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Abstract: As a common method, external prestressing widely informs rehabilitation in existing structures. This paper presents the total prebending moment calculation of 
external prestressing with different tendon profiles. Meanwhile, the external prestressing loss and original internal prestressing loss are considered in the calculation in both 
the theoretical method and the finite element method. Then, we discuss the reinforcement efficiency of different tendons profiles and provide the reinforcement distribution 
ratio. The results show that the theoretical method is similar to the finite element method, and it can quickly evaluate the reinforcement effect by using different tendon profiles 
in engineering. By comparing the reinforcement efficiency under different external tendon profiles, the reinforcement scheme is determined according to the local damage 
and the overall damage of the beam, which effectively decreases the cost of reinforcement. 
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1 INTRODUCTION 

With the growth in bridge service time, the damages 
caused by heavier traffic loads, progressive structural aging, 
and corrosion of steel reinforcement have become an 
increasingly prominent issue. To improve the service 
property of bridges, many types of reinforcement and 
maintenance methods have been proposed [1-3]. External 
prestressing as a common method widely used in 
rehabilitation of existing structures [4-8], where 
prestressing tendons are placed outside of a concrete 
section, is an attractive technique in new construction and 
the strengthening of existing structures due to its ability to 
actively control stresses and deflections, speed of 
replacement, and ease of inspection under service 
conditions. 

Until now, studies on the external prestressed structure 
and reinforcement technology include many aspects. For 
example, ref. [9] studied the effect of several factors on the 
increase in ultimate stress in external Parafil ropes and 
external steel tendons. Ref. [10] presented a brief overview 
of bonded anchorage applications and discussed three 
methods of mechanical anchorage: spike, wedge and 
clamping. Ref. [11] verified the correctness and precision 
of the calculation theories in connection with prestressing 
loss by examining various losses due to friction resistance, 
anchor deformation, concrete elastic compression, time-
dependent variations. Ref. [12] presented the test results on 
12 two-span continuous T-beams, which were strengthened 
using different external tendon types and profiles and 
subjected to third-point loadings. Refs. [13-18] examined 
the overall behavior of FRP-reinforced and strengthened 
concrete members. Ref. [19] simulated the flexural 
behaviors of RC (reinforced concrete) beam strengthened 
by prestressed HFRP sheets. Early research focused on the 
ultimate bearing capacity of the external prestressed 
structure, calculation of the ultimate stress increase of the 
external tendons, secondary reactions due to the 
prestressing effect, prestressing loss of the external tendons, 
design of the anchor blocks and steering blocks, etc. 
However, studies on the external prestressed reinforcement 
technology of the PC continuous beam bridge were rare 
and mostly based on external prestressed new-built 

structure. Later, some studies were conducted on the local 
structure in the external prestressed reinforcement, and 
most of the research objects were concrete turning blocks 
and anchor blocks. The main research method was 
analyzing the stress state and stress distribution form of the 
local structure by establishing finite element models. 
Although there is a preliminary discussion for the external 
prestressed reinforcement design of a PC continuous beam 
bridge, more theoretical calculation methods must be 
performed. 

This paper considers the prestressing loss of internal 
and external tendons, and presents the mechanical 
calculation formulas of the total prebending moment of 
external prestressing tendons with different profiles. 
Finally, we compare the reinforcement efficiency under 
different external tendon profiles to determine a reasonable 
reinforcement scheme. 

2 TOTAL PRE-MOMENT CALCULATION METHODS WITH 
DIFFERENT TENDON PROFILES 

The total premoment calculation methods of the 
statically indeterminate structures are mainly divided into 
the force method, equivalent load method, bending 
moment area method, constrained secondary bending 
moment method and fixed end bending moment method. 
The force method is used to solve the total premoment of 
three-equal-span PC continuous beams with different 
forms of external cable reinforcement. 

To simplify the calculation, the total premoment 
calculation of the external cable-reinforced three-equal-
span PC continuous beams assumes that: 

(1) The section of the main girder is equal, and the
effects of axial deformation and shear deformation are 
omitted. The section bending stiffness is EI after the 
external prestressed reinforcement. 

(2) The positive bending moment refers to the bottom
of the section being pulled, while the negative bending 
moment indicates that the top of the section is pulled. 

