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Prestressed anchor cable is widely used in geotechnical engineering to control the displacement or landslide of an unstable slope.
However, the traditional cable anchor is made of steel material, which is easy to get rust in a corrosive environment. Basalt fiber-
reinforced plastics (BFRP) are a kind of emerging compound material, with a good performance of high strength, low weight, and
anticorrosion. Herein, an innovative large-tonnage pressure-type prestressed anchor is made with BFRP. This large-tonnage BFRP
anchor cable has seven bunch structures of the “BFRP-connector-strand.” In each bunch of the “BFRP-connector-strand,” three
BFRP tendons and one steel strand are connected inside a steel sleeve connector using the epoxy resin adhesive. The ultimate load-
bearing capacity of this BFRP cable anchor can reach 202.38 tonnages. At the ultimate tensioning force condition, the strain of
BFRP tendons for this large-tonnage BFRP anchor cable ranges from 1.51% to 1.76%. In the tensioning operation, there is a
linear growth relationship between the tensioning force and the strain for this BFRP cable anchor. Once the tensioning force
reaches the ultimate strength of this BFRP anchor cable, this cable will present system failure. This situation primarily results
from the failure of the “BFRP-connector-strand.” The failure modes of this BFRP anchor cable can be classified into three
types: the steel strand rupture, the steel connector rupture, and the BFRP tendon rupture. During the tensioning operation,
due to the length difference of the BFRP tendons, this large-tonnage BFRP cable anchor presents an end-off-axis effect. It
makes the load bearing of the BFRP tendons 5.00~6.60 times larger than that of the no end-off-axis effect. Nevertheless, due to
the plastic deformation of the end steel anchor sleeve, the influence of the end-off-axis effect decreases with the increase of
applied tensioning force. The load-bearing capacity of this large-tonnage BFRP cable anchor reaches 87.70~91.50% of its
theoretical value.

1. Introduction

Prestressed anchor cable is widely used in the slope treat-
ment of bridges, high-speed railways, tunnels, reservoirs,
underground space engineering, and so on [1–5]. However,
the traditional anchor cable is made of steel material, which
is easy to get rust in a watery environment [6–10]. Once the
steel material gets rusts, the carried prestress by the anchor

cable will significantly decrease, which can cause the failure
of the anchoring engineering. Besides, the steel material
has a high density, which is cumbersome and physically con-
sumed for its application in the mountain and ravine
regions.

In contrast with the steel material, BFRP is a kind of new
composite material, with a performance of improved elastic
modulus, high strength, lightweight, good corrosion

Hindawi
Geofluids
Volume 2022, Article ID 7467842, 13 pages
https://doi.org/10.1155/2022/7467842

https://orcid.org/0000-0002-2642-3947
https://orcid.org/0000-0001-7221-7231
https://orcid.org/0000-0002-0435-2623
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7467842


resistance, excellent stability to temperature, and low cost
[11–13]. Many scholars have attempted to use the BFRP
instead of the steel material to develop the prestressed
anchor cable in the geotechnical anchoring engineering field
[14–17]. However, because of its anisotropic property, the
shear strength of the BFRP is much lower than its tensile
strength. The most efficient way to use BFRP is to apply it
as a tension element. In the development of the BFRP
anchor cable, due to the stress concentration, the BFRP ten-
don often has a shear failure at the tensioning end without
difficulty [18, 19]. At that time, the load-bearing capacity
of the BFRP tendon is far less than its ultimate tensile
strength. The lower transversal shear strength of the BFRP
tendon dramatically limits its application. Several
approaches to changing the BFRP tendon’s structure have
been proposed to resolve this problem. For instance, one
specific improvement measure is strengthening the tension-
ing end of the BFRP tendon with a bonded steel sleeve [14,
17, 20]. By this treatment, the tensioning equipment’s
applied force will directly act on the steel sleeve instead of
the BFRP tendon. Then, the tensioning force is completely
transferred by the bond stress along with the two interfaces,
the interface of the BFRP tendon and the adhesive, and the
interface of the steel sleeve and the adhesive. This type of
bonding anchor is most commonly used for the small-
diameter BFRP tendon, and its load-bearing capacity is low.

