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A B S T R A C T

Carbon fibre-reinforced polymer (CFRP) plates are promising materials for cables and prestress tendons in 
structural engineering for the excellent tensile performance, light in weight and anti-corrosion character. 
Anchoring has always been the main challenge of this high-performance material due to its anisotropy and 
brittleness. Corrugated anchors are high-efficiency clamping-type anchorage devices. Nevertheless, premature 
failure of the CFRP plates can still be observed with this type of anchors, and the anchor efficiency for the 
corrugated anchors needs further improvement. This paper proposes a novel configuration of corrugated an-
chors. Experimental tests are then carried out to investigate the influence of the pre-tensioning bolt load and 
adhesive layer. Consequently, numerical analysis is conducted to reveal the anchoring mechanism. The results 
indicate the traditional corrugated anchors lead to non-uniform stress distribution in the CFRP plate, and with 
the proposed configuration the anchor efficiency can be increased up to 100 %.

1. Introduction

Carbon fibre-reinforced polymer (CFRP) is an emerging high per-
formances material with high strength, light-weight and anti-corrosion 
characters [1]. In structural engineering, CFRP presents a promising 
alternative of steel for tensile elements such as cables or prestress ten-
dons due to its excellent longitudinal tensile performance as well as the 
physical and chemical properties [2–4]. Usually, the CFRP tensile ele-
ments are fabricated via pultrusion technique that all carbon fibres are 
parallel to the longitudinal direction of the product with a constant cross 
section shape [2]. The early-stage discussion and pioneer application of 
CFRP cables are reported by Meier [5,6]. In addition, CFRP can be used 
as prestress tendons in flexural structural members, particularly for 
flexural strengthening of reinforced concrete beams [7–10].

Despite the aforementioned advantages, anchoring poses a signifi-
cant challenge in the application of CFRP tensile elements. Different 
from steel, pultruded CFRP products are orthotropic which are strong in 
longitudinal but weak in transverse and shear [11]. Additionally, CFRP 
tends to fail in a brittle manner without allowing for stress redistribution 
[12]. When the tensile stress distribution within the CFRP section is 
non-uniform, shear stress will be generated, leading to premature failure 
instead of all fibres reach their ultimate strength simultaneously [10]. 
Therefore, the average stress of the anchored CFRP product at the 

ultimate state is always lower than the material strength obtained from 
small sample test. Following Ai et al. [12], the anchor efficiency η is then 
defined as: 

η = σu

/
ffrp (1) 

where ffrp is the CFRP strength from the material test, and σu is the ul-
timate strength of the anchored CFRP product which can be obtained 
from the test result by: 

σu = Fu/An (2) 

Fu and An are the ultimate load and nominal section area of the 
anchored CFRP plate, respectively. Theoretically, the η has an upper 
limit of 1.0.

The fundamental anchoring mechanisms for CFRP materials include 
friction, chemical bond and mechanical interlock [13]. Essentially, 
anchoring is transmission of load between materials through their 
interface. Therefore, the specific surface area has strong influence on the 
anchor efficiency. The cross-section with higher specific surface area 
leads to larger effective load transmitting interface area. One method to 
increase the specific surface area is to use multiple small-diameter rods 
instead of single large-diameter rod, which is called “parallel-rod cable” 
[6,14,15]. Another effective approach involves the utilization of CFRP 
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plates with rectangular cross-section that the width is significantly 
greater than the thickness. For instance, considering the typical 
commercially available CFRP plate product with 50 mm×1.4 mm rect-
angular section, its perimeter is approximately 3.5 times that of a CFRP 
rod with the same cross-section area. Due to the high specific surface 
area, CFRP plates have been widely used as prestress tendons in flexural 
strengthening [9,10]. In recent years, CFRP-parallel plate cables are 
developed [16,17] and firstly applied in the large-span roof of Sanya 
stadium in China [18].

The anchors developed for the CFRP plates include bond-type an-
chors [19], wedge-type anchors [20], clamping-type anchors [21–24]
and self-anchored anchors [12,25]. Among various anchor configura-
tions, clamping-type anchors are simple in structure and easy to install. 
Usually, clamping-type anchors compose of one or two steel plates, 
which is denoted as single-side clamping and double-side clamping 
herein. Single-side clamping anchors are usually used as the fixed an-
chor in flexural strengthening (e.g., Hosseini et al. [21] and Suter et al. 
[22]) that the clamping plate is bolted on the strengthened beam. For 
double-side clamping anchors, two steel plates are connected by bolts or 
rivets to clamp the CFRP plate, which is flexible to connect to pre-
stressing devices (e.g., Andra et al. [23] and Piatek et al. [24]). The 
configuration of the clamping-type anchors enables the application of 
adhesion, and the pressure on the CFRP plate can be controlled by 
pre-tensioning torque of the bolts. Therefore, both bond and friction 
actions can be employed to enhance the anchor strength. In recent years, 

corrugated anchors receive attention due to their capability to anchor 
not only single-layer but also multiple-layer plates [16,17,26]. There-
fore, they can be used in both structural strengthening and CFRP 
parallel-plate cables [10,17]. The corrugated anchor was initially pro-
posed by Zhuo and Li [27] and can be categorized as a clamping-type 
anchor, with friction being the primary anchoring mechanism. Analyt-
ical solutions suggest that the anchoring force is not only determined by 
the clamping force and friction coefficient, the shape of the corrugated 
anchor plates also have strong influence on the anchoring effect [27,28]. 
Consequently, if properly designed, its anchoring efficiency is higher 
than that of flat plate clamping-type anchors and wedge-type anchors.

