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A B S T R A C T   

Clamping anchorages are commonly used to anchor carbon fiber reinforced polymer (CFRP) plates, and the 
anchoring performance is significantly impacted by bolt preload. This research presents experimental and nu
merical investigations of long-term bolt preload relaxation in clamping anchorages for CFRP plates. First, a 
compression test was conducted to obtain the elastic modulus in the thickness direction of CFRP plates. Sub
sequently, four types of relaxation tests (single bolt, planar and curved anchorage, external load effect, and 
thickened anchorage) were conducted, considering the effects of the number of CFRP plates, anchorage type, 
external load, and initial preload. The elastic interaction during the tightening process was also investigated. The 
contact pressure distribution was simulated through the finite element method, which is in good agreement with 
the experimental results obtained from pressure papers. To fit relaxation test results and predict million-hour 
relaxation, different theoretical models were employed. The results indicate that the number of CFRP plates is 
crucial to preload relaxation, and the presence of CFRP plates introduces strong elastic interactions between bolts 
in the anchorage. Preload relaxation also increases under external loads and with the increase in initial preload. 
Curved anchorage has less bolt preload relaxation in the long term under external loads. Additionally, thickened 
anchorages have a more uniform contact pressure distribution due to the improved pressure diffusion 
mechanism.   

1. Introduction 

Cable structures commonly use steel cables, but these cables are 
heavy and prone to corrosion and fatigue damage [1]. Carbon fiber 
reinforced polymer (CFRP) is a promising alternative due to its light 
weight, high strength, and excellent corrosion and fatigue resistance 
[2–4]. Research on CFRP cables in civil engineering began in the 1980s, 
with notable proposals such as Meier’s CFRP cable-stayed bridge with a 
main span of 8400 m across the Strait of Gibraltar in 1987 [5]. The first 
experimental application of CFRP stay cables was in Winterthur, 
Switzerland, in 1996, which helped build confidence in the engineering 
community regarding the feasibility of CFRP cables [6]. Since then, 
CFRP cables have been successfully applied to an increasing number of 
bridges [2,7–11,43] and cable roofs [12,13]. 

To fully utilize the benefits of CFRP cables, effective anchorage 

systems are essential. [14–16]. Among the different types of CFRP ca
bles, CFRP rods and plates are the two main types. Comparatively, the 
anchorage area of CFRP plates is approximately twice that of the CFRP 
rod for the same cross-sectional area and anchorage length, which 
suggests that the CFRP plate has a greater anchoring efficiency [17]. 
Furthermore, the flat and flexible nature of the CFRP plate makes it 
easier to apply contact pressure, adjust the profile of the anchorage, and 
improve the anchoring force compared to the CFRP rod. Zhuo et al. [18] 
developed a novel curved clamping anchorage system that utilizes bolts 
and curved steel plates to compress CFRP plates, achieving anchorage 
through friction and bonding forces. Under tensile loading, additional 
pressure is generated, increasing friction between the anchorage system 
and the CFRP plates [19]. Li et al. [20,21] optimized the curved shape of 
the clamping anchorage and investigated the creep performance of 
CFRP cables. Ding et al. [22] proposed a novel pre-clamp lap joint that 

* Corresponding author. 
E-mail addresses: g.ding23@imperial.ac.uk (G. Ding), fengpeng@tsinghua.edu.cn (P. Feng), wangy219@cqjtu.edu.cn (Y. Wang), aipc09@163.com (P. Ai), 

qwang2@mail.tsinghua.edu.cn (Q. Wang).  

Contents lists available at ScienceDirect 

Composite Structures 

journal homepage: www.elsevier.com/locate/compstruct 

https://doi.org/10.1016/j.compstruct.2023.117780 
Received 18 August 2023; Received in revised form 23 November 2023; Accepted 30 November 2023   

mailto:g.ding23@imperial.ac.uk
mailto:fengpeng@tsinghua.edu.cn
mailto:wangy219@cqjtu.edu.cn
mailto:aipc09@163.com
mailto:qwang2@mail.tsinghua.edu.cn
www.sciencedirect.com/science/journal/02638223
https://www.elsevier.com/locate/compstruct
https://doi.org/10.1016/j.compstruct.2023.117780
https://doi.org/10.1016/j.compstruct.2023.117780
https://doi.org/10.1016/j.compstruct.2023.117780
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2023.117780&domain=pdf


Composite Structures 329 (2024) 117780

2

used a curved clamp to increase the load capacity of CFRP plate lap 
joints. In 2020, curved clamping anchorages for multilayer CFRP plate 
cables (Fig. 1) [19] were successfully applied to the cable structure of 
Sanya Stadium, located in Hainan Province, China. The innovative use 
of CFRP parallel plate cables, which possess a strength/modulus ratio 
much larger than steel cables, helped to reduce the unbalanced force 
induced by the inner ring cross cable on the locking clamp. As a result, 
the wind resistance of the structure was enhanced. 

