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ABSTRACT
In this paper, grouting compactness and load forms are taken as control conditions, and the 
bending behaviour of 8 PCBs (prestressed concrete beams) with metal bellows of different 
grouting compactness is experimentally examined. The strain and deflection of the prestressed 
beams are measured, and the failure process and failure modes are investigated under the 
action of different load forms. The rebar strain, bending bearing capacity and bending stiffness 
of the PCBs are explored, and a comparative analysis is conducted. The results show that the 
average strain is linearly distributed along the beam height for all PCBs. The load versus span 
deflection curve and rebar strain curve of the specimens show that the grouting compactness 
has little effect on the early stage of beam cracking, but the effect becomes increasingly 
obvious after the beam cracks. Under different load forms, when the grouting compactness 
of the PCB increases, the crack distribution becomes more concentrated, the spacing narrows, 
and the ductility decreases. The load-bearing capacity of the PCB with 100% grouting com-
pactness can be improved by more than 30% compared with that of the prestressed beam with 
0% grouting compactness of the metal bellows.
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1. Introduction

With the continuous development of bridge technol-
ogy, prestressed concrete technology has been signifi-
cantly improved. Because of unparalleled advantages, 
such as a light structure, strong spanning capacity, and 
delayed concrete cracking, prestress technology has 
been widely used in civil engineering (Du 1997; Zhao 
2012). Prestressed concrete bridges have been con-
structed in China since the 1950s. Due to the experi-
ence amassed, China has constructed many 
prestressed concrete bridges with large spans. At the 
end of the twentieth century, China successfully built 
the Humen bridge, with a main span of 270 m, which 
indicates that China uses the most advanced pre-
stressed concrete bridge technology worldwide (Ji 
and Fu 2010). However, with the massive construction 
of prestressed concrete bridges, problems gradually 
arise. In the actual production of prestressed beams, 
defects in the grouting quality of prestressed bellows 
are caused by human and technical factors. The pre-
sence of these voids weakens the bond strength 
between the prestressed reinforcement and the con-
crete; therefore, the prestressed tendon cannot be pro-
tected and is easily corroded, which will decrease the 
bearing capacity of the bridge and directly affect the 
safety of the structure within its service life.

Woodward studied 12 existing and 2 newly built 
bridges and found a lack of complete grouting in 
bridges in both age groups. Thus, sufficient pressure 
and continuity must be maintained to ensure full 
grouting of the pore canal (Woodward 1981). Based 
on the pore canal grouting of multiple existing bridges 
and a grouting test, Li and Yuan (Li and Yan 2010) 
made 5 posttensioned PCBs, and 4 beams were sub-
jected to salt-accelerated corrosion for a period of 
13 months (corrosion rate of 0.94 ~ 2.87%). Then, 
the 5 beams were subjected to a static load test at the 
one-third point. The flexural performance degrada-
tion characteristics due to corrosion of the prestressed 
steel strand in the concrete beams were studied. Oh 
and Kim (Oh and Kim 2004) studied the shear beha-
viour of posttensioned PCBs using experimental 
methods and found that the concept of average strain 
and principal strain could be used for a more accurate 
shear analysis in the study of posttensioned PCBs. Yao 
et al. (Yao, Jia, and Yu 2013) studied the influence laws 
of the shear span ratio, stirrup ratio, concrete strength 
and prestress degree on the failure mode and shear 
ductility via a shear behaviour test of 15 posttensioned 
prestressed ultrahigh-strength concrete beams with 
unbonded tendons. According to practical engineer-
ing projects, Jia and Meng (Jia and Meng 2015) experi-
mentally studied the bending performance of the 
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prestressed superstrength concrete beam and analysed 
the effect of the depth and area of the prestressed 
tendon on the bending performance of the beam. 
They showed that the crack load, yield load, peak 
load and stiffness of the total test beams could be 
improved by reducing the depth of the prestressed 
tendon or increasing its area. In addition, the bending 
ductility of the beam could be improved by increasing 
the depth of the prestressed tendon or reducing its 
area. Meng et al. (Meng, Jia, and Wang 2013) per-
formed mechanical tests on 4 PCBs with cohesive 
tendons and ultrahigh-strength concrete beams 
under vertical static loads and discussed the flexural 
performance of PCBs of superhigh strength. After 
analysing the experimental data of the stress process, 
failure shape, maximum crack width and midspan 
deflection, they showed that the flexural-failure- 
mode of the flexural-mode beams and the PCBs were 
basically identical when the crack width and deflection 
calculation formulas were revised based on the 
standards.