However, with the development of major geotechnical
anchoring engineering, the requirement for the load-
bearing capacity of the prestressed anchor cable is always
growing. For instance, in the sizeable hydraulic project of
the China Three Gorges Dam, more than 3975 prestressed
steel strand anchor cables with a load-bearing capacity of
300.00 tonnages are adopted [21]. Though some BFRP
anchor cables have been developed, most of them have a
load-bearing capacity of fewer than 100.00 tonnages. The
load-bearing capacity of these BFRP anchor cables is far less
than the need for significant geotechnical anchoring engi-
neering. Therefore, this study is aimed at developing a
large-tonnage BFRP anchor cable and discussing its
mechanical properties.

2. Materials and Methods

2.1. Materials. For geotechnical anchoring engineering, there
are two types of prestressed anchor cables: the tension-type
prestressed anchor cable and the pressure-type prestressed
anchor cable. In mechanics, compared to the tension-type
prestressed anchor cable, the pressure-type prestressed
anchor cable transfers the applied prestress to the load-
bearing plate at the end of the anchor cable and makes it
act on the anchorage body in the way of pressure force.
Due to the higher-pressure resistance of the anchorage body,
the pressure-type prestressed anchor cable is widely used for
geotechnical anchoring engineering. The materials used in
this study to develop this large-tonnage pressure-type BFRP
anchor cable include the BFRP tendon, steel strand, steel
sleeve, epoxy resin adhesive, and circle load-bearing plate.
The material properties and parameters are listed in Table 1.

2.2. Structure Design of the Large-Tonnage Pressure-Type
Prestressed BFRP Anchor Cable. As a typical transverse
anisotropic material, the shear strength of the BFRP tendon
is much lower than its tensile strength. During the develop-
ment of the BFRP anchor cable, it shows that as the tension-
ing equipment directly acts on the BFRP tendon, the stress
concentration between the steel wedge and the BFRP tendon
often causes the shear failure of the BFRP. In this situation,
the load-bearing level of the BFRP tendon is far less than
its ultimate strength. To avoid this issue and maximize its
load-bearing level, it was innovatively proposed to adopt a
middle connector to connect the BFRP tendon and the steel
strand. Then, make the steel strand, instead of the BFRP ten-
don, to be used as the tensioning end. Besides, considering
the engineering geology condition of the China Three
Gorges reservoir area, a large-tonnage BFRP anchor cable
(prestress more than 100.00 tonnages) needs to be developed
to strengthen the slope of the unstable rock slope.

The materials used to develop this large-tonnage
pressure-type BFRP anchor cable are listed in Table 1. This
developed large-tonnage pressure-type BFRP anchor cable
includes two subsystems: one is the cable rope structure sys-
tem and the other is the end structure system. For the cable
rope structure system, several procedures are followed. First,
the cable rope structure subsystem, termed as the “BFRP-
connector-strand,” is made, where a steel strand and three
BFRP tendons were butting connected inside the steel sleeve
connector by injecting the epoxy resin adhesive
(Figures 1(a)–1(d)). Then, the end structure system is made.
The end structure system includes a circle load-bearing plate
and an end anchor sleeve. When the “BFRP-connector-
strand” is made in the first step, make the BFRP end of the
“BFRP-connector-strand” pass through the holes of the cir-
cle load-bearing plate and fix it in the end anchor sleeve with
epoxy resin adhesive. For the end structure system, the end
anchor sleeve can be just sited in the hole month of the circle
end load-bearing plate (Figure 1(e)).

By those processes, this pressure-type large-tonnage pre-
stressed anchor with one bunch of the “BFRP-connector-
strand” is made (Figure 2). As the prestress was applied at
the tensioning end of the steel strand, it will transfer and
act on the circle load-bearing plate in the form of compres-
sion force.