(3) The effective prestressed value of the external
tendons after reinforcement is NP. 
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2.1 Straight-Line Reinforcement in the Positive-Bending-
Moment Area 

 
The straight-line reinforcement in the positive-

bending-moment area is a local reinforcement technology 
for damages at the mid-span of the PC continuous beam. 
The straight-line reinforcement method can effectively 
prevent the increase in the negative bending moment and 
unfavorable mechanical situation near the support when 
the long external prestressing tendons are used to 
strengthen the middle section. The straight-line external 
tendons in the positive-moment area are arranged as shown 
in Fig. 1a, and the total premoment of the three-equal-span 
PC continuous beam after reinforcement is shown in Fig. 
1b. 
 

 
Figure 1 Internal force analysis of straight-line reinforcement in positive bending 
moment area of three-equal-span PC continuous beam: (a) Straight-line tendons 

in positive bending moment area; (b) Moment of external prestressed beam 
 

The total premoment of sections after the straight-line 
reinforcement in the positive-moment area is shown in Eq. 
(1): 
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The force equation is established as pδX + Δ = 0 ; 

then, the Diagrammatic Multiplication Method is used to 
solve each partial coefficient as follows: 
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Bringing Eq. (2), Eq. (3), Eq. (4), and Eq. (5) into the 

force equation; then, basic unknown force vectors as 
shown in Eq. (6) and Eq. (7) introduce force vectors back 
to Eq. (1) to obtain the total premoment value. 
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2.2 Straight-Line Reinforcement in the Negative-Bending-

Moment Area 
 

The straight-line reinforcement in the negative-
bending-moment area is a local reinforcement technology 
for damages near the supports of the PC continuous beam. 
Using the long external prestressing tendons to strengthen 
the supports may cause the increment in positive bending 
moment and unfavorable mechanical situation at the 
middle section. The negative-bending-moment area 
reinforcement can effectively prevent the moment of 
middle section from increasing. Fig. 2a and Fig. 2b indicate 
the straight-line external tendons in the negative-bending-
moment area, and the basic unknown force vectors are 
shown in Eq. (8) and Eq. (9). 
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Figure 2 Internal force analysis of straight-line reinforcement in negative 

bending moment area of three-equal-span PC continuous beam: (a) Straight-line 
tendons in negative bending moment area; (b) Moment of external prestressed 

beam 
 

 
Figure 3 Internal force analysis of straight-line reinforcement in positive and 
negative bending moment area of three-equal-span PC continuous beam:(a) 

Straight-line tendons in positive and negative bending moment area; (b) Moment 
of external prestressed beam 
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2.3 Straight-Line Reinforcement in the Positive and 
Negative-Bending-Moment Area 

 
Straight-line reinforcement in the positive and 

negative-bending-moment area is a reinforcement 
technique used for the damages of PC continuous beams. 
As shown in Fig. 3a and Fig. 3b, the straight line reinforced 
tendons are used in the positive and negative-bending-
moment areas, and the basic unknown force vectors are 
shown in Eq. (10) and Eq. (11). 
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2.4 Folding-Line Reinforcement in the Positive and 

Negative-Bending-Moment Area 
 

Fig. 4a and Fig. 4b show the positive and negative 
bending moments are reinforced by folding-line tendons, 
which are a more widely used profile in external 
prestressing reinforcement. The external tendons change 
the direction by steering blocks to realize the reinforcement 
in both positive and negative bending moments. The basic 
unknown force vectors are shown in Eq. (12) and Eq. (13). 
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Figure 4 Internal force analysis of folding line reinforcement in positive and 

negative bending moment area of three-equal-span PC continuous beam:(a) 
Folding -line tendons in positive and negative bending moment area; (b) 

Moment of external prestressed beam 

3 NUMERICAL SIMULATION FOR EXTERNAL 
PRESTRESSED BEAM 

 
The numerical model is a continuous cast in situ beam 

with constant-span prestressed concrete. The bridge span is 
3 × 35 m, and the width is 16 m. The full-bridge model is 
established using the finite element software Midas Civil. 
The external prestressing simulation is connected by 
coupling concrete and prestressing tendons. The shrinkage 
and creep changes of concrete are usually too small to be 
considered in old bridges that must be reinforced. The 
geometric model is shown in Fig. 5. 
 