Because microcracks and micropores are inevitable 
in the fabrication of concrete materials, Xiong et al. 
(Xiong, Yu, and Zhang 2010) defined the negative 
damage variable based on the expression of the elastic 
modulus of concrete. The negative damage variable 
was introduced into the damage constitutive equation, 
and the mechanical behaviour of externally PCBs was 
analysed using the finite element method considering 
additional damage mechanics. Then, the change law of 
the elastic modulus of the PCB with the prestress was 
obtained. Zhou and Zhang (Zhou and Zhang 2015) 
conducted on-site static load tests of a bridge with the 
existing large-span concrete bridge load test method 
and established a three-dimensional finite element 
model of the bridge using ABAQUS to analyse the 
static load of the bridge via numerical simulation. 
Zhou et al. (Zhou, Pan, and Zhang 2013) performed 
a repeated low-cycle loading test on 9 posttensioned 
PCBs and 1 reinforced concrete beam. Then, they 
analysed the seismic performance, including the hys-
teretic performance, skeleton curve, displacement 
ductility, stiffness degradation and energy dissipation 
property, of the posttensioned prestressed beams. Cao 
et al. (Cao et al. 2014) conducted two static tests of 
posttensioning PCBs and a fatigue test in two stages to 
analyse the nonlinear dynamic characteristics of the 
beam damage level, and they found that the nonlinear 
dynamic characteristics could be used to detect the 
damage of PCBs. Limongelli et al. (JGJ55-2011 2011) 
studied the deterioration of the early warning signal of 
a PCB subjected to static and dynamic tests based on 
test data. By analysing the data from an accelerometer 
and a displacement sensor, they introduced the first 
modal frequency during damage under different test 
procedures and dynamic characteristics. Then, they 
determined the change in bending stiffness by 

monitoring during the dynamic testing and static test-
ing processes. Minh et al. (Minh, Mutsuyoshi, and 
Niitani 2007) carried out a series of accelerated corro-
sion tests on prestressed concrete beams with metal 
sheaths under different grouting conditions by means 
of the electric accelerated corrosion method and tested 
the flexural behaviour of each prestressed concrete 
beam after corrosion. The relationship between the 
corrosion of the prestressed tendons and the bearing 
capacity of the beams was studied. The results showed 
that the corrosion of the sheaths and prestressed ten-
dons decreased the bearing capacity of the prestressed 
concrete beams significantly, and the corrosion rate of 
the corrugated pipes and prestressed tendons was 
accelerated due to the insufficient grouting in the 
channel.

In summary, current studies mainly focus on 
researching new materials, new equipment and new 
technology, and the effect of the grouting compactness 
on a prestressed beam is not being considered. 
Therefore, in this paper, the effect of the grouting 
compactness on the structural safety and application 
of detection technology are the research topic. The 
cross-sectional strain, deflection, failure process and 
failure mode are analysed by experimentally studying 
the bending resistance of metal-bellow PCBs with 
different grouting compactness levels. The changes in 
the bearing capacity, ductility and flexural rigidity of 
the beams under different grouting compactness levels 
are discussed. The results provide a theoretical basis 
for the design and construction of posttensioned pre-
stressed concrete structures.

