickness of the L-shaped washer is ¢ = 0.2 dy and e = 0.3 dj, the load-
displacement curves of each type of the FTW-OSB and the corresponding high-strength
bolts basically coincide, indicating that the anchoring performance of the FTW-OSB has
reached the same level as the corresponding high-strength bolt. Therefore, it is recom-
mended that the thickness of the L-shaped washer for FTW-OSB be 0.2 dj.

3004 400 4

A M 1
pach—O 350

L=

2504

- _g—=0 o o o 3004
1204 J o 200 a
2 2 2 2504
=< 904 |1 <150 <200
E 3 3
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Figure 12. Influence of the L-shape profiled washer thickness on FTW-OSB anchoring performance
under same height: (a) M16; (b) M20; (c) M24.

5.4. The Influence of the Side Wall Height

As shown in Figure 13a, to solve the problem of the flat washer of the FTW-OSB
curling up at the outer edge under tension, it was proposed to change the washer shape
from a cross to an L-shape to suppress flipping. From the stress distribution diagram of the
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FTW-OSB under tension in Figure 13b, it was found that the stress at the top of the L-shaped
washer’s side wall was small, and only the base of the side wall bore some pressure.
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7.023x10%
6:020x10
5.017%102
4.014x10°
3011%10°
2.008x10°
1.005%10°
1.303x10%

(a)
Figure 13. L-shaped profiled washer schematic: (a) force schematic; (b) stress distribution.

Figure 14 shows the load-displacement curves of FTW-OSBs with M16, M20, and
M24 bolts when the side wall height of the L-shaped washer changes. With the increase in
the side wall height of the washer, the initial stiffness and ultimate tensile capacity of the
FTW-OGSB are greatly improved. For example, the initial stiffness of the M20 bolt increased
by 13.9% and 18.3%, and the tensile capacity increased by 23.8% and 24.5%, respectively.
On the other hand, the load—displacement curves of the FTW-OSB with washer side wall
heights of hg = 0.25 k1 and hy = 0.5 h; almost coincide, indicating that the side wall height kg
of the washer greater than 0.25 i has little effect on the anchoring performance of the new

bolt. Therefore, it is recommended to design the side wall height of the L-shaped washer as
0.25 hy.
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Figure 14. Influence of the profiled washer height on FTW-OSB anchoring performance: (a) M16;
(b) M20; (c) M24.

5.5. The Influence of Friction Coefficient

The load-displacement curves of the M16, M20, and M24 FTW-OSBs with the thickness
of the washer at 0.2 dy are shown in Figure 15 as the height of the washer’s side wall changes.
As shown in the figure, the load—displacement curves of the FTW-OSB of various models
basically coincide with those of the corresponding ordinary 10.9-grade high-strength bolts
with the increase in the friction coefficient, which indicates that the friction coefficient has
little effect on the anchorage performance of FTWO-OSBDE. Therefore, this paper adopts
the friction coefficient between the upper and lower contact surfaces of the L-shaped
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washer as y = 0.4 according to the Code for Design of Steel Structures [28] and no further
optimization is performed.
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Figure 15. Influence of the profiled washer with thickness ¢ = 0.2 dj friction coefficient on FTW-OSBs’
anchoring performance: (a) M16; (b) M20; (c) M24.

5.6. The Influence of Upper Contact Surface Size on Washer

The diameter of the FTW-OSB bolt head determines the size of the bolt hole and also
the upper contact surface size s; on the washer. Figure 16 shows the load—displacement
curve of the FTW-OSB anchor when the contact surface size on the washer changes. As
shown in Figure 14, when 51 is 3 mm, 4 mm, and 5 mm, the ultimate tensile loads of the M16,
M20, and M24 FTW-OSBs reach the maximum value. As the contact surface area continues
to increase, the load—displacement curves of the bolts basically coincide. For example, for
the M20 FTW-OSB, compared with s; = 4 mm, the initial stiffness of the bolt decreases by
17.1% and 5.6% when s; = 2 mm and s; = 3 mm, respectively, and the ultimate capacity
decreases by 26.7% and 9.7%, respectively. Therefore, it is recommended that the contact
surface size on the washer of the M16, M20, and M24 FTW-OSBs should be s; = 0.2 dj, and
the bolt head diameters should be d; = 22 mm, d; = 28 mm, and d; = 34 mm, respectively.
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Figure 16. Influence of the profiled washer upper surface size on FTW-OSB anchoring performance:
(a) M16; (b) M20; (c) M24.

5.7. The Influence of under Contact Surface Size on Washer

Figure 17 shows the FTW-OSB anchorage performance load-displacement curve when
the under contact surface size of the washer changes. As shown in Figure 17, when
sp = 0.6 51, 0.8 51, and 1.0 51, the single-side bolts M16, M20, and M24 achieve the maximum
tensile ultimate capacity. As the under contact surface size of the washer continues to
increase, the load—displacement curves of the bolts overlap. For example, compared with
sp = 0.8 51, when s, = 0.4 51 and s, = 0.6 51, the initial stiffness of the M20 bolt decreases by
2.9% and 1.5%, and the ultimate capacity decreases by 8.4% and 4.6%, respectively.
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Figure 17. Influence of the profiled washer under surface size on FTW-OSB anchoring performance:
(a) M16; (b) M20; (c) M24.

6. Conclusions

A new type of bolt, the flip-top washer one-side bolt (FTW-OSB), has been developed
that has a similar load-bearing capacity to ordinary high-strength bolts but is more conve-
nient to install, based on the existing Gr10.9 high-strength bolt. The anchoring performance
of the FTW-OSB was studied using a combination of tests and finite element simulations,
with analysis focused on the failure mode, load-displacement curve, and ultimate capac-
ity. The influencing factors that affect the anchoring performance of the FTW-OSB were
analyzed through parameter analysis, and corresponding construction suggestions were
proposed. The specific conclusions are as follows:

1.  The novel flip-top washer one-side bolt (FTW-OSB) has been developed using high-
strength bolts as the base material. The profiled washer, aided by the torsional force of
the torsion spring, rebounds in the closed section to form the anchoring end. The load-
bearing performance of the L-shaped washer surpasses that of the I-shaped washer.

2. There are two types of failure modes for the FTW-OSB: one is the shear failure of the
washer, and the other is the tensile failure of the bolt rod. As the thickness, side wall
height, and contact surface size of the washer increase, the load-bearing capacity of
the washer is enhanced, and the failure mode of the bolt changes from shear failure
of the washer to tensile failure of the bolt rod. The single-side bolt fully utilizes its
load-carrying capacity, and its anchoring performance reaches the same level as that
of the same model of ordinary high-strength bolts.

3. The main parameters that affect the anchoring performance of the FTW-OSB are the
thickness of the washer ¢, the height of the washer side wall /iy, and the size of the
contact surfaces on the upper and under of the washer, s; and s,, respectively. When
e=0.2dy, hg =025 hy, s1 = 0.2 dy (h; is the bolt head height), and s, = 0.8 51, the
anchoring performance of the FTW-OSB is equivalent to that of the same model of the
high-strength bolt.

4. The degree of influence on the anchoring performance of the FTW-OSB in descending
order is washer thickness e > washer side wall height /iy > upper contact surface size
of the washer s; > under contact surface size of the washer s, > friction coefficient u
of the contact surface.

Currently, the research focus is on the anchoring performance of individual FTW-OSBs,
while ignoring the stiffness of the plate. On the other hand, the group anchoring behavior
of new bolts should also be noted. Both of these need to be considered in future research.
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