2.3. Structure Optimization of the Large-Tonnage Pressure-
Type BFRP Anchor Cable. In developing the large-tonnage
pressure-type BFRP anchor cable, four types of steel strands
were used to make the “BFRP-connector-strand.” The
strength of each of the “BFRP-connector-strand” is listed
in Table 2. The strength test shows that the steel strand
structure in the steel sleeve connector influences the load-
bearing capacity of the BFRP anchor cable significantly.
The load-bearing capacity of the “BFRP-connector-strand”
for the normal steel strand is 146.00 kN. When the steel
strand was treated as a quartz sand-coated steel strand,
sputtering-treated steel strand, and surface-indented steel
strand, the load-bearing capacities of the “BFRP-
connector-strand” were 165.92 kN, 185.66 kN, and
336.97 kN, respectively. With the increase of the bonding
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force between the surface-indented steel strand and the
epoxy resin adhesive, the load-bearing capacity of the BFRP
anchor cable increases significantly.

The failure mode of the “BFRP-connector-strand” for
the normal steel strand, the quartz sand-coated steel strand,
and the sputtering-treated steel strand is the steel strand
pulled out from the connector, where the BFRP tendon is
complete. It indicates that the load-bearing capacity of the
BFRP tendon has not reached its tensile strength in those sit-
uations. However, for the surface-indented steel strand, the
failure mode of the “BFRP-connector-strand” is the BFRP
tendon rupture. It indicates that the bonding stress
completely transfers the tensioning force along with the
interfaces of the BFRP tendon and the adhesive and the steel
sleeve and the adhesive interface. Thus, the surface-indented
steel strand was adopted for making the “BFRP-connector-
strand.”

Based on the above results, the large-tonnage pressure-
type BFRP anchor cable with seven bunches of “BFRP-
connector-strand” was developed (Figure 4).

2.4. Methods for the Mechanical Property Measurement of
the Large-Tonnage Pressure-Type BFRP Anchor Cable. To
achieve the load-bearing capacity of this developed BFRP
anchor cable, the strength test was employed according to
the following sequence of first single bunch tensioning and
then system tensioning (Figure 5). The applied tensioning
force of this pressure-type anchor cable will compress the
reaction frame of the tensioning system by the circle load-
bearing plate. In these two-tensioning processes, the front
clamp jack with a 450.00 kN measure range (YCQ45Q-200
type made by China) and the center hole jack with a
3000.00 kN measure range (YCQ300Q-200A type made by
China) were taken. The tensioning force was applied

Table 1: The material properties and parameters for developing the large-tonnage BFRP anchor cable.

Materials Descriptions Illustration

BFRP tendon

The BFRP tendon is made by Shanxi ECIC Basalt Development Co. Ltd., China. Its
diameter is 12.60mm and is quartz sand surface coated. The size of the quartz sand is 20.00
to 40.00 mesh. The tensile strength and elastic modulus of the BFRP tendon are 891.00MPa

and 48.45GPa, respectively.

Steel strand
The specification of the steel strand is 1 × 7–21.60mm, which meets the Chinese National
Standard [22]. Its tensile strength is 1860.00MPa, the maximum load-bearing capacity is

58.70 tonnage, and the ultimate elongation is 3.50%.

Steel sleeve

It is made of 40 Cr steel, whose inner diameter is 32.00mm and outer diameter is
38.50mm. The inner wall of the steel sleeve is covered with thread 0:50 × 0:50mm. When it
is used as the middle connector, one component of the developed BFRP anchor cable

herein, its length is 80.00 cm. When it is used as the end anchor sleeve, another element of
the designed BFRP anchor cable, its length is 40.00 cm.

Epoxy resin
adhesive

It is a two-part epoxy MKT −GSS/Lð Þ, which is produced by Nanjing Mankat Technology
Co. Ltd., China. Its compressive strength is 72.40MPa, tensile strength is 46.20MPa,

flexural strength is 70.80MPa, shear strength is 21.40MPa, the elastic modulus is 3.10GPa,
and the maximum elongation is 1.50%. It was used as the adhesive filler to fix the BFRP

tendon and the steel strand inside the sleeve.

Circle load-
bearing plate

This circle load-bearing plate was a component of the developed BFRP anchor cable herein,
which was made of 40 Cr steel. It is cylindrical with seven holes; its diameter and height are

149.00mm and 50.00mm, respectively. Each of the holes is T shaped, whose month
diameter is 39.00mm with a height of 5mm and whose body diameter is 31.00mm with a

height of 45.00mm.
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according to the Chinese National Standard [23]. Besides, in
the strength test process, the elongation value of the BFRP
anchor cable was measured by the linear displacement sen-
sor, which was made by Jiangsu Donghua Measurement
Technology Co. Ltd., China. Its accuracy is 0.01%mm. The
strain of the BFRP tendons in the process of tensioning
operation was measured by the electric resistance strain
gauge. Its accuracy is 10−6 ε, and the data collection fre-
quency is 5.00Hz.