However, there remain unresolved issues pertaining to the corru-
gated anchors. The previous study by the authors [10] found that the 
CFRP plate anchored by corrugated anchors exhibited premature failure 
with longitudinal cracks, indicating that there is non-uniform stress 
distribution within the CFRP plate. Existing analytical solutions are not 
able to explain this phenomenon because they simplify the anchor into a 
2D model without considering the width of the plate [27,28]. In addi-
tion, there is lack of study on the effect of the clamping force and the 
application of adhesive layer. In this study, a novel configuration of the 
corrugated anchor is proposed. The influence of the pre-tensioning 
torque, plate thickness and adhesive layers are investigated experi-
mentally. Finite element analysis is then conducted to reveal the 
mechanism of stress distribution in the CFRP plate. This study demon-
strates that the proposed anchor effectively minimizes non-uniform 
stress distribution in CFRP plates and is able to achieve up to 100 % 
anchor efficiency.

2. Experimental details

2.1. Design of test specimens

The primary aim of optimizing the anchoring device is to alleviate 
the non-uniform stress distribution across the CFRP plate section. Hence, 
this study investigates three parameters: anchor plate thickness, pre- 
tensioning torque, and application of epoxy adhesive. There are two 
types of anchors investigated in this study, namely, Type A and Type B. 
The Type A anchors consist of two steel plates with complementary 
corrugated surfaces which are cut from a single steel plate with thickness 
of t, so that each plate has a thickness of t/2. The shape of the corrugated 
surfaces is adopted from Ding et al. [29] with the coordinates shown by 
Fig. 1a: 

y =

⎧
⎨

⎩

f(x − 25) 25 ≤ x ≤ 150
f(275 − x) 150 < x ≤ 275

0 otherwise
(3) 

Fig. 1. Details of the anchors.

Table 1 
Details of test specimens.

Specimen ID Plate 
thickness 
(mm)

Torque 
(N•m)

Adhesive Impact analysis*

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

A20-T150–1–2 20 150 No √ √ √ √
A20-T250–1–2 20 250 No √  √ √
A20-T350–1–2 20 350 No √ √ √ √
A20-T150b− 1–2 20 150 Yes  √ √ 
A20-T350b− 1–2 20 350 Yes  √ √ √
A30-T150–1–2 30 150 No √ √ √ 
A30-T250–1–2 30 250 No √ √ √ 
A30-T350–1–2 30 350 No √ √ √ 
A30-T150b− 1–2 30 150 Yes √ √ √ 
A30-T250b− 1–2 30 250 Yes √ √  
A30-T350b− 1–2 30 350 Yes √ √ √ 
B20-T150–1–2 20 150 No √   √
B20-T250–1–2 20 250 No √ √  √
B20-T350–1–2 20 350 No √ √  √
B20-T250b− 1–2 20 250 Yes  √  
B20-T350b− 1–2 20 350 Yes  √  √

* Notes: (a) influence of pre-tensioning torque; (b) influence of adhesive layer; 
(c) influence of anchor plate thickness; (d) influence of anchor type.
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f(x) = 50

[(
2x − 188

188

)2

− 1

]3

•

(
x − 94

188

)

• cos
(

π(x − 94)
188

)

(4) 
The two plates are fastened by ten ϕ20 bolts. In this study, plate 

thickness of t=20 mm and 30 mm are tested to investigate their influ-
ence on the anchoring performance. The dimensions of Type A anchors 

Fig. 2. Assembly of the anchors.

Fig. 3. Details of CFRP samples.
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are shown in Fig. 1a. For Type B anchors, the clamping pressure is 
applied to the t=20 mm corrugated plates via two cover plates posi-
tioned on both sides. The section of the cover plate is shown in Fig. 1b 
aiming at achieving a more uniform pressure distribution on the CFRP 
plate. Preliminary trial test results indicate that when the pre-tensioning 
torque T≤100 N⋅m, the anchor fails to provide adequate friction for the 
CFRP plate, resulting in the plate being pulled out from the anchor plates 
without damage. Therefore, the test plan includes T=150, 250 and 
350 N⋅m as selected values. Besides, a two-part epoxy adhesive is 
applied to a portion of the specimens between the CFRP plate and the 
corrugated plates to investigate the anchoring performance with bond 
effect. In total, 16 sets of specimens have been prepared for the 