While steel rebar primarily relies on mechanical interlocking and 
interfacial friction resistance for its bond mechanism [23,24], the 
clamping anchorage effectiveness of CFRP cables is predominantly 
determined by the interfacial friction between CFRP and steel plates. 
The magnitude of friction is directly influenced by the contact pressure 
generated by the bolt preload, thereby making the bolt preload a crucial 
parameter affecting the anchorage performance. It is worth noting that 
the viscoelastic nature of composites renders the relaxation of bolt 
preload significantly greater than that of steel bolt joints. Consequently, 
an in-depth investigation into the bolt preload relaxation behavior in 
clamping anchorages is deemed urgent and necessary. 

Self-loosening or relative slip between contact pairs caused by 
external excitation, such as cyclic loading, is widely acknowledged as 
the primary cause of preload loss in metal joints, with the magnitude of 
bolt preload relaxation being mostly associated with the coating thick
ness and surface roughness of the clamped plates [25,26]. In composite 
joints, preload relaxation is predominantly due to the viscoelastic 
behavior of the matrix. Polymer matrix composites are composed of fi
bers and polymers, with the latter exhibiting significant viscoelasticity. 
As a result, composites demonstrate viscoelastic behaviors such as creep 
and relaxation. The properties dominated by the matrix exhibit stronger 
viscoelastic effects, such as the through-the-thickness (TTT) direction 
[27]. 

The preload relaxation of composite bolted joints is influenced by 
various factors, including temperature, humidity, initial preload, con
necting material, and external load. Shivakumar and Crews [28] 
investigated the effect of temperature and humidity on bolt preload 
relaxation in a graphite/epoxy laminate. The results indicated that 
higher temperatures and moisture levels caused faster relaxation. 
Schmitt and Horn [29,30] explored the impact of torque and two 
graphite/thermoplastic composite materials on the relaxation of bolt 
preload. The study found that the relaxation rate differed for different 
materials and was faster at higher temperatures, whereas bolt torque 
and the application of an in-planar static load did not affect the relax
ation rate. Thoppul et al. [31] examined the effects of the initial preload 
and external loads on the bolt preload relaxation of carbon/epoxy joints. 
The study found that the bolt preload relaxation decreased with 
increasing initial preload under various external loads. Caccese et al. 
[32] studied the preload relaxation of hybrid composite metal bolt joints 

and observed that retightening the joints could reduce the stress relax
ation rate, while relaxation was also influenced by the stress distribu
tion. Scattina et al. [33] conducted compression creep tests on CFRP 
samples in the direction of laminate thickness while considering tem
perature, pressure, and surface finishing. The study revealed that 
increased temperature and pressure led to increased creep of the CFRP 
samples. 

Various theoretical models have been proposed to fit and predict the 
bolt preload relaxation phenomenon in composite bolted joints. Wang 
et al. [34] utilized the Burgers model to simulate the constitutive 
behavior of the matrix in composites and constructed a micro
mechanical model to predict the relaxation of the bolt preload that 
considered the deformation coordination relationship between bolts, 
washers, and composites. Xie et al. [35] investigated the effect of ma
terial creep and contact creep of rough surfaces on bolt preload relax
ation. Using fractal contact theory, the study found that rough surfaces 
had low contact stiffness, which facilitated contact creep and preload 
relaxation. 

Although research has been conducted on the preload relaxation of 
composite bolt joints, there still remains a dearth of studies investigating 
the preload relaxation of CFRP plate anchorages. In this study, a series of 
long-term tests of bolt preload relaxation in clamping anchorages for 
CFRP plates was conducted. The primary factors examined in this 
research were the type of anchorage, the number of CFRP plates, the 
initial preload, and the external load. The change in preload during the 
tightening process and the distribution of contact pressure of CFRP 
plates were analyzed in detail. Furthermore, various models were 
employed to fit and predict the preload relaxation. 

2. Experimental program 

2.1. Materials 

In this study, the CFRP plates employed were produced via pul
trusion using 12 K carbon fiber and epoxy resin, exhibiting a tensile 
elastic modulus of 180 GPa and a characteristic tensile strength of 2618 
MPa. The anchorage’s curved surface was cut through wire electrical 
discharge machining from high-strength steel plates. To enhance the 
anchoring force, a two-component modified epoxy resin structural ad
hesive with an elastic modulus of 3558 MPa was applied between the 
CFRP and steel plates of the specimens subjected to external loads. 

