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Abstract. In order to study the anchorage performance of split double-pawl bolt,
the tensile strength tests of smooth round anchor bolt and split double-pawl type
anchor bolt with different anchorage lengths were carried out, and the test results
were compared with the relevant literature specifications. The test shows that the
strain of anchor bolt is small in the concrete, and the strain is the largest at the
contact with the concrete surface. The bond failure capacity of smooth round an-
chor bolts increases with the increase of anchorage length, but the deeper the
anchorage length, the slower the increase of the bearing capacity. The uplift bear-
ing capacity of anchor bolts can be greatly improved by installing the pawl bolt
head. The calculation method of the bonding failure bearing capacity of the
smooth round anchor bolt is relatively conservative, and the experimental value
of the bearing capacity is smaller than the theoretical value because the anchor
head is straightened when the pawl type anchor bolt is pulled up.

Keywords: anchorage performance; split double-pawl bolt; uplift bearing ca-
pacity; anchorage length

1 Introduction

Anchor bolt, also known as anchor bolt, is an important engineering fastening compo-
nent, usually used for the connection of engineering components and concrete founda-
tion. At present, the calculation of the uplift bearing capacity of the anchor bolt has
been more detailed in the design codes at home and abroad, but it is not comprehensive
enough. GB50017-2017 [1] and related design manual [2,3] regard the ultimate tensile
bearing capacity of bolt as the ultimate uplift bearing capacity. DL/T1236-2021 [4]
adopts the same provisions, and specifies the different types of anchor bolts and the
anchorage lengths to be met. However, these regulations are more general, and lack the
introduction of anchorage mechanism, stress state and failure modes when the anchor
bolt is actually buried. ACI-318 [5] has made a detailed introduction and regulation on
the damage conditions, influencing parameters and bearing capacity calculation of an-
chor bolts under uplift load, but it does not involve the influence of the bond between
anchor bolts and concrete on the bearing capacity, and lacks the relevant introduction
of the bonding capacity.
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Tong et al. [6,7] reviewed and compared the anchor bolt design methods at home
and abroad, summarized the failure mode and bearing capacity of a single anchor bolt,
and proposed the design criteria for a single anchor bolt. Xiao et al. [8] systematically
summarized the design method of the column foot of the embedded anchor bolt type
light steel structure, analyzed the types and characteristics of the anchor bolt at home
and abroad, and proposed the design and calculation method of the anchor bolt accord-
ing to the possible failure forms of the column foot. Chen et al. [9], Chen et al. [10]
have related discussions on the calculation methods of the bearing capacity of anchor
bolts. But these arguments are mainly based on the relevant calculation theory and cal-
culation assumption, lack of concrete test support. Liu et al. [11] carried out the uplift
test of M20 and M30 anchor bolts to explore the experimental phenomena and the stress
state parameters of anchor bolts under the uplift load, but there was a lack of research
on the anchoring mechanism of anchor bolts and comparison with relevant design cal-
culation methods. Wu et al. [12,13] made a detailed study on the pulling capacity of L-
type, J-type and pawl-type anchor bolts through experimental research and simulation
analysis, and innovatively proposed the corresponding bearing capacity calculation
method by comparing with the calculation method in ACI318. The difference is that
the pawl type studied by Wu is an external pawl, and the anchorage performance is
different from that of the split double pawl, and this part is relatively blank. Munemoto
et al. [14] analyzed the failure mechanism and strength of anchor bolt under static pull-
ing load and found that the combination failure mode of concrete cone and bonding
failure would occur in anchor bolt, resulting in the depth of the damaged part of the
cone decreasing and the inclination angle of the cone narrowing. And put forward the
corresponding safety factor to ensure the safety of the bolt structure. Based on the shear-
displacement model, Xu et al. [15] and Delhomme et al. [16,17] determined the anchor-
ing depth of head anchor and bond anchor in concrete through tests, analyzed the load
distribution of anchor in the elastic deformation stage, and studied the influence of the
length of anchorage zone on the distribution of axial force and shear stress in the an-
chorage zone. Fu et al. [18] discussed the relationship between the maximum anchoring
force and the anchoring length of the anchor bolt anchoring system, and proposed the
main sliding interface relationship model based on the maximum anchoring force and
the anchoring length, which could successfully break through the strength limit or the
type restriction of surrounding rock. Fan et al. [19] studied the shear stress in the inner
anchoring section based on the axial strain test results of high, medium and low strength
anchors. Gao et al. [20] conducted a test and numerical study on the critical blind bolt
system of reinforced hollow concrete embedded in concrete anchorage slip. The system
can be used to join steel beams and reinforced concrete columns to form rigid moment
connections. Shafei et al. [21] studied the seismic tension of cast-in-place anchor rod
considering composite stiffness and strength degradation. On this basis, a nonlinear
damage plastic model based on fracture is established, and it is found that seismic loads
cause significant degradation of structural stiffness (damage) and tensile strength.
Pitrakkos et al. [22,23] took a new type of blind bar member as the research object and
studied the load transfer mechanism of the member through the monotony drawing test.