In the single bunch tensioning test of this large-tonnage
BFRP anchor cable, the tensioning operation was carried out
in the sequence of G, A, D, F, C, E, and B for the sake of ten-
sioning convenience. As the tensioning force for each bunch
reaches 55.00% of its ultimate strength, the system tension-
ing was taken to achieve the ultimate strength of this large-
tonnage BFRP anchor cable (Figure 6). In the stage of single
bunch tensioning, the tensioning force was gradually applied
by a level of 5.00% of its ultimate strength. In the stage of the
system tensioning, the tensioning force was also gradually
applied by a level of 2.50% of its ultimate strength. The ulti-
mate theoretical strength for this large-tonnage BFRP
anchor cable can be achieved by the following:

f ptk = f i∙X, ð1Þ

where f i is the ultimate strength of each “BFRP-connector-
strand,” 336.97 kN, signed by f ptk−1; X is the number of the
“BFRP-connector-strand.” Thus, according to equation (1),
it was achieved that the ultimate theoretical strength of this

large-tonnage BFRP anchor cable can be 2358.80 kN, signed
by f ptk−2:

3. Results and Discussions

3.1. The Mechanical Performance of the Developed BFRP
Anchor Cable during the Stage of Single Bunch Tensioning.
Figure 7 shows the relationship between the deformation
and the tensioning force for this BFRP anchor cable in the
process of single bunch tensioning. For the same tensioning
force, there is a slight difference in the elongation value for
each bunch of the “BFRP-connector-strand.” As the applied
tensioning force reaches 0.55f ptk−1 (i.e., 183.15 kN), the elon-
gation values of the A, B, C, D, E, F, and G bunches of the
“BFRP-connector-strand” were 2.37, 2.01, 1.80, 1.96, 1.91,
2.16, 2.17, and 2.05mm. This difference in elongation value
can be clarified and explained by the following reasons.
Firstly, there are gaps between the interval reaction frame
for tensioning. Though a prestress of 0.1f ptk−1 is applied to
the BFRP anchor cable before the experiment procedure
starts, it is not enough to remove these gaps. As the tension-
ing experiment was performed according to the designed
scheme, these gaps will be compressed again and again by
the multiapplied tensioning force during the process of the
single bunch tensioning. These changing gaps between the
interval reaction frame make the elongation value different
for each bunch of the “BFRP-connector-strand.” Besides,
the system error during the tensioning operation and the
manually manufacturing the BFRP anchor cable can also

(a) (b) (c) (d)

(e)

Figure 1: The procedure for making the BFRP anchor cable: (a) the steel strand, (b) the BFRP tendon, (c) injecting epoxy resin adhesive, (d)
the “BFRP-connector-strand” illustration, and (e) the end structure.
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result in a difference in the elongation value. No matter
what, it can be seen that, for this BFRP anchor cable, there
is a good linear relationship between the elongation value
and the applied tensioning force.

Figure 8 shows the relationship between the strain and
the tensioning force for this BFRP anchor cable. The signs,
such as A-J-1, A-J-2, and A-J-3, represent the strain of the
three BFRP tendons in the A bunch of the “BFRP-
connector-strand.” Identical meanings are attached to B-J-
1, B-J-2, B-J-3, and so on. Of which, the strains signed by
D-J-3 and E-J-3 were not collected for the strain gauge being
destroyed in the tensioning of the D bunch and the E bunch.
So, there is a lack of those data.