2. Test technique

2.1. Specimen design and production

Posttensioned PCBs were made, and 4 metal-bellow 
PCBs with identical size and different grouting compact-
ness levels were designed and manufactured; the para-
meters are shown in Table 1. The cross-sectional 
dimensions were 150 mm × 250 mm, and the span was 
1800 mm. A vibrating rod was used to compact the 
moulding of 35 MPa self-mixing concrete in the prefab-
ricated timber formwork; the concrete was then cured 
for 28 days. The longitudinal tensile main bar was a hot- 
rolled round steel bar with a diameter of 10 mm and 
a yield strength of 335 MPa. According to the structure 
requirements, the upper part of the beam included 2 hot- 
rolled round steel bars with a diameter of 10 mm and 
a yield strength of 335 MPa. The stirrup used a hot-rolled 
round steel bar with a diameter of 6 mm, a spacing of 
100 mm, and a yield strength of 300 MPa. The pre-
stressed steel wire with a diameter of 6 mm (1 × 7–6) 
and a tensile strength of 1270 MPa was used in a linear 
layout; the spacing from the prestressed steel wire to the 
bottom of the beam was 50 mm, and the concrete cover 
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was 20 mm thick. Figure 1 shows the specimen sizes and 
reinforcement diagram. Figure 2 shows a photograph of 
a test beam.

In Table 1, PPR is the degree of prestressing. It is 
defined by the strength of the prestressed and com-
mon tendons in the component and represents the 
tension ratio that the prestressed tendon and common 
tendon bars bear in the ultimate state. 

PPR ¼
Apfyp

Apfyp þ Asfy 

where PPR is the degree of prestressing, Ap is the 
sectional area of the prestressed tendon,fypis the yield 
strength of the prestressed steel bar, As is the sectional 
area of the non-prestressed bar, andfy is the yield 
strength of the common tendons.

2.2. Material properties

(1) Wire: the prestressed steel wire had a nominal 
diameter of 6 mm (1 × 7–6), a nominal area of 

22 mm2, a tensile strength of 1270 MPa, an elastic 
modulus of 2.05 × 105 MPa, and a tensile control stress 
of 889 MPa.

(2) Cement: ordinary Portland cement P.O42.5; the 
cement performance is shown in Table 2.

(3) Sand: sand in mud, containing less than 3% 
sand; the sieving curve of the sand is shown in 
Figure 3.

(4) Stone: 5–20 continuous graded gravel, contain-
ing less than 1% mud; the aggregate screening curve is 
shown in Figure 4.

(1) Reinforcement performance

The longitudinal steel bar used a hot-rolled ribbed 
steel bar with a diameter of 10 mm and a yield strength 
of 335 MPa; the stirrup used a hot-rolled round steel 
bar with a diameter of 6 mm, a spacing of 100 mm, and 
a yield strength of 300 MPa. To obtain the yield 
strength, ultimate strength, and extensibility of the 
steel bars, two steel bars with different specifications 
were reserved from the same batch. The elasticity 

Table 1. Numbers and parameters of the specimens.
Serial number Specimen number Width/mm Height/mm Compactness PPR Loading forms

1 PCB1-1 150 250 Full grouting porosity 0.34 Symmetrical loading loading
2 PCB1-2 150 250 2/3 grouting porosity 0.34 Symmetrical loading
3 PCB1-3 150 250 1/3 grouting porosity 0.34 Symmetrical loading
4 PCB1-4 150 250 Without grouting porosity 0.34 Symmetrical loading
5 PCB2-1 150 250 Full grouting porosity 0.34 Concentrated loading
6 PCB2-2 150 250 2/3 grouting porosity 0.34 Concentrated loading
7 PCB2-3 150 250 1/3 grouting porosity 0.34 Concentrated loading
8 PCB2-4 150 250 Without grouting porosity 0.34 Concentrated loading

*The prestressed concrete beams with 1/3 grouting (PCB1-2, PCB2-2) and 2/3grouting (PCB1-3, PCB2-3) can form 1/3 and 2/3 of the cross sections by using 
the self-weight of the grouting body to achieve the effect that the grouting is not full.

40mm reserved channel

25
0

2Φ10

2Φ10

Φ6@100

150

Exhaust ductGrout hole

Anchorage 2100 Steel strand

Metal bellow

46

7575

Figure 1. Dimensions and reinforcement diagram of the test beams.
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modulus was obtained according to the code for the 
design of concrete structures of China. The material 
properties of the steel bars are shown in Table 3.

