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A review of the studies on concrete structures prestressed with

external fiber reinforced polymer (FRP) tendons
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Abstract: The studies on concrete structures prestressed with external FRP tendons are reviewed in the aspects of
FRP tendon, key technology and structural component, in this review. Firstly, the tensile properties and long-term
behaviors of FRP tendon are introduced. The design-oriented values of creep-rupture stress, relaxation rate and the
limits of maximum fatigue stress and fatigue stress range are provided. Secondly, the advantages and deficiencies of
three main types of anchor for FRP tendon, and the methods of reducing the stress concentration on FRP tendon at
anchor are elaborated. The newly-developed composite-wedge anchor is emphasized, which possesses an anchor
efficiency coefficient exceeding 90%. Meanwhile, the deviation radius is recommended to be larger than 200 times
of the radius the cross-section of FRP tendons, and the deviation angle of FRP tendons should not exceed 5°, based
on the experimental results on the mechanical properties of deviated FRP tendons. Thirdly, the experimental res-
ults of concrete beams prestressed with external FRP tendons are reviewed, including monotonic loading, sus-
tained loading and cyclic loading. The design methodologies in the codes at home and overseas are introduced. The
accuracies of the calculating methods in the codes are evaluated using the experimental data of forty-two beams,

and the methods in the Chinese code GB 50608 —2020 are validated to be accurate in the design calculation for con-
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crete structures prestressed with external FRP tendons. This paper is expected to actively promote the populariza-

tion and application of concrete structures prestressed with external FRP tendons.
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Fig.1 Schematic diagram for a concrete structure prestressed with

external fiber-reinforced polymer (FRP) tendons
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Table 1 Tensile properties of FRP tendons, high-strength steel bar and steel strand

Type of Density/ Tensile Elastic Elongation/ Longitudinal thermal
tendon (g/cm®) strength/MPa modulus/GPa % expansivity/(107°/°C)
CFRP tendon 1.5 1 500~2 500 120~160 0.5~1.7 -2~0

BFRP tendon 2.0 800~1 800 50~60 1.6~3.0 6~8

AFRP tendon 1.4 1 000~2 000 40~120 1.9~4.4 —6~-2

High-strength steel bar 7.85 490~700 200 >10 11.7

Steel strand 7.85 1 400~1 860 180~200 >4 11.7
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Table 2 Values of creep rupture stress of FRP tendons

Reference CFRP AFRP BFRP
Yamaguchi 0.93f, 0.47f, /
Ando!"! 0.79f, 0.66f, /
Tokyo Rope!"! 0.85f, / /

Shi et al.!"? / / 0.54f,
Banibayat™! / / 0.15f,
ACI 440.1 R-15"" 0.55f, 0.3f,

ACI 440.4R-04 0.70f, 0.55f, /

fuis the tensile strength of FRP tendon.
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Table 3 Recommended values of the creep
rupture stress of FRP tendons

Type of tendon CFRP AFRP BFRP

Creep rupture stress 0.70f, 0.55f, 0.54f,
Juis the tensile strength of FRP tendon.
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Table4 Predictive values of the one-million-hour
relaxation rates of FRP tendons at a 0.5f, initial level

Type of tendon CFRP AFRP BFRP
10~13% 6.7%

Relaxation rate 3.0%
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Table 5 Values of the fatigue strength of FRP tendons (with
the corresponding stress range in the brackets)

References CFRP AFRP BFRP
Saadatmanesh®?¥ 0.9f, (0.05f,)  0.5f, (0.025f,) /
Adimi et al.*” 0.35f, (0.21£) / /
El Refai®?! 0.5f,(0.1f)  / 0.39f, (0.04f,)
0.64f, (0.09f,)
Song et al.”” 0.53f, (0.19£) / /
0.37f, (0.28f,)
Xie et al.® 0.5f, (0.09f) / /
Zhuge et al.™"! 0.42f, (0.04f,) / /
Zhang and Ou®?  0.5f, (0.25f,) / /
Odagirietal.”™™ 0.54f, (0.05f,) /
Wang et al.” / / 0.6f, (0.05£,)
Atutis et al.!! / / 0.65f, (0.07f,)

fuis the tensile strength of FRP tendon.
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Table 6 Advantages and deficiencies of the main types of anchor for FRP tendons

Type of anchor Advantages Deficiencies
No radial stress, hence inducing no decrease in Inconvenient grouting; prestress loss due to long-term
Bond type . . - 1s
strength of tendon creep deformation of the bonding material in anchor
Friction tvpe Radial stress is beneficial for the long-term Inconvenient eroutin
vp behavior of anchor & &
Wedge type Convenient assembly Notch effect on FRP tendon
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Fig.9 Long-term deformation and prestress loss of

RC beam prestressed with external tendon
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Table 7 Tension control stress o, of FRP tendons

Type of FRP CFRP AFRP BFRP
Upper limit 0.65 f,, 0.55 f, 0.50 f,
Lower limit 0.50 f,, 0.35 f, 0.35 f,

fuis the tensile strength of FRP tendon.
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Table 9 Database of the studies on the flexural behaviors of
concrete beams prestressed with external FRP tendons

References Number of specimen  Type of tendon
Shi® 3 BFRP
Ghallab and Beeby™ 12 AFRP
Wang et al."! 3 BFRP
Duetal.”" 4 CFRP
El-Refai et al.”™ 3 CFRP
Bennitz et al.*” 6 CFRP
Jung et al.*! 2 CFRP
Au etal.®™ 3 AFRP
Tan et al.’™ 2 CFRP

F 10 {RSMERL S FRP AR EE + P H 4 BE R ST S IR BE
Table 10 Database of the studies on the long-term
behaviors of concrete beams prestressed with

external FRP tendons
References Number of specimen Type of tendon
Shil® 3 BFRP
Cao and Fang™ 1 CERP
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Table 11 Ratios of experimental value to theoretical value of
the stress increment Ao, of external prestressing FRP
tendons at ultimate state
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Table 13 Ratios of experimental value to theoretical value of
the crack width of concrete beams prestressed
with external FRP tendons

Codes ACI440.4R BS8110 fib GB 50608 Codes ACI 440.4R fib GB 50608
Average value 1.39 2.14 1.58 1.01 Average value 0.94 1.03 0.92
Variance 0.58 0.89 0.45 0.20 Variance 0.53 0.59 0.65
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Table 12 Ratios of experimental value to theoretical value of
the flexural capacity of concrete beams prestressed with
external FRP tendons

Codes ACI 440.4R BS 8110 fib GB 50608
Average value 1.09 1.47 1.10 1.05
Variance 0.15 0.22 0.13 0.07
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Table 14 Ratios of experimental value to theoretical value of
the deflection of concrete beams prestressed with external

FRP tendons
Codes ACI 440.4R fib GB 50608
Average value 0.94 0.95 0.92
Variance 0.34 0.38 0.25
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Table 15 Ratios of experimental value to theoretical value

calculated using AEMM of the long-term deflection (camber)
of concrete beams prestressed with external FRP tendons

Duration of 50 100 150 300 500 1000

loading/day

Average value of Shi® 092 1.04 112 / / /
Variance of Shi” 033 024 046 / / /
Cao and Fang!*® 1.08 1.12 095 094 115 1.13

F16 W FRP R L R KPABTM AMKLKERE
AEMM I+ EMEREZ
Table 16 Ratios of experimental value to theoretical value
calculated using AEMM of the prestress loss of concrete
beams prestressed with external FRP tendons

Duration of loading/day 50 100 150
Average value of Shi®! 1.05 0.94 1.08
Variance of Shi 0.23 0.41 0.33
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