2.2. Compression tests 

To obtain the compressive modulus of the CFRP plates in the thick
ness direction, compression tests were performed using a testing ma
chine with a maximum load of 300 kN. As far as the authors are aware, 

Fig. 1. CFRP parallel plate cable anchorage.  
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there is currently no established test method for determining the 
compressive modulus of CFRP plates in the thickness direction. As a 
result, this study introduced a compression test method specifically 
designed for this purpose. Since CFRP plates are very thin (2 mm), a 
stack of 25 CFRP plates (50 mm × 50 mm) was used to make each 
compression specimen, as shown in Fig. 2a. To prevent misalignment 
among the CFRP plates, a small quantity of adhesive was applied be
tween each layer of plates during the specimen manufacturing process, 
ensuring proper alignment of the CFRP plates before loading 
commenced. Two steel blocks with a thickness of 40 mm were placed on 
the upper and lower sides of the specimen, and two linear variable 
differential transformers (LVDTs) were used to measure the compression 
displacement of the specimen, as shown in Fig. 2b. Prior to the 
compression test, a pressure of 1 kN was applied to the specimen to 
reduce the gaps between the CFRP plates. 

2.3. Relaxation tests 

The present study focused on assessing the relaxation performance of 
various anchorages by conducting four primary types of relaxation tests: 
single-bolt tests, planar and curved anchorage tests, external load effect 
tests, and thickened anchorage tests. Single-bolt tests aimed to investi
gate the influence of steel plates on bolt preload relaxation. The external 
load tests aimed to investigate the influence of external loads on the bolt 
preload relaxation performance of planar and curved anchorages. To 
address the non-uniform pressure distribution in the planar and curved 
anchorages, thickened anchorage designs were proposed, and additional 
relaxation tests were conducted. The details of the experimental design 
and conditions are as follows: 

2.3.1. Single-bolt relaxation tests 
The single-bolt relaxation test configuration consisted of a load cell, a 

high tensile M20 grade 8.8 tensile bolt, and a variable number of steel 
plates measuring 50 mm × 50 mm × 10 mm with a 21 mm diameter hole 
in the center, as illustrated in Fig. 3. 

2.3.2. Planar and curved anchorage relaxation tests 
The planar anchorage test configuration consisted of ten bolts, two 

planar steel plates, and a variable number of CFRP plates, as shown in 
Fig. 4a. The bolts were arranged on both sides of the CFRP plate with a 
spacing of 60 mm. The bolts were labeled with numbers on the top to 
indicate the sequence in which they were tightened. The CFRP plate was 
50 mm wide and 2 mm thick, with an anchorage length of 300 mm. The 
configuration of the curved anchorage is shown in Fig. 4b. The differ
ence between the planar and curved anchorages lies in the inner shape of 
the steel plates. To prevent abrupt changes in the bending moment and 

shear force experienced by the CFRP plates in the anchorage, the surface 
shape of the curved anchorage (see Fig. 4b front view of the curved 
anchorage) was designed according to the following formula [20–22]: 

fa(x) =

⎧
⎪⎪⎨

⎪⎪⎩

0 x ∈ [0, 20]

f0(x − 20) x ∈ (20, 145]

f0(270 − x) x ∈ (145, 270]

0 x ∈ (270, 300]

(1)  

where 

f0(x) = 50

[(
2x − 188

188

)2

− 1

]3(
x − 94

188

)

cos
(

π x − 94
188

)

(2)  

2.3.3. Relaxation tests under an external load 
To investigate the effect of an external load, a testing machine was 

designed and developed based on the lever principle, as shown in Fig. 5. 
The load of the counterweight was magnified and applied to the CFRP 
cable through a lever, with a load magnification ratio of 7.65. The lever 
was hinged, and the counterweight and the CFRP plate were fixed to the 
two ends of the lever. The counterweight consisted of a steel basket (70 
kg) and iron weights (20 kg each). The CFRP cable comprised a curved 
anchorage, a planar anchorage, and a CFRP plate. Due to the size limi
tations of the testing machine, the anchorage length was reduced to 230 
mm, and the number of bolts in each anchorage was reduced to eight. 

2.3.4. Thickened anchorage relaxation tests 
To address the non-uniform distribution of contact pressure in the 

planar and curved anchorage, a thickened anchorage was designed 
based on prior research [22,36–38], as shown in Fig. 6. 

The experiments conducted in this study are presented in detail in 
Table 1. Single-bolt tests were performed with 0–3 layers of steel plate, 
and a retightening test was conducted by loosening and then retight
ening S-3. Planar and curved anchorages were tested with 0–10 layers of 
CFRP plates. Specimens without CFRP plates exhibited relatively small 
relaxation and therefore were monitored for only 150 h. In accordance 
with JSCE-534 [39], the load reduction of continuous fiber reinforcing 
materials should be measured for at least 1000 h. Thus, specimens with 
CFRP plates were monitored for at least 1000 h or longer. To enhance 
the anchoring force of specimens under external load (S-1-E and C-1-E), 
adhesive was applied to the anchorages. After 336 h, an external tensile 
load of 29 kN was applied to the specimens using the testing machine. 
Finally, high and low bolt preloads were applied to two thickened an
chorages to investigate the effect of initial preload levels. To minimize 
the effects of temperature, humidity, and human factors on the 

Fig. 2. Compression test configuration.  
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viscoelastic behavior of composites, the relaxation test site was located 
in the basement of a structural laboratory. 