It can be seen that there is also a difference in the strain
for each of the BFRP tendons. During the stage of single
bunch tensioning, the applied tensioning force is shared
not only by the BFRP tendons but also by the friction
between the bunches of the “BFRP-connector-strand.”
Besides, as before mentioned, the gaps among the interval
reaction frame are compressed again and again by the multi-
applied tensioning force. This behavior of the continuously
compressed gap by the later tensioning operation creates a
stress relaxation effect for the former tensioned BFRP ten-
dons. Therefore, by these factors, the difference in the strain
of the BFRP tendons exists. To analyze the load-bearing level
of the BFRP tendons in the process of tensioning operation,
the load shared by this large-tonnage BFRP anchor cable is

achieved by the followings

f i = 3∙εi∙E∙S i = A, B, C,D, E, F,Gð Þ,
f t =〠

i

f i i = A, B, C,D, E, F,Gð Þ, ð2Þ

where f t is the load-bearing level by this large-tonnage BFRP
anchor cable in the process of tensioning operation, f i is the
load shared by each bunch of this large-tonnage BFRP
anchor cable, εi is the average strain of the BFRP tendons
in each bunch of the large-tonnage BFRP anchor cable,
and E is the elasticity modulus of the BFRP tendon. S is
the cross-sectional area of the BFRP tendon. According to
equation (2), based on the measured strain of the BFRP ten-
don in the tensioning operation, the load-bearing level by
the large-tonnage BFRP anchor cable and its difference to
the applied tensioning force is achieved (Figure 9).

In the single bunch tensioning stage, the load-bearing
level of the large-tonnage BFRP anchor cable is always lower
than the applied tensioning force. For instance, as the
applied tensioning force is 0.55f ptk−1 (i.e., 1282.05 kN), the
load-bearing level of the large-tonnage BFRP anchor cable
is 1189.40 kN. In the tensioning operation, with the increase
of the tensioning force, the difference between the load-
bearing level and the applied tensioning force presents a
convex curve trend. It suggests that, with the increase of
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Figure 2: The illustration of the pressure-type BFRP anchor cable: (a) the single bunch of the large-tonnage BFRP anchor cable and (b) the
inner wall of the steel sleeve filled with threads.

Table 2: Strength test of the “BFRP-connector-strand.”

Steel strand structure for the
“BFRP-connector-strand”

Strength of the “BFRP-connector-strand” The failure mode of the “BFRP-connector-strand”

Normal steel strand 146.00 kN Steel strand pulled out from the connector (Figure 3(a))

Quartz sand-coated steel strand 165.92 kN Steel strand pulled out from the connector

Sputtering-treated steel strand 185.66 kN Steel strand pulled out from the connector

Surface-indented steel strand 336.97 kN BFRP tendon rupture (Figure 3(b))
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(a) (b)

Figure 3: The failure mode of the “BFRP-connector-strand.” (a) Steel strand pulled out from the steel connector; (b) BFRP tendon rupture.
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Figure 4: The developed large-tonnage pressure-type BFRP cable anchor: (a) the illustration of this developed BFRP cable anchor and (b)
the end structure of the steel strand inside the steel sleeve connector.

(1) End anchor sleeve
(2) Circle load-bearing plate
(3) Steel pad for placing the circle load-bearing plate
(4) Reaction frame for tensioning
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Figure 5: The tensile strength test of this BFRP cable anchor: (a) the schematic of the tensioning operation and (b) the indoor tensioning
operation where seven bunches of the “BFRP-connector-strand” were numbered with A, B, C, D, E, F, and G.
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the tensioning force, the stress relaxing effect due to the gap
between the interval reaction frame presents a trend of first
increase and then decrease. Besides, with the increased ten-
sioning force, the friction resistance among the tensioned
BFRP bunches decreases, and then, more prestresses were
shared by the BFRP tendons.

3.2. The Mechanical Performance of the Developed BFRP
Anchor Cable during the Stage of Systemic Tensioning.
Figure 10 shows the relationship between the elongation
value and the tensioning force for this large-tonnage BFRP
anchor cable in the systemic tensioning. It shows that, with
the increase of the tensioning force, there is a linear relation-
ship between the elongation value and the applied tension-
ing force. As the tensioning force reaches the maximum
value of 2023.79 kN (i.e., 0.87f ptk−2), the system failure of
this large-tonnage BFRP anchor cable occurs when the elon-

gation value of this large-tonnage BFRP anchor cable is
23.50mm (Figure 10(a)). Then, the total elongation value
of this large-tonnage BFRP anchor cable can be achieved
by adding the value at the process of single bunch tension-
ing, which is 44.04mm (Figure 10(b)).