(6) Strength of concrete
The PCBs used poured C35 concrete, and all speci-

mens were cast in the same period. Simultaneously, 6 
cubic specimens (150 mm × 150 mm × 150 mm) of 
concrete were reserved to measure their compressive 
strength. The specimens were made using a plastic 
mould; the outdoor and test specimens were simulta-
neously cured for 28 days to ensure that the concrete 
properties could be tested. According to the relation-
ship between the elastic modulus and the compressive 
strength obtained by the China Construction Science 
Research Institute after many experimental measure-
ments and statistical analysis, the elastic modulus can 
be expressed as 

E ¼
105

2:2þ 34:7
fcu;k 

Figure 3. The sieving curve of the sand.

Figure 4. The aggregate screening curve.

Figure 2. Photo of test beams.

Table 2. Cement property.

Cement fineness 
/(m2/kg)

Time of setting 
/min

Compression 
strength 

/MPa

Rupture 
strength 

/MPa

Initial set Final set 3d 28d 3d 28d

350 173 238 27.3 51.6 6.0 7.4
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The measured mechanical properties are shown in 
Table 4. By substituting the compressive strength 
fcu;k ¼ 37:7MPa of the cubic specimens obtained 
from the experiment into the equation, we have 
obtained that the elastic modulus of con-
crete: E ¼ 3:21� 104 MPa.

2.3. Concrete mix ratio

In this paper, the concrete mix ratio was designed 
according to the Common concrete mix design 
(Limongelli, Siegert, and Merliot et al. 2016); the mix-
ture ratio is shown in Table 5.

2.4. Bellow parameters

At present, as prestressed concrete structures are used 
more and more widely in buildings, post-tensioned 
prestressed concrete structures are also used more 
and more. Bellows are mainly used to form holes in 
components of post-tensioned prestressed concrete 
structures. The usage is to form a reserved hole in 
the concrete so that prestressed steel pipes can pass 
through. It is widely used in projects such as high-rise 
buildings and bridges. Due to its good sealing perfor-
mance and no water seepage, it can prevent the pollu-
tion of harmful substances penetrating through 
pipelines and ensure the durability of the structure. 
The bellows of the posttensioned prestressed concrete 
test beams are made of metal (Mu 2017), and the 
parameters of these materials are shown in Table 6.

2.5. Grouting compactness control

According to this standard, the duct grouting com-
pactness of prestressed concrete beams is divided into 

four situations, namely, full grouting porosity, 2/3 
grouting porosity, 1/3 grouting porosity, without 
grouting porosity. The control of duct grouting com-
pactness of post-tensioned concrete beams is realised 
through controlling the volume of mortar pressed into 
duct. For prestressed concrete beams with grouting 
compactness of 1/3 (PCB1-2, PCB2-2) and 2/3 
(PCB1-3, PCB2-3), the 1/3 and 2/3 of the section are 
formed by the self-weight of the pressed mortar to 
achieve the effect of grouting compactness. After 
grouting is completed, ultrasonic non-destructive test-
ing is carried out on 8 test beams (full grouting por-
osity, 2/3 grouting porosity, 1/3 grouting porosity, 
without grouting porosity) to detect whether the com-
pactness of duct grouting is accurate and ensure the 
smooth progress of subsequent tests.

2.6. Loading device and layout of the measuring 
points

A portal-type vertical loading device was used in the 
test; this device used loading equipment such as 
a distributing beam and a jack, which are shown in 
Figure 5. In the test, a positive loading was used with 
two loading modes: symmetrical loading and concen-
trated loading with manual grading loading (imple-
mentation of hierarchical loading by manually 
controlled loader). The calculated load value was 50 
kN, and each load stage was 10% of the load value. To 
obtain more accurately measure the crack load values 
of the structure, the calculated cracking load reached 
90%, and each stage of the loading proceeded accord-
ing to the load value of 5%.

When the specimen was cracked, loading continued at 
10% of the predicted ultimate load before the non- 
prestressed steel bars yielded. At the yield load, the load-
ing style was adjusted to displacement control. To 
prevent the sudden fracture of the test beam, which 

Table 3. Mechanical property of the rebar.