Torres-Rodas et al. [24] studied the cyclic response of a particular type of column
base connection, namely the exposed base plate with extended anchor bolts, and
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showed that its desirable cyclic and hysteretic properties can improve the seismic per-
formance of the structure. The anchorage force characteristics of anchor bolts in con-
crete is always a complicated problem, which prompts many scholars to reveal the an-
chorage mechanism through FEA [25].Although the research on the anchorage of an-
chor bolt has gradually formed a system at this stage, it still does not represent a com-
prehensive coverage of the research in this field. The current design specifications and
related research on the uplift bearing capacity of anchor bolts are not specific and com-
prehensive, and there is a lack of research on the mechanical anchoring mechanism of
split double-pawl anchor bolts. At the same time, it is explored whether the bolt can be
divided into itself to meet the anchoring performance, to achieve cost saving and im-
prove the construction convenience. This paper will carry out experimental research on
the anchoring bearing capacity of split double ratchet type anchor bolts at different an-
choring depths, focusing on exploring the effect of mechanical anchoring on the uplift
bearing capacity of anchor bolts, and comparing the experimental bearing capacity with
the theoretical design value, so as to provide references for further improving the cal-
culation theory and design method of the uplift bearing capacity of anchor bolts.

2 Test Program

2.1  Test Specimens

In order to study the anchorage performance of split double-pawl bolt, pull up test was
carried out to simulate the force action of anchor bolt in practical engineering. A total
of six groups were designed with three anchor bolt specimens of the same type and
anchorage length in each group. The concrete strength grade was C30. The specimen is
shown in Fig. 1. The nominal diameter of the anchors is M30 and the material is Q235
steel. There are three different anchorage lengths for smooth round anchor bolt and split
double-pawl anchor bolt respectively. Detailed parameters of anchor bolt specimens
are shown in Table 1.

Table 1. specimens of anchor bolt

Diameter of bolt  Anchorage length ~ Anchorage concrete

Speci T G
pecimens pe d/mm lo/mm LxWxH/mm? roup
SDP-1 lit double-pawl 150(5
SpHt double-paw 30 (5d) 1200%1000x 1000 3
SDP-2 type 300(10d)
SR-1 300(10d)
Smooth round type 30 1200x1000%1000 3
SR-2 600(20d)

split double-pawl type

—— -

smooth round type

Fig. 1. anchor bolts and anchorage concrete
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2.2 Test Rig and Data Measurements

In the test, a simply supported steel beam is used as a reaction beam for loading, and
the loading rig is shown in Fig. 2. The distance between the two supporting points of
the simply supported steel beam is determined by the anchorage length of the anchor
bolt. The loading device is mainly composed of reaction beam, hollow electrohydraulic
jack and hollow force sensor. The tie rod is fixed through the upper part with tight nuts,
and the lower part is connected with the anchor bolt through a coupling sleeve.