Figure 11 shows the relationship between the strain and
the applied tensioning force for this large-tonnage BFRP
anchor cable in the process of system tensioning. It should
be noted that in the process of system tensioning, with the
increase of tensioning force, due to the surface fiber fracture
of the BFRP tendons of A-J-3, B-J-1, F-J-3, and G-J-1, the
strain collections for these BFRP tendons stop at the strain
of 1.41%, 1.54%, 1.47%, and 1.50%. As the tensioning force
reaches the ultimate strength of this BFRP anchor cable,
the maximum and minimum strains for the BFRP tendons
are the B-3 and F-1 BFRP tendon, which are 1.76% and
1.51%, respectively. Besides, the results show that in the pro-
cess of system tension, there is also a difference in the strain
for each BFRP tendon. However, in the system tensioning,
each bunch of “BFRP-connector-strand” of this large-
tonnage BFRP anchor cable is straightened and tensioned
simultaneously. The primary factors for this situation will
not be the stress relaxation effect due to the multiple gap
compression among the interval reaction frame and not
the interval friction resistance of the BFRP tendons. Herein,
the possible explanation is that, in the production process of
this large-tonnage BFRP anchor cable, the error in the length
of the BFRP tendon and the steel strand is inevitably caused
by manual operation, such as the cutting operation of the
BFRP tendons and the steel strands, and the connecting pro-
cess of the BFRP tendons and the steel strands in the steel
sleeve. Even if it is a tiny difference in the length, it will cause
a significant difference in the load-bearing level and strain
for each bunch of the “BFRP-connector-strand.” And the
shorter the “BFRP-connector-strand” is, the larger the ten-
sioning force is shared and the larger the strain is made in
the process of tensioning operation.

Figure 12 shows the tensioning process of this large-
tonnage BFRP anchor cable. During the process of system
tensioning, as the applied tensioning force reaches the
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ultimate strength of 2023.79 kN (i.e., 202.38 tonnages), this
large-tonnage BFRP anchor cable is overburdened and bro-
ken (Figure 12(a)). Due to the failure of the “BFRP-connec-
tor-strand,” the load-bearing capacity of this BFRP anchor
cable decreases suddenly. The dynamic failure process of
the “BFRP-connector-strand” was present (Figure 12(b)). It
shows that the failure modes of the “BFRP-connector-
strand” include three types: the steel strand failure, the mid-
dle connector failure, and the BFRP tendons failure.
Figure 13 shows the pictures of these failures.

For this BFRP anchor cable, as the applied tensioning
force reaches its ultimate strength, first, the steel strand rup-
ture happens for the D and A bunches (Figure 13(a)), follow-
ing the middle connector rupture happens for the B bunch
(Figure 13(b)). Eventually, the BFRP tendon ruptures hap-
pen for the G, C, E, and F bunches (Figure 13(c)). According
to equation (2), based on the measured strain of the BFRP
tendons, the load shared by each bunch of the “BFRP-
connector-strand” was estimated for the condition of ulti-
mate strength. In the sequence of A, B, C, D, E, F, and G,
the estimated load values were 291.99 kN, 292.47 kN,
302.47 kN, 284.22 kN, 302.44 kN, 292.04 kN, and 304.79 kN,
respectively. It indicates that, as the tensioning force was
applied to this BFRP anchor cable, the G, C, and E bunches
share the most considerable load; the following are the B, F,
and A bunches, and the last is the D bunch. This large-
tonnage BFRP anchor cable’s ideal failure mode should
be the BFRP tendon’s failure instead of the steel strand
or the middle connector. Due to the indenting treatment
of the steel strand for the D and A bunches, the depth
of the indent is comparatively large. Though this treat-
ment can make a more significant bonding force between
the steel strand and the epoxy resin adhesive, the strength
of the steel strand decreases. The increased tensioning
force makes the steel strand instead of the BFRP tendon
first broken. Once the D bunch was broken, the tensioning
force was transferred immediately to other bunches. For
the B bunch, the surface-indented steel strand is off-axis
in the middle connector, which creates a stress concentra-
tion in the area with less epoxy resin adhesive and is
shared by the middle connector [24]. Eventually, this off-
axis effect makes the middle connector, instead of the
BFRP tendon, to be broken.
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Figure 8: The relationship between the strain and the tensioning force: (a) all the BFRP tendons and (b) average for each of the seven
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3.3. The Mechanical Mechanism of the Large-Tonnage BFRP
Anchor Cable. For this large-tonnage BFRP anchor cable,
during the process of system tensioning, other than the A,
B, and D bunches, the C, E, F, and G bunches are broken
due to the BFRP tendons rupture at the tensioning force of
302.47 kN, 302.44 kN, 292.04 kN, and 304.79 kN. Those ten-
sioning forces are less than the ultimate strength of the
“BFRP-connector-strand.” The reason that caused this issue
will be discussed as follows. Before the start of the tensioning
operation, there are some gaps between the reaction frames
of this tensioning system. As the tensioning force was
applied, these gaps are compressed. With the increase of
the applied tensioning force, due to the difference in the