experiment, with each set comprising two identical specimens. The de-
tails of the specimens are listed in Table 1. The specimens are labelled as 
[anchor type][plate thickness]-T[pre-tensioning torque][bond]-[num-
ber of specimen]. For instance, A30-T150–1 refers to Type A anchor with 
t=30 mm corrugated plates and 150 N⋅m pre-tensioning torque but 
without adhesive, while B10-T250b-1 is Type A anchor with 250 N⋅m 
pre-tensioning torque and adhesive. The assemblage of all test groups 
are shown in Fig. 2. For each specimen, the total length of the CFRP plate 
is 900 mm. The anchors are installed on both ends of the plate sym-
metrically with anchored lengths of 300 mm.

The preparation process of the test specimens are as follows: (1) 
Clean the contact surfaces of CFRP plate and steel anchor plates with 
alcohol; (2) Place the anchor plates and CFRP plate in a work fixture in 
sequence; (3) Insert and tighten the bolts manually with spanner until 
the CFRP plate is deformed and clamped by the anchor plates; (4) 
Tighten the bolts to 50 % of the target torque by torque wrench; and (5) 
Tighten all bolts to 100 % of the target torque. In steps (3)-(5), the bolts 
are tightened following the same sequence as shown in Fig. 1a. For 
bonded anchors, the epoxy adhesive is applied on both sides of the CFRP 
plate before step (2), and the specimen is cured at room temperature for 
at least 72 hours before test.

2.2. Material properties

The CFRP plates tested in this study have a nominal thickness of 
1.4 mm and width of 50 mm which are manufactured by pultruding 
technique. Five coupon tests are carried out on the same batch of ma-
terial in accordance with the Chinese standard GB/T3554–2014[30]. As 
shown in Fig. 3, the CFRP plate are cut into coupons with widths of 
12.5 mm and lengths of 250 mm. Glass fibre-reinforced polymer (GFRP) 
plates of 1.7 mm thick were bonded on both ends of the coupon for local 
strengthening. All five specimens fail by fibre rupture as depicted in 
Fig. 3. The tested average elastic modulus Efrp = 147 GPa (standard 
deviation, s.d.=1.8 GPa), and the ultimate tensile strength ffrp =

Fig. 4. Test setup.

Fig. 6. Load-displacement relations and typical failure modes.
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2227 MPa (s.d.=123 MPa). The M20 bolts are of grade 10.9, and all the 
anchor plates are made of Q355 steel with characteristic yield strength 
of 355 MPa. The properties of the bolts and steel plates are not tested 
because they are less concerned in this study.

2.3. Test setup

The specimens are tested in tension. The specimen is connected to 
the test rig via two ϕ28 pins on both ends as shown in Fig. 4. Three linear 
variable differential transformers (LVDTs), namely D0, D1 and D2, are 
installed to measure the deformation. D0 measures the total deformation 
between the anchors on both ends, while D1 and D2 measure the local 
slip of the CFRP plate at the entrance of the anchors. The range of D0 is 
100 mm with accuracy of 0.1 mm. The ranges of D1 and D2 are 25 mm 
with accuracy of 0.0625 mm. Three strain gauges, namely SG-L, SG-R 
and SG-M are installed in the middle of the CFRP plate. SG-L and SG-R 
lay on both edges of the plate, and SG-M is installed along the centre 
line on the opposite side. The strain gauges are 120Ω-10AA with ranges 
of 20000 με and accuracy of 5με. The load is force controlled by 5 kN/ 
min before the peak load. After the peak load, which is often accom-
panied by load drop and damage of the specimen, the load is changed to 
manually controlled until total loss of strength.

3. Experimental results

3.1. General behaviour and failure modes

The load-displacement curve (measured by D0) for the test speci-
mens can be categorized to three typical types as schematically illus-
trated in Fig. 6a. Initially, the load-displacement curves are linear with 
the slope close to that of the CFRP plate stiffness, indicating the elastic 
behaviour of the anchoring system. Type 1 curve presents a typical 
brittle failure mode that there is a total loss of strength after reaching the 
peak load (Fp). Consequently, the peak load is the same with the ultimate 
load (Fu). For Type 2 curves, the CFRP plate exhibits initial damage at 
the first peak load (Fp) with or without drop of load. After the plate 
damage, the load can increase with a reduced stiffness until the ultimate 
load (Fu) prior to failure. For Type 3 curves, after the first peak load, the 
load does not change with the increase of the displacement, which al-
ways exhibits slip between the CFRP and the anchor plates. The ultimate 
strength (σu) is defined in Eq.2, and the peak strength (σp) can be 
calculated as follows: 