D1 DI I Strain gauge

' Displacement meter
i
E 3 Foundation b 3 Foundation

S5/1|s6  top surface g7|l| sg top surface

7

S3]11S4 S51|] S6
S1}11S2 S3 11| S4
SI|S2
Fig. 2. Test rig Fig. 3. Set of strain gauges and displacement gauge

DH3821 acquisition system was used to manually collect the uplift load, vertical
displacement and bolt strain. Two strain gauge arrangement methods were set for dif-
ferent types of bolts in this test, namely, eight groups of strain gauges (S1-S8) were set
symmetrically along the bolt for split double-pawl bolt, and 6 groups of strain gauges
(S1-S6) were set symmetrically along the bolt for smooth round type bolt. The strain
gauge is arranged at /¢/3 and 2/4/3 of the anchorage length of the bolt surface, the bolt
root and the junction with the anchorage concrete surface, respectively, to measure the
strain change of the anchor bolt during loading, as shown in Fig. 3. One displacement
meter (D1) is arranged at the top of the tie rod to measure the vertical displacement of
the anchor bolt.

2.3  Loading Criterion

Hydraulic jacks are manually calibrated before loading. Before the test, pre-load is ap-
plied to eliminate errors caused by factors such as component gap and support slip, and
let the anchor bolt enter the normal working state. This test adopts the force control
method to carry out the loading. Firstly, the loading is carried out step by step at 6.45kN.
When small cracks appear at the contact point between the concrete surface and the
anchor bolt, the loading is carried out step by step at 3.23kN until the concrete cracks
or the anchor bolt is obviously pulled out. The load is directly read by the force sensor,
and the surface strain and uplift displacement of the bolt under various loads are rec-
orded by the acquisition system.
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3 Test Results

3.1 Test Failure Phenomenon

The failure mode of the smooth round bolts with different anchorage lengths is bonding
failure under the uplift load. When the load is increased to a certain value, the contact
surface between concrete and anchor bolts has a small crack, which further expands as
continuous loading. Under the ultimate bearing capacity, the bolt is obviously pulled
out and the surrounding concrete surface is stripped, as shown in Fig. 4(a).

When the anchorage length is 54, the typical failure mode of split double-pawl type
anchor bolt under the uplift load is concrete tensile fracture. As the load reaches 60kN,
the junction of concrete and the anchor bolt has a slight crack, accompanied by a slight
pull out phenomenon; As the load continues to increase, the concrete cracks suddenly
and the cracks spread rapidly to the edge. When it is loaded to approximately 75kN, the
anchorage concrete sounded split double-pawl type bolt is completely pulled apart, and
the vertical displacement of the anchor bolt is about 5.4mm. As shown in Fig. 4(a).

The failure mode of split double-pawl type bolt with anchorage length 104 and 154
under uplift load changes from concrete tensile fracture to bonding failure. The test
phenomenon is similar to that of smooth round anchor bolt, because the pawl opening
amount after split cannot meet the large anchorage length, and thus cannot drive the
concrete to crack fracture. And the split double-pawl of the anchor bolt has been
straightened in the test, as shown in Fig. 4 (b).

'

after

Ibonding failure

(b)

Fig. 4. Typical failure modes: (a) anchorage concrete; (b) anchor bolt

3.2  Load-Displacement Characteristics

The load-displacement curves of split double-pawl bolt and smooth round bolt obtained
by the test are shown in Fig. 5. For specimen SDP-1, its failure mode is different from
other specimens. The vertical displacement of bolts increases gradually with the in-
crease of load. When the load reaches the ultimate bearing capacity, the load decreases
while the bolt displacement continues to increase until the bolt is obviously pulled out
and the specimen fails. However, under this special failure mode, the load-displacement
curve of SDP-1 showed a relatively similar trend to that of other specimens.

When the anchorage length is 5d, the ultimate bearing capacity of specimen SDP-1
and SR-1 is similar. It can be seen that the mechanical anchorage performance of split



216 Y. Dai et al.

double-pawls has little effect on the uplift bearing capacity at a small anchorage length.
For deeper anchorage lengths (104 and 15d), the mechanical anchorage performance of
split double-pawl showed advantages, and the ultimate bearing capacity of intersecting
smooth round bolts increased by 6.53% and 8.27%, respectively. It is found that the
greater the anchorage length, the greater the ultimate bearing capacity and the greater
the maximum displacement of the anchor bolt under the same anchorage type. Table 2
lists the test results of anchor bolts with different anchorage types and anchorage
lengths, such as the average value of ultimate bearing capacity.