Reinforcement category
Diameter 

/mm
Steel area 

/mm2
Yield strength 

/MPa
Ultimate strength 

/MPa
Extensibility 

/%
Modulus of elasticity 

/×105 MPa

Common reinforcement 10 78.1 352.5 474.9 18.3 2.10
Stirrup 6 27.9 314.7 434.2 21.6 2.10

Table 5. Concrete mixture ratio.

Water cement ratio W/C
Sand coarse aggregate ratio 

/%
Water 

/(kg/m3)
Cement 
/(kg/m3)

Sand 
/(kg/m3)

Cobblestone 
/(kg/m3)

0.41 39 168 409 713 1115

Table 4. Compressive strength of the concrete.
Specimen 
number

Concrete 
strength/MPa

Mean inten-
sity/MPa

Modulus of elasticity/ 
×104 MPa

C1-1 37.5 37.7 3.21
C1-2 36.8
C1-3 39.1
C1-4 37.4
C1-5 37.0
C1-6 38.3

Table 6. Bellows material parameters.

Bellows 
material

Diameter/ 
mm

Wall thick-
ness/mm

Yield 
strength/ 

MPa
Modulus elasti-

city/MPa

Metal 40 0.3 235 2.05 × 105

Plastics 40 3 40 2 × 105
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would damage the measuring instrument, the increment 
of displacement per stage was set to 2 mm until the 
specimen could not continue to bear the damage. The 
loads were measured using load sensors (Wang 2013).

Each load stage was applied for 10 min. Then, the 
test phenomena were recorded; the crack width was 
measured, and the crack development was observed.

Figure 6 shows the layout of the measuring points. 
On each side of the prestressed beam, at the section of 
the middle span, the section of the 1/4 span and the 
section of the 1/8 span, with 3 concrete strain plates 
were arranged along the beam height to test the dis-
tribution of the cross-sectional strain in the concrete 
along the beam height. A WY-50 displacement sensor 
was used to test the beam deflection; the measuring 
range was 50 mm, and the sensitivity was 200 με/mm. 

The sensors were installed at the 1/2 section, 1/4 sec-
tion, and 1/8 section of the test beam to test the beam 
deflection. The load sensor of the hydraulic pump and 
jack loading system for obtaining the distribution of 
the vertical load on the beam was directly installed 
under the jack (20 t). The load strain, displacement 
load, etc. were collected through the DH3816 acquisi-
tion system.

2.7. The loading system

Preloading is required before a test beam is loaded. 
The preloading is generally carried out 2–3 times, 
proceeded by 3 stages. The preloading value is usually 
10% of the estimated ultimate load value and less than 
70% of the estimated cracking load value.

Figure 5. Test setup.

` 1500                     600 1500                     600 600

displacement
meter

dial gauge

load sensor
P

Figure 6. Layout of the measuring points/mm.
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The loading of prestressed concrete beam in this 
study was a grading loading, and the load added to 
each stage is 10% of the estimated ultimate load. 
Because the experiment was designed to study the 
crack resistance of the prestressed concrete beams, in 
order to obtain the measured value of the cracking 
load of the prestressed concrete beam more accurately, 
when the loading reached 90% of the estimated crack-
ing load value, the additional loading of each stage was 
5% of the estimated cracking load value. After the test 
beam cracked, the loading value of each stage contin-
ued to increase by 10% of the estimated ultimate load 
value before the non-prestressed bar yielded. After the 
yield load was reached, the loading system was 
adjusted to displacement control loading. To prevent 
sudden breakage of the test beam, which damages the 
measuring instrument, the displacement increment 
was controlled to 2 mm until beam failure could not 
continue. After the loading of each stage was applied 
and held for approximately 10 min, the failure mode 
and crack development of the test beam were 
observed, and the relevant records were obtained.