length of each bunch “BFRP-connector-strand” of the
large-tonnage BFRP anchor cable, the end anchor sleeve is
turn up and not vertical to the load-bearing plate
(Figure 14). This off-axial phenomenon is general in engi-
neering applications due to the flexural drilling bore or flex-
ural load-bearing plate [24].

Taking one bunch “BFRP-connector-strand” of this
large-tonnage BFRP anchor cable as an instance, due to the
turnup behavior of the end anchor sleeve, the applied ten-
sioning force will serve as an eccentric force. The coordinate
system and physical model were established to analyze the
mechanical mechanism of this large-tonnage BFRP anchor
cable (Figure 15). For the coordinate system, the x direction
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Figure 10: The relationship between the elongation and the tensioning force: (a) only the system tensioning and (b) the single bunch
tensioning and the system tensioning.
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is along the tensioning direction and passes through the
excircle center of the three BFRP tendons in the end anchor
sleeve, the y direction is horizontal and mutually perpendic-
ular to the x direction passing through the section centroid
of the excircle, and the z direction is vertical and mutually
perpendicular to the x direction passing through the section

centroid of the excircle. Then, supposing the eccentric force
acts on the P point of the excircle and is a focused force
along the x direction (Figure 15(a)).

Based on the above physical model, taking the section
centroid of the excircle O as the center point, the turnup
behavior of the end anchor sleeve is caused mechanically
by three actions: the axial force action along the x direction,
the bending moment action at the x-z plane, and the bend-
ing moment action at the x-y plane. Of which, the bending
moment at the x-z plane and x-y plane can be expressed as
follows:

Mo
z = f yf ,

Mo
y = f z f ,

ð3Þ

where yf and zf are the action points of the tensioning force
in the y and z directions, respectively.
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Figure 12: The tensioning process of this large-tonnage BFRP anchor cable: (a) the tensioning force with time and (b) the tensioning force
with time after the ultimate strength.
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Figure 13: The failure mode of this developed large-tonnage BFRP cable anchor: (a) the BFRP rope being broken, (b) the steel strand being
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For the system tensioning, any section area of the
“BFRP-connector-strand” has the same axial force and
bending moment, which can be expressed as follows:

N = f ,

My =Mo
y = f zf ,

Mz =Mo
z = f yf :

ð4Þ

Then, the stress at any point of the section area of the
“BFRP-connector-strand” can be expressed as follows [25]:

σ =
f
A

+
My∙z
Iy

+
Mz∙y
Iz

=
f
A

1 +
zf ∙z
i2y

+
yf ∙y
i2z

 !
, ð5Þ

where A is the effective section area and iy and iz are the
inertia radius of the section area to the y-axis and z -axis,
respectively.