2.4. Data acquisition and processing 

To accurately monitor the bolt preload, load cells with a load 

capacity of 200 kN and a combined error of 0.2 % full scale were 
employed. Prior to testing, the sensitivity coefficient of the load cells was 
calibrated by a hydraulic testing machine. Data acquisition was con
ducted using a DH3818Y static strain tester with a sampling frequency of 
1 Hz. A thermos-hygrometer was used to record the temperature and 
humidity of the test environment, with accuracies of ± 0.1 ℃ and ± 1.5 

Fig. 3. Single-bolt relaxation test configuration: (a-d) with 0 to 3 layers of steel plates.  

Fig. 4. Planar and curved anchorage relaxation test configuration.  

Fig. 5. Testing machine for applying external loads.  Fig. 6. Thickened anchorage relaxation test configuration.  
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%, respectively. 
To eliminate redundant data, the bolt preload was recorded once per 

second and then resampled into hourly data before analysis. The initial 
time t = 0 was defined as the moment when the preload of the last 
tightened bolt reached the maximum value to eliminate the influence of 
elastic interactions on bolt preloads. The relaxation (Rt) and load 
retention (Lt) were calculated using the following formulas: 

Rt =
P0 − Pt

P0
(3)  

Lt =
Pt

P0
(4)  

where Pt is the preload at time t (h) and P0 is the initial preload. It should 
be noted that the sum of relaxation and load retention is equal to one. 

3. Experimental results 

3.1. Compression tests 

After the compression tests, the failure modes of the specimens were 
found to be matrix cracking and fiber/matrix debonding, as shown in 
Fig. 7. Specimens 1 and 5 did not completely fail, and only some cracks 
occurred in the corners, as their bearing capacity exceeded the 
maximum load of the testing machine. The compressive stress–strain 
curves are presented in Fig. 8. Because the CFRP plate surface was not 
perfectly planar, the gaps between the plates varied inconsistently. 
Furthermore, slippage might occur between the plates during the 
loading process. As a result, there were noticeable differences in 

compressive stress–strain curves among various specimens at the initial 
loading stage. To minimize the impact of gaps and damage, the 
compressive modulus of the CFRP plates was computed based on the 
stress–strain curve ranging from 20 to 80 MPa. The compression test 
results are given in Table 2. The average compressive modulus of the five 
specimens was 6.873 GPa, with a standard deviation of 0.207 GPa. The 
transverse compressive modulus of the CFRP plates was significantly 
lower than the longitudinal tensile modulus, given that the transverse 
compressive modulus is primarily influenced by the matrix, whereas the 
longitudinal tensile modulus is mainly determined by the fiber. 

3.2. Relaxation tests 

3.2.1. Single-bolt relaxation test results 
Fig. 9 illustrates the results of the single-bolt tests, which demon

strate that the initial preload of single bolts was approximately 160 kN, 
and most preload relaxation occurred within the first hour. Over time, 
the relaxation rate slowed down gradually. Among the specimens, S-2 
exhibited the maximum relaxation with a value of 2.77 % (150 h), 
whereas S-3R had the smallest relaxation rate (0.72 %, 150 h) due to 
retightening. The test results indicate that the relaxation of the single 
bolt with steel plates was higher than that without steel plates, but the 
number of steel plates had no significant impact. 

Table 1 
Relaxation test details.  

Specimen Type Description Duration 

S-0 Single bolt No steel plate 150 h 
S-1 Single bolt 1-layer steel plate 150 h 
S-2 Single bolt 2-layer steel plate 150 h 
S-3 Single bolt 3-layer steel plate 150 h 
S-3R Single bolt 3-layer steel plate 

(retightening S-3) 
150 h 

P-0 Planar anchorage No CFRP plate 150 h 
C-0 Curved anchorage No CFRP plate 150 h 
P-1 Planar anchorage 1-layer CFRP plate 1000 h 
C-1 Curved anchorage 1-layer CFRP plate 1000 h 
P-3 Planar anchorage 3-layer CFRP plates 1500 h 
C-3 Curved anchorage 3-layer CFRP plates 1500 h 
P-10 Planar anchorage 10-layer CFRP plates 1500 h 
C-10 Curved anchorage 10-layer CFRP plates 1500 h 
P-1-E Planar anchorage Under an external load of 29 

kN 
336 h + 2664 
h 

C-1-E Curved anchorage Under an external load of 29 
kN 

336 h + 2664 
h 

T-1-H Thickened 
anchorage 

High bolt preload 1500 h 

T-1-L Thickened 
anchorage 

Low bolt preload 1500 h  

Fig. 7. Failure modes of specimens after compression tests.  

Fig. 8. The compressive stress–strain curves (average compressive modulus =
6.873 GPa). 

Table 2 
Compression test results.  