3. Test results

3.1. Failure process and destruction forms

The PCBs of different grouting compactness levels 
under different load forms should be preloaded to 
check the instruments and data acquisition system 
and ensure proper operation before loading begins. At 
the beginning of loading, when the applied load was 
small, the deflection and concrete strain were small. In 
the early stage of loading, the deflection and concrete 
strain increased with the load, and the trend of variation 
was linear and monotonic. When the load increased to 
the cracking load, the first vertical crack appeared in the 
middle of the lower edge of each test beam, and the 
prestressed beam began to crack (fracture stage). With 
increasing load, the crack width of the pure bending 
section component increased, and the crack gradually 
extended upward; moreover, new, small cracks were 
observed. Gradually, the reinforced concrete tensile 
part of the beam failed, the neutral axis constantly 
moved, and diagonal cracks appeared at the loading 
point immediately below the vertical cracks between 
the loading points. With increasing load, the impacts 
of the loading points extended; both deflection and 
crack width clearly increased at an increasing rate, the 
increase in strain of the steel bar increased and 
destroyed the bonds in the concrete near the crack, 
and the fractures widened and extended upward. 
When the load continued to increase, the stress of the 
bar remained unchanged, whereas the strain increased 
until the prestressed beams of the pure bending section 
crushed near the upper loading point of the concrete. At 
this stage, a crisp crackling sound was heard, the beam 

bearing capacity sharply decreased, and the load was 
stopped. The fracture development in each beam after 
failure is shown in Figure 7.

According to the experimental observation and 
analysis, under the action of symmetrical loading and 
concentrated loading, the failure of a test beam is 
caused by the crushing of the concrete in the compres-
sion zone after tensile yielding. At an identical grout-
ing compactness, the bearing capacity of the beam 
under symmetrical loading is higher than that of the 
prestressed beam under concentrated loading, which 
shows that the effect of the concentrated loading is 
more detrimental to the prestressed beam than the 
effect of the symmetrical loading. The bearing capacity 
of the prestressed beam increases with the grouting 
compactness, the fracture distribution increases with 
the grouting compactness, and the fracture spacing 
narrows. This phenomenon may be because the pre-
stressed tendons and surrounding concrete are 
between the tight gripping force of the PCBs without 
grouting porosity, making the middle of the pre-
stressed tendons more fully exhibit a tensile effect. 
Thus, the bearing capacity of the prestressed beam 
with low compactness distributes evenly along the 
entire prestressed tendon. The entire prestressed ten-
don can be controlled by the strain; the strain is 
relatively uniform, but the plastic hinge area may be 
more stable and able to bear the load.

3.2. Test results

Under symmetrical loading and concentrated loading, 
the measured cracking load, cracking deflection, ulti-
mate load and maximum deflection of each test beam 
are shown in Table 8.

Table 7 shows that the posttensioned PCB crack 
deflection, crack load, ultimate load and maximum 
deflection increase with the grouting compactness. 
The main reason for this behaviour is that when the 
PCB has 100% grouting compactness under a load, the 
entire beam should be prestrained, and the surround-
ing concrete tendons should be consistent. Therefore, 
there is a strong bond between the prestressed rein-
forcement and the surrounding concrete, enabling the 
full cross section of the prestressed reinforcement to 
engage. The bearing capacity of the PCB beam is more 
than 30% higher than that of the prestressed beam 
with 0% grouting compactness, which highlights the 
importance of the grouting quality on the load-bearing 
capacity of the prestressed structure.

4. Comparison and analysis of results

4.1. Strain analysis of concrete

According to the test results for the concrete beams 
under strain, the curves along the height of the 8 test 
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Figure 7. Failure patterns of the specimens.
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beam at each load level can be obtained, as shown in 
Figure 8. Thus, the effects of different load grades on 
the change in cross-sectional strain along the beam 
height can be analysed.