 
Figure 5 Finite element model of prestressed concrete continuous beam bridge 
 

To analyze the effect of prestressing on the main beam, 
the loads in the model include the dead loads of each 
component and the prestressing load. (1) Dead loads: 
including the beam (26 kN/m3) and pavement layer (71.2 
kN/m). (2) Prestressing force: the tension of prestressing is 
1395 MPa. 

The material in the bridge follows the Chinese Code 
[20]. The concrete in the main beam and pier is C50 and 
C30 respectively, the prestressing tendons are 1860 steel 
strands with a cross section of 1960 mm2, and the ordinary 
steel bars are HRB400 and HPB300. Specific parameters 
of each material are shown in Tab. 1. 
 

Table 1 Materials property of cast-in-situ beam 

Property C50 C30 
Prestressed 

tendons 
HRB400 HPB300 

Elasticity modulus / 
MPa 

34500 30000 195000 205000 205000 

Unit weight / kN/m3 25 25 7850 7850 7850 
Poisson ratio 0.167 0.167 0.3 0.3 0.3 
Compression 
strength / MPa 

32.4 20.1 / / / 

Tensile strength / 
MPa 

2.65 2.01 / / / 

Yield strength / 
MPa 

/ / 1860 360 270 

 
4 VALIDATION OF THE THEORETICAL METHOD 
 

The internal prestressing loss of the original beam due 
to the addition of external prestressing is considered, and 
we calculate the primary moment and secondary moment 
under the prestressing loss of external prestressing. Then, 
the total premoment is determined by analyzing a 
strengthened PC continuous beam with different forms of 
external prestressing distribution. The terms are defined in 
this section as follows: the first moment after deducting the 
prestressing loss of the external tendons itself is the 
nominal prestress degree. The second moment after 
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deducting the prestressing loss of the external tendons and 
internal prestressing loss of the original structure is 
considered to be the true prestress degree. The ratio of real 
prestress degree to nominal prestress degree is the 
efficiency of reinforcement. 
 
4.1 Different Reinforcement Methods Result in Comparison 
 

(1) Straight-line reinforcement in the positive-
bending-moment area. 

The three-equal-span PC continuous beam bridge is 
reinforced by straight-line external tendons in the positive-
bending-moment area, and the mechanical properties of PC 
continuous beam bridge are analyzed by the theoretical 
analytical method and finite element simulation method. 
The changes in bending moment in the key section of the 
beam before and after the reinforcement by the two 
calculation methods are shown in Fig. 6. The moment 

value "+" indicates that the bottom edge of the section is in 
tension; "–" indicates that the top edge of the section is in 
tension; A is the middle of the side-span, B is the support 
position, and C is the middle of the mid-span. 

Thus, the bending moment variations of the beam 
before and after the reinforcement calculated by two 
calculation methods are close. Each part proportion of the 
external prestressing is relatively different. For the middle 
section of the side-span, the secondary moment, internal 
prestressing loss, and total premoment account for 32.69%, 
5.02%, 62.28% (reinforcement efficiency) of the primary 
moment, respectively. For the middle section of the mid-
span, the secondary moment, internal prestressing loss, and 
total premoment account for 64.85%, 2.23%, 32.92% 
(reinforcement efficiency) of the primary moment, 
respectively. 

 

 
Figure 6 Results comparsion of key cross sections: (a)A-A (b) B-B (c) C-C (d) Total pre-moment 

 
(2) Straight-line reinforcement in negative-bending-

moment area. 
The straight-line reinforcement in the negative-

bending-moment area is used to strengthen the three-equal-
span PC continuous beam bridge. Fig. 7 illustrates the 
bending moment change values of the key section of the 
beam before and after the reinforcement by comparing the 
results between theoretical analytical and finite element. 

The results show that the bending moment variations 
of the beam before and after the reinforcement calculated 
by two calculation methods are close. The secondary 
moment, internal prestressing loss, and total premoment 
account for 30.83%, 1.94%, and 67.23% (the 
reinforcement efficiency) of the primary moment in the 
support bearing section, respectively. 