Specimen Compressive 
modulus (GPa) 

Ultimate 
load (kN) 

Ultimate 
stress (MPa) 

Ultimate 
strain (με) 

A1  6.551  292.7  117.1 38,718 
A2  7.058  251.2  100.5 30,576 
A3  6.848  269.1  107.6 27,314 
A4  6.722  268.5  107.4 36,916 
A5  7.185  296.2  118.4 26,743 
Average  6.873  275.5  110.2 32,053  
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3.2.2. Planar and curved anchorage relaxation test results 
The relaxation behavior of planar and curved anchorages is pre

sented in Fig. 10, where the colors of the curves represent different 

specimens and the symbols represent different bolts. The thick lines 
depict the average values of all bolt data for the corresponding spec
imen. Due to damage to load cells during bolt tightening, no data were 
recorded for bolts No. 6, No. 8, and No. 10 of P-1. In addition, the P-3 
and P-10 tests were performed simultaneously with the C-3 and C-10 
tests, respectively, resulting in data collection for only 5 bolts in each 
specimen. 

The specimens with CFRP plates exhibited lower initial preloads 
compared to those without CFRP plates. This phenomenon can be 
attributed to the stronger elastic interaction between the CFRP plates 
and the bolts. The relaxation curves of each specimen showed that the 
bolt with the highest preload relaxation was the last bolt to be tightened. 
This can be explained by the fact that t = 0 was defined as the moment 
when the last bolt was tightened, and the relaxation of the bolts that 
were tightened earlier was not considered in the analysis. A more 
detailed investigation of the relaxation during the tightening process is 
presented in Section 4.1. 

Table 3 presents the average relaxation results of the planar and 
curved anchorage tests. As the number of CFRP plates increased, more 
relaxation occurred in the specimens, which was caused by more creep 
in the thickness direction of the CFRP plates. When comparing the 

Fig. 9. Preload and relaxation vs. time curves for single-bolt tests.  

Fig. 10. Preload and relaxation vs. time curves for (a) planar and (b) curved anchorage relaxation tests, with the numbers on the sensor installation diagram 
indicating the bolts on which the sensors were installed). 
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relaxation of planar and curved anchorages, note that the relaxations of 
specimens without CFRP plates (P-0 and C-0) were relatively similar. 
However, with the same number of CFRP plates, the relaxation of the 
curved anchorage was larger than that of the planar anchorage. 

3.2.3. External load effects 
In engineering applications, CFRP cables are constantly subjected to 

external loads, making it crucial to investigate the relaxation of bolt 
preload under such loading conditions. Fig. 11 shows the relaxation 
results of anchorages under an external load of 29 kN applied to the 
CFRP cable at the 336th hour. The preload of the bolts changed slightly 
at the moment when the external load was applied. The average 1000- 
hour relaxation of P-1-E (7.37 %) was significantly higher than that of 
P-1 (4.22 %). Conversely, the 1000-hour relaxation of C-1-E (6.40 %) 

was slightly lower than that of C-1 (6.92 %). This suggests that the 
external load had a greater impact on planar anchorages than on curved 
anchorages. 

Fig. 12 presents the changes in preload during the application of iron 
weights as the external load. The weights were gradually added to the 
steel basket of the testing machine from 100 to 350 s. The results showed 
that for P-1-E, the preload of bolts located close to the cable body (No. 7 
and No. 8) decreased, while the preload of bolts located away from the 
cable body (No. 1 and No. 4) increased. However, the preload of all bolts 
of C-1-E decreased. The introduction of the external load led to elon
gation in the longitudinal direction of the CFRP plate. According to 
Poisson’s theory, elongation in the longitudinal direction induces 
contraction of the CFRP plate in two perpendicular directions: width and 
thickness. As a result, the decrease in CFRP plate thickness caused a 

Table 3 
Average relaxation results of the planar and curved anchorage tests.  

Number of CFRP plates Planar anchorage  Curved anchorage 

1 h 150 h 1000 h 1500 h  1 h 150 h 1000 h 1500 h 

0  0.40 %  1.17 % – –   0.40 %  0.91 % – – 
1  0.92 %  3.18 % 4.22 % –   2.66 %  5.65 % 6.92 % – 
3  2.59 %  4.92 % 5.87 % 6.23 %   6.37 %  8.77 % 9.57 % 9.86 % 
10  2.76 %  6.02 % 7.53 % 8.15 %   7.55 %  10.49 % 11.84 % 12.48 %  

Fig. 11. Preload and relaxation vs. time curves of (a) planar and (b) curved anchorages under an external load with the numbers on the sensor installation diagram 
indicating the bolts on which the sensors were installed. 

G. Ding et al.                                                                                                                                                                                                                                    



Composite Structures 329 (2024) 117780

8

decrease in the length of the bolts, which consequently led to bolt pre
load relaxation. The increase in preloads of some bolts in P-1-E could be 
attributed to the elastic interaction between the bolts. 