σp = Fp
/
An (5) 

where An is the nominal CFRP plate section area which is 70 mm2.The 
results of σp, σu and the type of the load-displacement behaviour are 
listed in Table 2. There are three basic failure modes observed in the test, 
namely: (1) complete fibre rupture (noted as Mode R shown in Figs. 6b), 
(2) partial failure (noted as Mode P shown in Fig. 6c), and slip (noted as 
Mode S shown in Fig. 6d). The failure mode for an individual test 
specimen may manifest as one or a combination of the three basic 
modes. In this study, Mode P is most frequently observed. In this mode, 
the longitudinal cracks emerge on the CFRP plate near both edges when 
the load reaches Fp. Meanwhile, the fibre on both edges of the CFRP plate 
start to rupture. This phenomenon is always accompanied by a partial 
loss of strength. If the unruptured part of the CFRP plate can withstand a 
higher load, the specimen will exhibit Type 2 behaviour. Otherwise, it 
will demonstrate Type 1 behaviour. There are two scenarios in which 
Mode S are observed: First, there is inadequate friction force acting on 
the CFRP plate, leading to Type 3 curve with a friction-slip plateau. 
Second, in the event of partial failure, the strain energy suddenly re-
leases and the remaining part of the CFRP plate is subjected to impact 
action, which results in the slippage of the CFRP plate. In the latter 
scenario, Type 1 or Type 2 behaviour can be observed. Mode R is the 
most brittle failure mode, characterized by simultaneous fibre rupture of 
the entire CFRP plate section. Specimens fail in this mode exhibit Type 1 
behaviour. This is the most desirable failure mode because the material 
in the whole section reaches its ultimate strength simultaneously and the 
anchor efficiency is maximized. The failure modes for all specimens are 
listed in Table 2.

Table 2 
Test results.

Specimen σp ave. σu ave. η Curve 
Type

Failure 
mode

A20- 
T150–1

1014 974 1014 974 44 % Type 1 S

A20- 
T150–2

934 934 Type 1 S

A20- 
T250–1

1081 1131 1139 1160 52 % Type 2 P+S

A20- 
T250–2

1180 1180 Type 1 P+S

A20- 
T350–1

1194 1139 1194 1199 54 % Type 1 P

A20- 
T350–2

1083 1203 Type 2 P

A20- 
T150b− 1

973 951 1247 1358 61 % Type 2 P

A20- 
T150b− 2

929 1469 Type 2 P

A20- 
T350b− 1

1100 966 1570 1511 68 % Type 2 P

A20- 
T350b− 2

832 1452 Type 2 P

A30- 
T150–1

1093 1160 1287 1257 56 % Type 2 P

A30- 
T150–2

1226 1226 Type 1 P

A30- 
T250–1

1096 908 1199 1208 54 % Type 2 P

A30- 
T250–2

720 1217 Type 2 P

A30- 
T350–1

869 1083 1189 1268 57 % Type 2 P

A30- 
T350–2

1296 1346 Type 2 P

A30- 
T150b− 1

2044 2071 2044 2071 93 % Type 1 P

A30- 
T150b− 2

2098 2098 Type 1 P

A30- 
T250b− 1

1051 997 1362 1359 61 % Type 2 P

A30- 
T250b− 2

943 1356 Type 2 P

A30- 
T350b− 1

1139 1096 1448 1508 68 % Type 2 P

A30- 
T350b− 2

1053 1567 Type 2 P

B20- 
T150–1

884 917 884 917 41 % Type 3 S

B20- 
T150–2

950 950 Type 3 S

B20- 
T250–1

1936 1852 1936 1852 83 % Type 2 P+S

B20- 
T250–2

1768 1768 Type 2 P+S

B20- 
T350–1

2042 1805 2042 2028 91 % Type 1 P

B20- 
T350–2

1568 2013 Type 2 P

B20- 
T250–1b

2040 2044 2258 2153 97 % Type 2 P

B20- 
T250–2b

2047 2047 Type 1 P

B20- 
T350–1b

2708 2572 2708 2572 115 % Type 1 R

B20- 
T350–2b

2435 2435 Type 1 R
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3.2. Anchor efficiency

The average anchor efficiencies for each group are listed in Table 2, 
and are plotted in Fig. 7 as well. For all unbonded Type A anchors, the 
values of η range from 44 % to 57 %. As can be observed in Figs. 7a and 
7b, neither increasing the pre-tensioning torque nor the anchor plate 
thickness has significant effect in enhancing the anchor efficiency for 
Type A anchors. When using Type B anchors, however, η reached up to 

91 %, with the influence of pre-tensioning torque being more pro-
nounced as shown in Fig. 7c. The presence of the epoxy adhesive en-
hances the anchor efficiency in all tested groups. Particularly, the 
B20–350b series achieve an average of anchor efficiency of 115 %, 
which is highest among all test specimens. The increase in η resulting 
from the adhesive shows weak correlation with the pre-tensioning tor-
que. As shown in Fig. 7, for the A20 and B20 series, the epoxy adhesive 
has better performance when the torque is higher. However, for the A30 

Fig. 7. Anchor efficiency.