As shown in Figure 8, under the action of symme-
trical loading and concentrated loading, the cross- 
sectional strain distribution along the height of the 
PCB with metal bellows and different grouting com-
pactness values is approximately linear. Thus, the 
beam can satisfy the plane section assumption and is 
not affected by the grouting compactness or load 
forms. From the concrete strain curve of the mid- 
span section of the concrete beam, it can be seen that 
before the prestressed concrete beam cracks, each 
beam is in a linear elastic working state, and the ratio 
between the height of the compression zone of the 
mid-span section to the effective height of the section 
is approximately between 0.4 and 0.5. With the 
increasing load, when the non-prestressed tendons 
begin to yield, the ratio between the height of the 
compression zone of the mid-span section to the 
effective height of the section changes in the range of 
approximately between 0.3 and 0.4; when the concrete 
at the upper edge of the beam is crushed and cracked, 
the ratio between the height of the compression zone 
of the mid-span section to the effective height of the 
section changes in the range of approximately between 
0.2 and 0.3. However, after cracking of the beam, the 
height of the compression zone of the beam increases 
with the increase of grouting compactness under the 
action of approximately similar load level. Which 
indicates that when other conditions are the same, 
the duct grouting compactness has little effect on the 
height of the section compression zone before crack-
ing of prestressed concrete beams, but it has more 
obvious effect on the height of the section compres-
sion zone after cracking of prestressed concrete beams. 

It can be seen that improving the duct grouting com-
pactness can make full use of the characteristics of 
strong compressive capacity of concrete and improve 
the bending bearing capacity of beams.

4.2. Strain analysis of steel bars

To study the change rule of the strain of tension 
reinforcement in prestressed beams with metal bel-
lows under different grouting porosities, gauges were 
attached to the longitudinal reinforcement bars in the 
midspan of the prestressed beam to measure the strain 
of the reinforcement. The load-rebar strain curves of 
the prestressed beams with metal bellows at different 
grouting compactness levels were compared, as shown 
in Figure 9.

As shown in Figure 9, under identical load forms and 
load grades, at the maximum tensile strain of the long-
itudinal steel bar, a lower grouting compactness corre-
sponds to a greater tensile strain of the reinforced 
concrete beam. Under different load forms, the strain 
difference was not obvious for prestressed beams with 
different grouting compactness levels before concrete 
cracking. But the strain difference of prestressed beams 
with different grouting compactness became increas-
ingly obvious after cracking, because of the higher 
grouting compactness, the bond strength between the 
prestressed reinforcement and the surrounding con-
crete of the PCB was strong, the resistance force caused 
by the deformation was strong during early cracking, 
the strain of the non-prestressed tendon was relatively 
small, the bond strength between the tendon and the 
concrete decreased when the beam cracked, and the 
strain of the non-prestressed tendon more rapidly 
increased. When the beam cracked, the bond strength 
between the prestressed tendon and the surrounding 
concrete rapidly decreased for the prestressed beam 

Table 7. Grading standard for duct grouting compactness.
Evaluation 
grade Description of grouting state

Grade A Duct grouting is full, or there are small honeycomb bubbles on the upper part of corrugated pipe, which are not in contact with 
prestressed tendons.

Grade B There is a gap in the upper part of the corrugated pipe, which is not in contact with the prestressed reinforcement.
Grade C There is a gap in the upper part of the corrugated pipe, which is in contact with the prestressed reinforcement.
Grade D There is no mortar on the upper part of corrugated pipe, which is in contact with prestressed reinforcement and is seriously short of 

mortar. Grade D can be divided into grades D1, D2 and D3.

Table 8. Test results of the beams.

Specimen number Grouting compactness
Cracking load 

Pcr/kN
Ultimate load 

Pu/kN fcr/mm fu/mm pcr/pu

PCB1-1 Full grouting porosity 31.6 79.1 1.61 20.38 0.40
PCB1-2 2/3 grouting porosity 36.8 86.8 1.92 22.03 0.42
PCB1-3 1/3 grouting porosity 42.5 93.2 2.15 24.46 0.46
PCB1-4 Without grouting porosity 45.3 103.7 2.35 27.20 0.44
PCB2-1 Full grouting porosity 23.4 54.6 1.45 21.46 0.43
PCB2-2 2/3 grouting porosity 26.7 61.3 1.5 23.39 0.44
PCB2-3 1/3 grouting porosity 31.2 70.1 1.96 24.32 0.45
PCB2-4 Without grouting porosity 35.5 73.7 2.43 27.49 0.48
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Figure 8. Strain at the midspan sections of the beam.
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with full grouting porosity, and the strain of the non- 
prestressed tendon increased more rapidly than that of 
the prestressed beam with lower grouting compactness.