3.2.4. Thickened anchorage test results 
Fig. 13 shows the relaxation results of the thickened anchorages at 

high and low preload levels. The initial preload of the high preload level 
specimen (T-1-H) was between 64.90 and 101.53 kN, while the low 
preload level specimen (T-1-L) was between 36.83 and 49.68 kN, as 
shown in the blue and red curves in Fig. 13, respectively. The relaxation 
of the high preload level specimen was greater than that of the low 
preload level specimen. The maximum relaxations after 1500 h occurred 
in T-1-H and T-1-L were 7.04 % and 2.59 %, respectively. 

The relaxation of No. 2 bolts in both specimens gradually decreased 
after the initial rapid relaxation due to the steel block in the middle 
serving as a fulcrum. For the bolt preloads on both sides to balance, the 

sum of the preloads of bolts No. 1 and No. 3 should be approximately 
equal to the sum of the preloads of bolts No. 2 and No. 4. Bolt No. 4 was 
the last tightened bolt, resulting in a relatively large relaxation and rapid 
preload decrease. Therefore, the preload of the No. 2 bolt increased to 
maintain balance. 

Additionally, bolt preload slightly fluctuated with humidity changes. 
This indicated that an increase in humidity slightly increased preload 
and decreased relaxation. This phenomenon may be caused by the vol
ume changes (shrinkage and expansion) of the CFRP plates due to 
moisture diffusion. Such behavior was also observed by Caccese et al. 
[32], and further experimental studies are required to examine the effect 
of environmental factors such as temperature and humidity on bolt 
preload relaxation. 

4. Discussion 

4.1. Tightening process 

When a set of bolts is tightened on a joint, each bolt elongates to a 
certain length, causing the joint to compress. The tension of previously 
tightened bolts usually decreases when other bolts are subsequently 
tightened, a behavior known as elastic interaction or bolt crosstalk [40]. 
Elastic interaction was also observed in the tests, as demonstrated by the 
change in bolt preload during the tightening process in the C-0 and C-1 
tests in Fig. 14. The bolt tightening process was divided into two stages: 
initial and final tightening, both of which began with the No. 1 bolt and 
progressed to the No. 10 bolt. 

The presence of the CFRP plate in the middle of the anchorage 
significantly influences the elastic interaction between the bolts during 
the tightening process. For an anchorage without any CFRP plate, the 
close fit between the two steel plates resulted in no notable elastic 
interaction, as observed in the C-0 test. However, when a CFRP plate was 
present, it acted as a lever fulcrum during the initial tightening stage. 
Specifically, when the No. 2 bolt was tightened, the preload on the No. 1 
bolt increased by approximately 20 kN, while when the No. 3 bolt was 
tightened, the preload on the No. 1 bolt decreased. This observation 
indicates that the tightening of a bolt increases the preload on the 
opposite bolt while decreasing the preload on the adjacent bolt during 
the initial tightening progress. However, during the final tightening 
process, all the bolts were under tension, and therefore, bolt tightening 
would decrease the preload on the surrounding bolts. For instance, when 
the No. 2 bolt was tightened, the preload on the No. 1 bolt decreased, 
unlike in the initial tightening stage where it increased. To minimize the 
influence of elastic interaction on the relaxation calculation, the initial 
preload of all bolts was defined as the preload when the No. 10 bolt was 
tightened to the maximum preload. 

Fig. 12. Preload and relaxation changes over time during the application of an external load.  

Fig. 13. Preload, relaxation, environmental changes (temperature and hu
midity) vs. time curves of thickened anchorage tests. 
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4.2. Contact pressure distribution 

To assess the potential impact of the contact pressure distribution on 
the relaxation properties, the contact pressure distributions of the P-1 
and C-1 specimens were measured using pressure paper with a 
measuring range of 50–120 MPa, as shown in Fig. 15. In the P-1 spec
imen, the pressure on the CFRP plate was mostly distributed along both 
sides of the longitudinal direction, while the pressure in the middle was 
negligible. Similarly, in the C-1 specimen, the pressure on the CFRP plate 
was also distributed along both sides; however, there were some pres
sure regions along the width at the highest and lowest points of the 
curved surface, which was attributed to fiber microbuckling on the 
compression surface, as shown in Fig. 15c. 

To obtain a more comprehensive understanding of the contact 
pressure distribution of the CFRP plate, finite element analysis was 
conducted, as the measuring range of the pressure paper was limited, 

and it only provided information on the maximum pressure distribution. 
The bolt head and nut were simplified to two cylinders with a diameter 
of 30 mm, while the bolt shank was represented as a cylinder with a 
diameter of 20 mm to enable finite element modeling. A three- 
dimensional finite element model of planar anchorage and thickened 
anchorage was established using C3D8R elements of ABAQUS, as shown 
in Fig. 16. The steel plate and bolt were treated as isotropic materials 
with an elastic modulus of 206 GPa, while the CFRP plate was modeled 
as an anisotropic material with a longitudinal elastic modulus of 180 
GPa and a transverse elastic modulus of 6.873 GPa. The X-axis, Y-axis, 
and Z-axis represent the longitudinal, transverse, and normal directions 
of the CFRP plate, respectively. The contact between the bolt, steel plate, 
and CFRP plate was defined as “hard contact” in normal behavior and 
“penalty” with a friction coefficient of 0.2 in tangential behavior. 