Fig. 8. Influence of the test parameters.
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Fig. 9. Selected strain results.
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series, the adhesive layer performs best when T = 150 N⋅m, which 
achieves 93 % of the anchor efficiency. For summary, application of 
both cover plates and adhesive are effective solutions for maximizing the 
anchor efficiency, and B20–350b is the optimum anchor configuration 
which has η=115 %. This configuration enables the full utilization of the 
material strength of the CFRP plate. It is worth noting that η is calculated 
with the tested ffrp=2227 MPa, which is lower than the manufacturer 
provided CFRP strength (2400 MPa). This indicates that the quality of 
this batch of CFRP plate is not stable. Nevertheless, no matter which 
value is adopted in Eq.1, the η values for B20–350 series exceed 100 %, 
which verifies the success of the novel anchor configuration, and the test 
results can also support all other conclusions made by this paper.

3.3. Impact analysis of the test parameters

To examine the impact of individual test parameters on the peak 
strength (σp) and the ultimate strength (σu), the concept of average 
strength is introduced herein. When analysing the influence of a specific 
factor, all test results are divided into two or three groups with respected 
to the concerned parameter, and average values of σp and σu are taken 
from the results of each group, which are noted as σp,ave and σu,ave, 
respectively. As the test is not designed as a perfect orthogonal experi-
ment, certain test data are excluded when analysing a single parameter 
in order to maintain the constant weight of all other factors. Details of 
the grouping are listed in Table 1. The results are plotted in Fig. 8. It 
should be noted that the trend of the average strengths with respect to 
the concerned parameter holds greater significance than the values 
themselves. Therefore, in each graph of Fig. 8, the results of both σp,ave 
and σu,ave in first group are marked as 100 %, and the results from the 
rest group(s) are normalized by dividing their counterpart in the first 
group, which are also marked on the bars in the column chart. According 
to Fig. 8a, the pre-tensioning torque has no significant influence on the 
σp,ave, and has positive but limited influence on the σu,ave. This is 
consistent with the previously presented results. The presence of the 
adhesive layer is more effective in increasing the σp,ave. It enhances the 
σp,ave and σu,ave by 20 % and 13 % compared with the unbonded speci-
mens as shown in Fig. 8b. The influence of the anchor plate thickness 
yields different conclusion with the anchor efficiency results. For the 
same Type A anchor plates, the thick plate group achieves the σp,ave and 
σu,ave with 22 % and 18 % higher than the thin plate group, respectively. 
The statistical findings indicate that increasing the anchor plate thick-
ness is an effective approach to improve the anchor performance. This 
contradiction mainly attributes to the results of A30–150b series, which 
will be discussed later in this paper. Among all the test parameters, the 
use of the cover plate (type B anchor) is the most effective way in 
maximizing the anchorage strength. Compared with the Type A anchor 
group, the σp,ave is increased by 70 %, and the σu,ave is increased by 52 %, 
which is shown in Fig. 8d. The use of cover plate alters the pressure 
distribution on the CFRP plate, thereby addressing the issue of non- 
uniform stress distribution, which will be discussed later in this paper. 
Therefore, Type B represents the recommended anchor configuration for 
corrugated CFRP plate anchors.

3.4. Strain analysis

The tensile strain distributions obtained from the strain gauges of 
selected specimens are plotted in Fig. 9. The strains are illustrated at 
intervals of every 10 kN of the tensile load, denoted by green lines in the 
figure. When the load reached Fp, the corresponding strain results are 
plotted in the figure as well, which are highlighted with red lines. After 
reaching Fp, the specimens may undergo plate damage, such as longi-
tudinal cracking or fibre rupturing. After this point, the strain gauge 
results become unreliable and are therefore not further analysed.

For Type A anchors, increase in the pre-tensioning torque leads to a 
higher total clamping force, which has positive influence on the 
anchorage strength. However, it exacerbates the non-uniformity of the 

pressure on the CFRP plate, exerting a negative effect for the anchorage 
performance. This can be observed from Figs. 9a and 9b. Therefore, for 
Type A anchors, the pre-tensioning torque should not be too small that is 
not sufficient to resist the CFRP from slipping, and it also should not be 
too large to result in severe stress concentration as well. Therefore, there 
exists an optimum pre-tensioning torque for Type A anchors.

Increasing the thickness of the anchor plate was intended to alleviate 
the non-uniform strain distribution. As can be observed from Figs. 9b 
and 9c, however, the specimen with thicker anchor plate has limited 
improvement on the strain distribution. This conclusion is consistent 
with the discussion in Section 3.2.

As shown in Figs. 9c and 9d, the two specimens have almost the same 
strain distributions when F = 70 kN. With the presence of the adhesive 
layer, the A20-T350b-1 specimen can withstand more pronounced strain 
non-uniformity at Fp. Also, its ultimate strength is 30 % higher than A20- 
T350–2. Therefore, the the adhesive layer can provide extra resistant 
force to the CFRP plate especially after the initiation of damage. How-
ever, it is less effective in alleviating the strain concentration is limited.