(3) Straight-line reinforcement in positive and 

negative-bending-moment area. 
The results of the three-equal-span PC continuous 

beam bridge reinforced by straight-line reinforcement in 
the positive and negative-ending-moment areas are shown 
in Fig. 8. In the middle section of the side-span, the 
secondary moment, internal prestressing loss and total 
premoment account for 14.72%, 5.48% and 79.71% of the 
primary moment respectively, in the case of the finite 
element method. In the middle section of the mid-span, the 
secondary moment, internal prestressing loss and total 
premoment account for 29.25%, 3.22% and 67.62% of the 
primary moment. In the section of support, the secondary 
moment, internal prestressing loss and total premoment 
account for 25.33%, 5.89% and 119.44% of the primary 
moment. 
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Figure 7 Results of comparsion of key cross sections: (a)A-A (b) B-B (c) C-C (d) Total pre-moment 

Figure 8 Results of comparsion of key cross sections: (a)A-A (b) B-B (c) C-C (d) Total pre-moment 

(4) Folding-line reinforcement in positive and
negative-bending-moment area. 

Fig. 9 shows that the beam is reinforced by the folding 
line in the positive and negative-bending-moment area, and 
the theoretical value of the key section slightly differs from 
the finite element value. In the middle section of the side-
span, the secondary moment, internal prestressing loss and 
total premoment account for 11.38%, 5.61% and 83.01% 

of the primary moment respectively. In the middle section 
of the mid-span, the secondary moment, internal 
prestressing loss and total premoment account for 25.53%, 
3.72% and 70.05% of the primary moment in the case of 
the finite element method. In the section of bearing support, 
the secondary moment, internal prestressing loss and total 
premoment account for 19.00%, 5.83% and 113.17% of the 
primary moment respectively. 
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Figure 9 Results of comparsion of key cross sections: (a)A-A (b) B-B (c) C-C (d) Total pre-moment

4.2 Reinforcement Efficiency of Different Reinforcement 
Forms 

The reinforcement effectiveness in key sections of the 
beam with different reinforcement forms is shown in Tab. 
2. 

Tab. 2 shows that when the straight-line reinforcement 
is adopted in the positive-bending-moment area, the 
reinforcement efficiency is obtained in the middle section 
of the side-span (A-A) and the mid-span (C-C). In contrast, 
when the straight-line reinforcement is adopted in the 
negative-bending-moment area, the reinforcement 
efficiency is only obtained in the supports (B-B). Therefore, 
the external tendons can be arranged according to the 

damage condition. When the entire beam is seriously 
damaged, the external tendons can be arranged in the 
positive-moment area and negative-moment area. 
Comparing the forms of straight-line reinforcement and 
folding-line reinforcement, we observe that the 
reinforcement efficiency of the folding-line reinforcement 
is 3.3% and 3.13% higher than that of the straight line in 
the positive-bending-moment area. However, the 
reinforcement efficiency of the support section has 
decreased by 6.27%. Therefore, the positive-moment area 
and negative-moment area of the beam that must be 
reinforced is determined according to the serious situation. 

Table 2 Reinforcement efficiency of key sections of main beam under different reinforcement forms 

Section 
Position 

Reinforcement efficiency / % 
Straight-line reinforcement 
in positive bending moment 

area 

Straight-line reinforcement 
in negative bending moment 

area 

Straight-line reinforcement in 
positive and negative bending 

moment area 

Folding line reinforcement in positive 
and negative bending moment area 

A-A 62.28 0 79.71 83.01
B-B 0 67.23 119.44 113.17
C-C 32.92 0 67.62 70.75

Note: The reinforcement efficiency is the ratio of the true degree of prestressing to the nominal degree of prestressing. 

5 CONCLUSIONS 

This paper investigated the reinforcement efficiency of 
externally prestressed PC continuous beams through the 
calculation and analysis of four reinforcement forms 
(straight-line reinforcement in a positive-bending-moment 
area, straight-line reinforcement in a negative-bending-
moment area, straight-line reinforcement in a positive and 
negative-bending moment area, and folding-line 
reinforcement in positive and negative-bending-moment 
area). The mechanical calculation formulas of the total 

premoments of three-equal-span PC continuous beams 
with different external tendon profiles are provided. 

The primary bending moment, secondary bending 
moment, internal prestressing loss, total prebending 
moment and reinforcement efficiency of the prestressed 
concrete continuous beam are analyzed by comparing the 
theoretical method and finite element external prestressing 
simulation method. They have similar results. Thus, the 
reinforcement scheme according to the calculation 
formulas in this paper can effectively save the cost of 
reinforcement. 
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