The distribution of normal stress in the Z-direction (S33) of the CFRP 
plate is presented in Fig. 17a. The pressure distribution region of the 

Fig. 14. Change in bolt preload during the tightening process: (a) C-0: Curved anchorage without CFRP plates; (b) C-1: Curved anchorage with a CFRP plate.  

Fig. 15. Contact pressure distribution measured with pressure paper: (a) Specimen P-1; (b) Specimen C-1; (c) Microbuckling in CFRP plate of specimen C-1.  
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Fig. 16. Finite element models.  

Fig. 17. S33 stress distribution of planar anchorage (unit: MPa).  

Fig. 18. Contact pressure distributions of (a) planar anchorage and (b) thickened anchorage.  
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CFRP plate in the finite element model was in good agreement with the 
result obtained from the pressure paper. The cross-sectional S33 stress 
distribution is shown in Fig. 17b. As the CFRP plate was positioned 
between the two steel plates, the bolts were not under tension 
throughout the section but under tension on the inner side and 
compression on the outer side. This distribution may affect the bolt 
preload relaxation properties. 

The pressure distributions of the planar anchorage and the thickened 
anchorage are shown in Fig. 18. For the planar anchorage, there was no 
pressure distribution in the middle of the CFRP plate, with the pressure 
mainly distributed on both sides. The pressure around the bolt was 
found to be very large, reaching up to 592 MPa. On the other hand, the 
pressure distribution of the thickened anchorage was relatively uniform, 
with the pressure in the central area of the CFRP plate being larger than 
that in the four corners. The pressure ranged between 21 and 86 MPa. 

Fig. 19 shows the pressure diffusion mechanism of the planar 
anchorage and thickened anchorage. The preload of the bolt diffused in 
a conical shape [41]; therefore, the range of pressure diffusion was 
related to the thickness of the steel plate. As the steel plate of the planar 
anchorage was relatively thin, the pressure could not spread to the 
middle of the CFRP plate. For the thickened anchorage, the thickened 
steel plate could make the pressure distribution region larger, and the 
corner-cut block allowed the preload to diffuse from the middle 
[36–38]. As a result, the pressure distribution of the thickened 
anchorage was more even. 

4.3. Relaxation prediction 

To predict the relaxation development of bolt preload over a longer 
time, theoretical models have been introduced to fit the bolt preload 
relaxation behavior. Shivakumar and Crews [28] developed an expres
sion that considered material characteristics and ambient temperature 
and humidity as follows: 

Pt

P0
=

1
1 + F1

αn
TH

tn
(5)  

where F1 is the viscoelastic constant, n is an exponential constant related 
to the material, and αn

TH is a hygrothermal shift factor that varies with 
temperature and humidity. When the temperature and humidity 
changes are not considered, the expression can be simplified to [32]: 

Pt

P0
=

1
1 + K1tn (6)  

where K1 is the viscoelastic constant. 
Another way to describe the preload relaxation process is by using a 

simple power law [32]. The expression is as follows: 

Pt

P0
=

1
(1 + t)α (7)  

where α is a constant that depends on various factors, such as material 
properties, temperature, humidity, and thickness. Pelletier et al. [42] 
used a 2-parameter power law expression to calculate the relationship 
between bolt preload loss and time for bolted hybrid connections. The 2- 
parameter power law expression is given as follows: 

Pt

P0
=

β
(1 + t)α (8)  

where α and β are constants depending on the constituent material, 
geometry, and test conditions. Compared to the simple power law, the 2- 
parameter power law typically results in a better curve fit due to the 
addition of an extra parameter. However, unless β is equal to 1, the 2- 
parameter power law does not yield an initial preload at t = 0. The 
value of β was generally smaller than 1, which may be due to the pri
mary creep response at the beginning of the test causing a continuous 
change in load value [32]. 

According to JSCE-534 [39], the relaxation curve can be fitted by a 
logarithmic function curve in the following form: 

Pt

P0
= a − blnt (9) 

However, since the domain of the independent variable of the log
arithmic model does not include t = 0, the logarithmic model can be 

Fig. 19. Pressure diffusion diagrams in (a) planar anchorage and (b) thickened anchorage.  

Fig. 20. Curve fitting results (P-10 No. 10 bolt as an example).  
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modified as follows: 

Pt

P0
= a − bln(t+ c) (10) 

The above five models were used to fit the preload relaxation curve 
of each bolt. The curve fitting results of the P-10 No. 10 bolt are shown in 
Fig. 20 as an example. Except for the single power law model, all other 
models produced highly satisfactory fitting results. Therefore, these four 
models were chosen for fitting and prediction purposes. 