The stress distribution in the CFRP plate is significantly altered by 
the presence of the cover plates, which can be seen from Figs. 9e and 9f. 
The strains on the edges of A20-T250–2 specimen start to deviate from 
that of the middle section at F = 50 kN. However, for the B20-T250–1 
specimen, the strains at the three points remain close to each other 
before the load reaches Fp. The strain distribution indicates that the Type 
B anchors can achieve a uniform deformation across the CFRP plate at a 
higher load level.

Figs. 9g and 9h present the best performances for Type A and B an-
chors, respectively. The strain distribution of the A30-T150b-2 specimen 
remains uniform when F=110 kN with strain of around 10000με. Af-
terwards, the strains on the edges grow more quickly than that in the 
middle until the occurrence of shear damage, and the specimen finally 
fail in Mode P. For the B20-T350b-1 specimen, the strains at the three 
points are closed to each other during the entire loading process and 
reached or exceeded the ultimate tensile strain of the material (i.e. 
15149με). This specimen fails by Mode R.

For summary, the factors influencing the failure modes and load- 
displacement curve types are illustrated by the flow chart as shown by 
Fig. 10, and the mechanisms for the anchor behaviour are explained as 
follows: (1) Adequate resistant force must be present to prevent the pull- 
out of the CFRP plates, otherwise it will result in Mode S and Type 3 
curve with low anchoring strength; (2) If the pressure applied on the 
CFRP plate is not uniform, the plate will damage in shear during the test, 

Fig. 10. Influencing factors for anchor behavior.
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and the two edges of the plate starts to fracture, which is classified as 
Mode P. If the anchor can provide sufficient slipping resistance to the 
remaining CFRP plate, the load can increase to a higher value and the 
anchor will have a Type 2 behaviour, otherwise the remaining part of 
the CFRP plate will be pulled out under the impact load caused by the 
partial fracture; (3) With both sufficient slipping resistance and uniform 
pressure distribution, the specimen will fail in Mode R with Type 1 
behaviour, which is the most desirable failure mode.

Therefore, when designing a corrugated CFRP plate anchor, two key 
issues need to be concerned: (a) provide sufficient resistant force against 
slipping, and (b) apply uniform pressure on the CFRP-steel interface. 
Due to the configuration of Type A anchors, though increasing the pre- 
tensioning torque can increase the resistant force against slipping, but it 
will lead to more severe stress non-uniformity. Therefore, the excep-
tional performance of the A30-T150b series can be explained as follows: 
the presence of the adhesive layers provides sufficient resisting force to 
the CFRP plate, meanwhile the thicker anchor plates and smaller pre- 
tensioning torque lead to less stress concentration. Hence this series 
performs best among all Type A anchors.

4. Finite element analysis

4.1. FE modelling

In this section, finite element analysis is conducted via ABAQUS to 
further investigate the mechanism of the corrugated anchor. Due to 
symmetry, 1/4 of the test specimens are modelled with 8-node 3D solid 
elements with reduced integration C3D8R. The FE model consists of 
CFRP plate, adhesive layers, anchor plates and bolts, which is shown in 
Fig. 11. Following Ding et al. [31], the characteristic element size is 
chosen to be 2.5 mm. All steel elements including steel plates and bolts 
are defined as linear elastic isotropic material with elastic modulus Es =

206 GPa and Poisson’s ratio νs = 0.3. The elastic modulus of adhesive 
layer (Ea) for the bonded anchors is 3558 MPa, and the Poisson’s ratio νa 
= 0.3. The CFRP plates are set as transverse isotropic material. The 
longitudinal modulus EL = 147 GPa which is obtained from the tensile 
test of the CFRP coupons. Since there is lack of test results of the rest of 
the material parameters, they are adopted from Liu et al. [11]. Ac-
cording to the pilot parametric study conducted by the authors, the 
transverse and shear properties do not have significant influence on the 
analysis results. Therefore, these parameters are used in this study to 

model the CFRP plates, as listed in Table 3. In the FE model, the adhesive 
layer and the CFRP plate share nodes at the interface, implying perfect 
bond between these two materials. The thickness of the adhesive layer is 
0.2 mm following Ding et al. [31]. The friction coefficient for 
steel-to-steel and steel-to-adhesive interfaces are set as 0.2 and 0.25 
[32], respectively. The normal behaviours of these two interfaces are 
defined as hard contact. The end of the anchor plates is fixed, and all 
symmetry planes are assigned with corresponding symmetrical bound-
ary conditions. The nodes at the section of the CFRP plates are coupled 
to a loading point locates at the intersection of z- and x- symmetry plane, 
which lies at the centre of the test specimen.