Following, according to the force balance equation for
any point at the neutral axis, it can be achieved that

1 +
Zf ∙Z
i2y

+
yf ∙y
i2z

= 0: ð6Þ

For the above situation, the neutral axis is a straight line
and does not pass the section centroid of the excircle. Then,
the y intercept and z intercept of the neutral axis in the
established coordinate system can be achieved as follows:

ay = −
i2z
yf

,

az = −
i2y
z f

:

ð7Þ

Then, on the y-z plane, by making a normal line of the
neutral axis passing through the point (0, −ði2z/yf Þ), the load
distribution around the section area of the end anchor sleeve
can be achieved (Figure 15(b)). It shows that, as the end
anchor sleeve is off axis, the D1 and D2 points in the section

area will have the maximum load. Taking the D2, the point
where the y coordinate is zero as the instance, according to
equation (5), the positive stress acting on this point can be
expressed as follows:

σD =
f
A

+
f ∙ s/dð Þ∙ d/2ð Þ

πd4/64
=

f
A

1 +
4s
d

� �
, ð8Þ

where s is the excircle diameter of the end anchor sleeve,
38.00mm; d is the excircle diameter of the three BFRP ten-
dons inside the end anchor sleeve, 27.15mm; f is the applied
tensioning force; A is the section area of each bunch “BFRP-
connector-strand” of this large-tonnage BFRP anchor cable;
and f /A means the positive stress under the condition of no
off-axis effect, which can be expressed by σN . According to
equation (8), it can be achieved that σD = 6:60 σN : As taking
no consideration of the end steel sleeve (i.e., s = d), it can be
achieved that σD = 5:00 σN : The result shows that, under the
condition of the end off-axis effect, as the tensioning force
translates to the eccentric loading and serves as a focused
force acting on the end BFRP ropes, the positive stress
shared by the BFRP ropes will be 5.0 to 6.6 times than that
of the normal situation. It means that under the end off-
axis effect, the load-bearing capacity of the BFRP anchor
cable will be only 15.15% to 20.00% of its ultimate strength.
In fact, during the tensioning operation, the shared loading
of the C, E, F, and G bunches of the large-tonnage BFRP
anchor cable reaches 87.70% to 91.50% of its ultimate
strength. It was because, during the BFRP anchor cable ten-
sioning process, both the epoxy resin adhesive and the end
steel anchor sleeve have a plastic deformation (Figure 16),
which weakens the end off-axis effect. Besides, the tension-
ing force should be acting at one area of the end steel anchor

X

Y

Z

f

o

(a)

Z

Y

o
D1 D2

(b)

Figure 15: The mechanical analysis of the off-axial effect at the contact location of the end anchor sleeve and the end steel load-bearing plate
during the tensioning process of this large-tonnage BFRP anchor cable: (a) the mechanical illustration and (b) the loading distribution on
the sectional area.

Figure 16: The plastic deformation of the end steel anchor sleeve.
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sleeve instead of serving as a focused force acting at one
point of the end steel anchor sleeve.

4. Conclusions

Basalt fiber-reinforced plastics (BFRP) are a new compound
material. Herein, an innovative large-tonnage anchor cable
was made with BFRP and its mechanical properties were dis-
cussed. The primary conclusions were listed as follows:

This large-tonnage pressure-type prestressed BFRP
anchor cable has seven bunch structures of the “BFRP-
connector-strand.” In each bunch of the “BFRP-connector-
strand,” three BFRP tendons and a steel strand were butting
connected inside a steel sleeve connector by the epoxy resin
adhesive. During the tensioning operation, the system failure
of this large-tonnage BFRP cable anchor is often caused due
to the failure of the “BFRP-connector-strand” structure. The
failure modes can be classified into steel strand rupture, mid-
dle connector rupture, and the BFRP tendon rupture.

The ultimate strength of this BFRP cable anchor can
reach 202.38 tonnages. At the ultimate tensioning force con-
dition, the strain of BFRP tendons for this large-tonnage
BFRP anchor cable ranges from 1.51% to 1.76%. In the ten-
sioning operation, there is a linear growth relationship
between the applied tensioning force and the strain of this
BFRP cable anchor.

Due to the length difference of the BFRP tendons, this
large-tonnage BFRP cable anchor presents an end-off-axis
effect. It makes the load bearing of the BFRP tendons
5.00~6.60 times larger than that of no end off-axis effect.
Nevertheless, due to the plastic deformation of the end steel
anchor sleeve in the increasing tensioning force, the influ-
ence of the end off-axis effect decreases. The load-bearing
capacity of this large-tonnage BFRP cable anchor reaches
87.70~91.50% of its theoretical value.
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