200
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Fig. 5. Load-displacement curve: (a) spilt double-pawl type; (b) smooth round type

Table 2. summary of test results

Vertical displacement

Specimens  T,YkN P Test failure mode
SDP-1 74.67 23 Concrete tensile fracture
SDP-2 158.41 43 Bonding failure

SR-1 74.12 6 Bonding failure
SR-2 157.41 24 Bonding failure

3.3 Stress-Strain Distribution Characteristics

The load-strain distribution and development of anchor bolts at different anchorage
lengths obtained by the test are shown in Fig. 6. The strain distribution on the surface
of the split double-pawl bolt is uneven under the uplift load. The strain of the anchor
bolt on the anchorage concrete surface is the largest, and the strain of anchor bolt in the
concrete is small. When the uplift load reaches the yield load, the stress-strain of the
anchor bolt shows a linear change relationship, and the anchor bolt is in an elastic state.
With the increase of load, the stress-strain presents nonlinear characteristics. In partic-
ular, the circular anchor bolts with anchorage length of 25d yield at the contact with the
concrete surface.
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Fig. 6. Load-strain curve of anchor bolt: (a) SDP-1; (b) SDP-2; (c) SDP-3; (d) SR-1; (e) SR-2;
(f) SR-3

4 Calculation Theory of Uplift Bearing Capacity

4.1 Calculation Methods of Uplift Bearing Capacity

According to ACI-318 [5] and the existing studies [6,7], the uplift bearing capacity of
single anchor bolt can be calculated according to three failure modes.
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Anchor bolt reaches tensile capacity limit, bolt pull break:
T;l = f:v Ae (1)

Where A. is the effective tensile area of the anchor bolt; f; is the yield strength of the
anchor bolt.
Failure of bond between foundation concrete and bolt:

T, =nldf, 2

Where d is the diameter of bolt; /4 is the anchorage length; £ is the tensile strength of
concrete.

When conical concrete reaches the limit of tensile capacity, Tong [6] gives the sug-
gestion is that the distribution of tensile stress along the surface of the concrete failure
cone is variable, the maximum is at the lowest buried end, and it is 0 on the concrete
surface. Take 2/3 of the average tensile stress of the concrete on the failure surface, and
consider the stress of the entire failure surface to be the same (this hypothesis has been
verified by tests). Horizontal projection plane is used for calculation:

T,=066fr(l,+d,/2), (3)

Where dj is the diameter of the anchor head.
ACI-318 makes the following provisions for the calculation of uplift bearing capac-
ity of concrete:

T, :10i/1a\/7;13,—5 (4)
ANCU

Where Anc is the calculated area of the actual conical failure surface; Anco is the area
of the ideal conical failure surface without considering the edge distance, which is take
914%; A, is the adjustment coefficient of light concrete, which is 1.0 for ordinary bulk
weight concrete;f. is the standard compressive strength of concrete.

4.2  Comparative Analysis of Uplift Bearing Capacity

The theoretical uplift bearing capacity of the anchor bolt used in the test was calculated
according to the formula in 3.1, and compared with the actual test bearing capacity, as
shown in Table 3.

Table 3. Comparison of the uplift bearing capacity

Specimens 7'/ kN 7./ kN Test failure mode Theoretical failure mode
SDP-1 74.67  66.68/82.36*% concrete tensile fracture  concrete cone breakout
SDP-2 158.41 196.00 bonding failure bolt yield

SR-1 74.12 40.41 bonding failure bonding failure

SR-2 157.41 80.82 bonding failure bonding failure
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Based on the comprehensive analysis of Table 2 and Table 3, it is found that the
maximum uplift bearing capacity of anchor bolts with the same anchorage type in-
creases with the increase of anchorage length, but the deeper the anchorage length, the
slower the growth rate of uplift bearing capacity. This is because the larger the anchor-
age length of anchor bolts, the more uneven the distribution of bonding stress and the
lower the average bonding strength.