The predicted million-hour relaxation results (approximately 114 
years) are shown in Fig. 21. The columns represent the average pre
dicted value of four models for a specimen, and the error bars indicate 
the maximum and minimum predicted values. The 2-parameter power 
law, logarithmic, and modified logarithmic models had similar pre
dicted values, while the Shivakumar-Crews model had a higher pre
dicted relaxation than the other models. The average predicted 
relaxation of specimens without CFRP plates (P-0 and C-0) was less than 
5 %, and the presence of CFRP plates significantly increased the relax
ation of the bolts. Generally, planar anchorages exhibited smaller 
million-hour relaxation compared to curved anchorages, possibly due to 
pressure distribution differences. The maximum million-hour relaxation 
of planar anchorages was 25.25 %, while for curved anchorages, it was 
26.68 %. The average million-hour relaxations of specimens under 
external load (P-1-E and C-1-E) were higher than those of specimens 
without external load (P-1 and C-1). Moreover, there was a more sig
nificant effect of external load on planar anchorages. 

The presence of CFRP plates had a significant effect on the relaxation 
of the bolt preload. As shown in Fig. 22, a linear relationship was 
observed between the bolt preload relaxation and the number of CFRP 
plates (total thickness of CFRP). The bolt preload relaxation of curved 
anchorages was approximately 3 % higher than that of planar anchor
ages. To better understand the results of the million-hour relaxation of 
C-10, the million-hour relaxation of C-0, P-10, and C-10 were compared 
using a modified logarithmic model. The majority of total relaxation 
(89.10 %) was attributed to the viscoelastic behavior of the polymer 
matrix in the CFRP, while the remaining 10.90 % was due to other 
relaxation mechanisms, such as plasticity and/or slip of bolt threads 
[31]. The increase in relaxation due to the curvature of the CFRP plates 
accounted for 18.75 %. 

5. Conclusions 

This study conducted a comprehensive investigation to examine the 
long-term bolt preload relaxation behavior of clamping anchorages for 
multilayer CFRP plates. Through compression tests, an average 
compressive modulus of 6.873 GPa is obtained for CFRP plates. Four 
types of relaxation tests (single-bolt, planar and curved anchorage, 
external load effect, and thickened anchorage) were carried out to 
investigate the effects of the number of CFRP plates, anchorage type, 
external load, and initial preload on bolt preload relaxation. The main 
findings from this paper are as follows:  

• The viscoelasticity of CFRP plates plays a significant role in 
increasing bolt preload relaxation, where the thickness of CFRP is the 
primary factor influencing relaxation behavior. Moreover, bolt pre
load relaxation is positively correlated with the thickness of the 
CFRP. In addition, the relaxation of curved anchorages is greater 
than that of planar anchorages due to differences in the contact 
pressure distributions.  

• In the long term, the external load further increases bolt preload 
relaxation, which is more significant for planar anchorages than for 
curved anchorages. This is due to the Poisson effect, and the CFRP 
plate contracts in the thickness direction under external loads, 
resulting in an instantaneous decrease in the bolt preload. 

Fig. 21. Million-hour predicted relaxation results (error bars indicate maximum and minimum values).  

Fig. 22. Bolt preload relaxation vs. number of CFRP plates.  
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• Regarding thickened anchorages, a positive correlation between the 
initial preload and the relaxation of the bolt preload is observed - the 
greater the initial preload, the more significant the relaxation of the 
bolt preload. Additionally, the contact pressure distribution for 
thickened anchorages is more uniform than that for planar and 
curved anchorages.  

• While curved anchorages show less sensitivity to external loads, they 
exhibit non-uniform contact pressure. Conversely, thickened an
chorages have relatively uniform contact pressure. However, their 
planar contact surface with the CFRP plate renders them more prone 
to bolt preload relaxation under external loads. Thus, to exploit the 
complementary advantages of these two anchorages, the steel block 
could be adapted to a curved surface based on the thickened 
anchorage design.  

• Tightening processes also have a significant effect on bolt preload 
relaxation because a strong elastic interaction caused by the presence 
of CFRP plates leads to a relatively large loss of preload. Therefore, 
multiple tightening processes are recommended to mitigate this 
effect.  

• Predictions based on theoretical models show that the maximum 
million-hour relaxation of the curved anchorage with ten CFRP 
plates could reach up to 26.68 %, underscoring the importance of 
considering bolt preload relaxation in anchorage design. 

Overall, this study highlights the significant impact of the visco
elastic behavior of CFRP plates on bolt preload relaxation in clamping 
anchorages. The results presented in this study will provide valuable 
information for designing and optimizing clamping anchorages for 
multilayer CFRP plates in practical engineering applications. Note that 
contact pressure distribution, temperature, and humidity could affect 
the relaxation behavior of the bolt preload, but limited by the available 
test data in this study, further experimental investigations on these po
tential influence factors are recommended. 
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