The analysis procedure is divided into four steps considering both 
convergency and computational cost. First, pre-tensioning load of 100 N 
is assigned to each bolt to ensure all parts of the model are in contact; 
Then the bolt load is increased to the target value according to the pre- 
tensioning torque levels, which is calculated in accordance with the 
handbook of mechanical design [33]; Subsequently, the loading point is 
moved 1 mm to the x direction to eliminate initial slip between inter-
acting surfaces; Finally, the loading point is moved to the x direction 

1

3

1

2

Sym. PlaneFix end Loading point

Sym. Plane

1

2

3

Bolt

Anchor plates 
（fix end）

CFRP plate

Loading point

1

3

1

2

Loading point

Cover plates (free ends)Anchor plates (fix ends)

Sym. Plane Cover plate
Anchor plates

FRP plateType A anchor Type B anchor
1

2

3

Fig. 11. Finite element model.

Table 3 
Material properties for CFRP plates.

EL 

(GPa)
ET 

(GPa)
GLT 

(GPa)
GT 

(GPa)
νLT νT

147 12 9 6 0.3 0.33

Fig. 12. Bolt load levels.
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until the reaction force of the loading point reaches 78 kN, which means 
the average tensile stress in the CFRP plate reaches the ultimate tensile 
strength ffrp=2227 MPa. It is worth noting that in this analysis, the CFRP 
plate is linear elastic without assigning damage criteria. Therefore, the 
stress in the plate may exceed the ultimate strength of the material. 
Nevertheless, it is still able to highlight the regions that prone to dam-
age, and can back calculate the ultimate load.

In the FEA program of Type A anchors, the pre-tensioning torque (T) 
is varied from 150 N⋅m to 350 N⋅m with a 50 N⋅m increment for each 
level (5 levels in total, see Fig. 12), and the total thickness of the 
corrugated anchor plate (t) is varied as 20, 30, 40 and 50 mm (4 levels in 
total). Together with the bonded/unbonded scenarios, 40 models are 
built for analysis. For Type B anchors, the five levels of torque and 

bonded/unbonded scenarios are consistent with Type A, and the plate 
thickness of 20 and 30 mm are investigated. Hence, there are 20 models 
in total for Type B anchors.

4.2. Results and discussions

The stress contours on the FRP plate are presented in Fig. 13, 
including longitudinal tensile stress (S11), in-plane shear stress (S13) 
and contact pressure (S22). Fig. 13 shows the two basic modes of stress 
contours, which are obtained from model A20-T250 and B20-T250, 
respectively. For each model, two key paths are defined across the 
CFRP plate sections, which are also plotted in Fig. 13. Path 1 locates at 
the entrance of the anchor plate along which the S11 is extracted. Path 2 

Fig. 13. Typical stress distributions on the CFRP plates.

Fig. 14. Mechanism of contact pressure distribution.
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Fig. 15. Stress distributions for Type A anchors.
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locates along the first row of bolts, where maximum values of S13 and 
S22 can be captured.

4.2.1. Influence of anchor type
For Type A anchor (Fig. 13a), the tensile stress (S11) concentrates at 

both edges of the CFRP plate, and there are two shear bands near the 
edges. This is attributed to the anchor configuration. When the bolts are 
tightened, the corrugated anchor plates exhibit out-of-plane bending 
deformation which is demonstrated schematically by Fig. 14a, resulting 

in pressure (S22) concentration at the positions of the bolts. It can also 
be seen from Fig. 15 that the maximum S11 locates at 0 or 2.5 mm to the 
edges, and the peak S13 occurs at about 5 mm from the plate edge. Also, 
the S22 is very high at both edges, but is zero in the middle of the plate 
section. The non-uniform pressure distribution results in higher friction 
and tensile stress at the edges but lower in the centre, hence generates 
the in-plane shear stress. Once the shear stress exceeds the shear 
strength of the CFRP plate [τ], longitudinal cracks form inside the 
anchored area and propagate along the CFRP plate. Meanwhile, the 

Fig. 16. Stress distributions for Type B anchors.
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concentrated tensile stress causes premature fibre rupture at both edges. 
This is the mechanism for the Mode P failure of Type A anchors, which is 
consistent with the test observations.

For the Type B anchors shown in Fig. 13b, the stress concentration is 
significantly relieved due to the presence of the cover plate. Different 
from the Type A anchors, the S11 is higher at the middle of the section 
than that at the edges. Though there are two shear bands occur on the 
CFRP plate, the absolute value is much smaller comparing to that in 
Fig. 13a. The stress results along key paths are plotted in Fig. 16. The 
maximum S11 occurs in the middle of the section and changes smoothly 
along the path. Therefore, the peak value of S13 is lower than that of the 
Type A anchors. Similar with the S11, the maximum S22 locates at the 
centre of the section and gradually decreases to zero at the edges. The 
effective clamping zones are at least 30 mm in the middle of the CFRP 
plate, which is just opposite to the Type A anchors. This result confirms 
the efficiency of the use of the cover plate. With the bulged cover plate, 
the clamping pressure is applied on the corrugated anchor plates indi-
rectly via contact. Therefore, the anchor plates exhibit less bending 
action and can spread the pressure onto the CFRP plate surface more 
uniformly, as is shown by Fig. 14b.