When the anchorage length /i=300mm, the ultimate uplift bearing capacity of
smooth round anchor bolt is 74.12kN, and the ultimate pulling capacity of the spilt
double-pawl anchor bolt is 158.41kN, which is 2.13 times of smooth round anchor bolt.
The anchorage length of the two anchor bolts is the same, and the mechanical anchorage
capacity provided by the two anchor bolts is the same. Therefore, the mechanical an-
chorage capacity provided by the split double-pawl anchor head is 84.29kN, accounting
for about 53.21% of the total ultimate bearing capacity. Therefore, the ultimate uplift
bearing capacity of anchor bolts can be greatly improved by setting the pawl type an-
chor head.

The test uplift bearing capacity of smooth round anchor bolts with different anchor-
age lengths is compared with the theoretical calculation value. It can be seen that the
bond failure bearing capacity of smooth round anchor bolts is smaller than the theoret-
ical value. It can be judged that the bond failure capacity specified in formula (2) is
relatively conservative. In addition, the test uplift bearing capacity of split double-pawl
type anchor bolts with different anchorage lengths is compared with the theoretical cal-
culation value. When the anchorage length is 150mm, the concrete foundation will have
tensile failure. In comparison, the calculated bearing capacity of concrete tensile frac-
ture specified in ACI-318 is larger than that in formula (3), and the test bearing capacity
value is not much different from the theoretical calculation value.

When the anchorage length of the pawl type anchor bolt is 300mm and 450mm, the
uplift bearing capacity calculated by formula (3) of the concrete is much larger than
that calculated by formula (1), and theoretically the anchor bolt should break. However,
the bond failure of the pawl type bolt occurred in the test, and the test bearing capacity
was much smaller than the theoretical calculation value. As shown in Fig. 4, the anchor
head of the pawl bolt will be deformed on the bolt under uplift load. When the uplift
load exceeds a certain value, the anchor head will be straightened, thus losing its me-
chanical anchorage effect, and eventually bond failure will occur. The calculation
method in 3.1 does not take this situation into account, and the calculation theory in 3.1
will no longer be applicable. In order to ensure safety, the bearing capacity of pawl type
anchor bolts with large anchorage length should be reduced to some extent, and the
calculation theory of bearing capacity of such anchor bolts should be further improved.
In practical engineering applications, the design and use of such anchor bolts should be
treated with special care, and the possibility of anchoring failure due to the deformation
of the anchor head should not be ignored.

5 Conclusion

Based on the above test and analysis, the following conclusions can be drawn:
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(1) The strain distribution of the two type anchor bolts is uneven under the action of
tension, and the strain inside the concrete is small, and the strain at the contact with the
concrete surface is maximum.

(2) The maximum uplift bearing capacity of both smooth round anchor bolts and
split double-pawl type anchor bolts increases with the increase of anchorage length, but
the larger the anchorage length, the slower the growth rate of the uplift bearing capacity.

(3) The setting of pawl bolt head can greatly improve the ultimate uplift bearing
capacity of anchor bolts, and the mechanical anchoring capacity provided by this an-
chor head accounts for a large proportion of the total bearing capacity.

(4) When the anchorage length is large, the pawl type anchor bolt does not have the
theoretical phenomenon of bolt breaking, and the main form of failure is still bonding
failure, because the anchor head is straightened under the uplift load and the anchorage
performance is lost. The bearing capacity calculation method proposed by relevant
norms and studies is no longer applicable. In order to ensure safety, the calculated value
of bearing capacity should be reduced to a certain extent. The bearing capacity calcu-
lation theory of such anchor bolts needs to be further improved.

(5) In practical engineering applications, the anchor bolt similar to the split double-
pawl type should be treated with caution, because the pawl is easy to deform when
pulled, so that the anchor loses the role of mechanical anchorage.
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