4.2.2. Influence of pre-tensioning torque
In Figs. 15–16, the stresses along key paths of CFRP plate sections are 

demonstrated by series of curves with respect to different levels of pre- 
tensioning torques. For each case, the peak values of all three concerned 
stresses increase with the torque. For Type A anchors, the higher torque 
causes larger out-of-plane bending deformation of the anchor plate, and 
therefore enhances the pressure concentration on the edges and results 
in higher shear stress. For Type B anchors, the influence of the torque is 
less significant due to the anchor configuration. The effects of the pre- 
tensioning torque are also demonstrated by Fig. 17. In the figures, the 
maximum tensile stress on Path 1 (S11max) is normalised by dividing the 
tensile strength of the CFRP plate (ffrp), which is 2227 MPa from the 
material test. The maximum in-plane shear stress on Path 2 (S13max) is 
normalised by dividing the shear strength [τ]=150 MPa. Due to lack of 
test data, [τ] is obtained from Liu et al. [11]. The maximum pressure on 
Path 2 is normalised by dividing the nominal mean pressure, which is 
the total bolt load divided by the projected contact area (300 mm ×
50 mm = 15000 mm2). According to Fig. 17, the normalised S11max and 
S13max increase with the torque, and the influence on the normalised 
S22max is minor. This indicates that the torque only affects the scale of 
the pressure, but cannot change its distribution mode.

4.2.3. Influence of plate thickness
As shown in Fig. 14a, the stress concentration of Type A anchor is 

caused by the bending of the anchor plate. Therefore, when the anchor 

Fig. 17. Influencing factors on maximum stresses.
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plate is thinner, the contact pressure concentrates at the edges, and there 
is wider pressure-free zone in the middle of the CFRP plate section. By 
increasing the plate thickness from 20 mm to 50 mm, S11max is reduced 
by up to 12 %, S13max is reduced by up to 67 %, and S22max is reduced 
by up to 60 % (see Fig. 17a). Therefore, increasing the plate thickness is 
effective in reducing the peak shear stress and contact pressure, but less 
effective in alleviating the tensile stress concentration.

For the Type B anchors, the influence of the plate thickness is similar 
with the Type A anchors. By increasing the plate thickness from 20 mm 
to 30 mm, S11max is reduced by up to 3 %, S13max is reduced by up to 
36 %, and S22max is reduced by up to 12 %. For the same plate thickness 
levels in Type A anchors, the values are 4 %, 23 % and 23 %, respec-
tively. Though increasing the anchor plate thickness can effectively 
reduce the shear stress, there is no need to further increase it because the 
shear stresses in the CFRP plate are far less than [τ] and no shear failure 
would occur.

4.2.4. Influence of adhesive
For Type A anchors, by adding the adhesive layer, the average 

reduction rates for S11max, S13 max and S22max are 3 %, 16 % and 16 %, 
respectively, and the values for Type B anchors are 2 %, 19 % and 6 %, 
respectively. The presence of the adhesive layer can reduce the shear 
stress for both types of anchors. It is also effective in alleviating the 
pressure concentration in Type A anchors.

In summary, using the cover plate is the optimum solution for 
enhancing the anchor efficiency. Increasing the plate thickness and 
introducing adhesive layer also have positive effect in relieving the 
stress concentration. Increasing the pre-tensioning torque, however, is 
negative to the anchor performance especially for the Type A anchors 
because it introduces higher shear stress which can cause premature 
shear failure before fibre rupture. The FE analysis yields equivalent 
conclusions with the test.

5. Conclusions

In this work, experimental tests were conducted on the anchorage 
performance of corrugated anchors for CFRP plates. The influences of 
pre-tensioning torque, anchor plate thickness as well as adhesive layer 
were investigated experimentally. Additionally, a novel type of corru-
gated anchor with bulged cover plate was proposed and tested, which 
improved the anchor efficiency up to 100 %. Furthermore, finite 
element analysis was performed to further unveil the anchoring mech-
anism and stress distribution. The following conclusions can be drawn 
from this study: 

(1) The configuration of the conventional corrugated anchors (Type 
A anchors) inevitably leads to non-uniform pressure distribution 
on the CFRP plate. Although increasing the anchor plate thick-
ness and incorporating adhesives can mitigate stress concentra-
tion, it will bring extra problems in fabrication, transportation 
and construction.

(2) For Type A anchors, once the clamping force is sufficient to resist 
the CFRP plate from sliding, further increasing the pre-tensioning 
torque brings negative effect to the anchor because it causes se-
vere pressure concentration and result in premature shear failure.

(3) The presence of the cover plate completely alters the stress dis-
tribution to a more uniform mode and significantly improves the 
anchor efficiency. Therefore, the authors recommend Type B 
anchors proposed in this paper for both CFRP plate cables and 
structural strengthening.
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