4.3. Load-deflection curve and bearing capacity

According to the measured span displacements of the 
metal-bellow PCBs, the load versus deflection curves 
of the metal-bellow PCBs with different grouting com-
pactness levels under different load forms were 
obtained through displacement correction, as shown 
in Figure 10. The effects of the grouting compactness 
and load forms on the deflection of the PCBs were 
compared and analysed.

As shown in Figure 10, the beam load-deflection 
curve can be roughly divided into three sections: 1) 
For the load value of 40–48% pu (pu is the ultimate 

load), before the beam entered the elastic stage, the 
PCB versus deflection curves for different grouting 
compactness values had basically identical trends. 
Specifically, the slopes of the curve exhibited little 
difference; for small deformation, the deflection dif-
ference was not obvious and linearly changed with 
increasing load. 2) When the load increased, the con-
crete began to crack, and the test beam deflection 
growth rate significantly increased compared to that 
before cracking initiated. 3) The curve became 
increasingly flat. The graph shows that the grouting 
compactness test beams had different deflection 
growth rates during loading; when the load gradually 
increased, a lower grouting porosity corresponded to 
a greater slope of the curve and a lower growth rate. 
When reaching the same load stage (such as critical 
state of cracking and ultimate bearing state), 

Figure 9. Tension bar load versus strain curves of the beams.

Figure 10. Load versus deflection curves of the beams.
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considering the measurement error of individual data, 
the midspan deflection of the low-grouting-porosity 
beam was smaller than those of other prestressed 
beams with higher grouting compactness levels. For 
prestressed concrete beams with different loading 
methods, when the grouting compactness is the 
same, the deflection of printed circuit board under 
concentrated load is smaller than that under symme-
trical load under the same load level.

4.4. Ductility analysis

The monotonic loading form was used in this paper. 
Under different loading forms, the load-displacement 
curve can replace the skeleton curve for analysis of the 
displacement ductility of prestressed beams with 
grouting compactness (Wang and Han 2008). 
Because scholars at home and abroad have different 
views on the ductility of the components, the defini-
tions of ductility vary. The commonly accepted defini-
tions of ductility are described by using the following 
data: the hysteretic curve, energy dissipation capacity, 
rotation capability of plastic hinge, displacement duc-
tility coefficient of the structure or component, section 
curvature, ductility coefficient, etc. However, for static 
analysis, the ductility index includes the curvature 
ductility and displacement ductility coefficient. 
Therefore, in this paper, the displacement ductility 
coefficient was used to define the ductility of pre-
stressed beams with grouting compactness; the displa-
cement ductility coefficient is the ratio of the yield 
displacement and ultimate displacement of the com-
ponent (Zhang, Zhang, and Yang 2017). The initial 
yield displacement Δy was taken as the deflection 
when the steel bar in the tensile region yielded. The 
specific value was determined by the measured load- 
deflection curves and strain value of the steel bar. The 

limit displacement Δu was taken as the displacement 
that corresponded to the ultimate load when the bear-
ing capacity decreased to 85%. The displacement duc-
tility coefficient μ can be calculated as follows: 

μ ¼
Δu
Δy 

Table 9 shows the displacement ductility coeffi-
cients of the PCBs with metal bellows at different 
grouting compactness levels.

Table 9 and Figure 11 show that under the action of 
the two loading forms, all the ductility coefficients of 
the PCBs with different grouting compactness levels 
are approximately 3.0; the ductility is good. The duc-
tility coefficient of the metal-bellow PCB decreases 
with the increase in grouting compactness, i.e., the 
prestressed concrete structures with low grouting 
compactness have better ductility than the prestressed 
concrete structures with higher grouting compactness. 
For a PCB with higher grouting compactness, the 
prestressed reinforcement and bond of the tendon to 
the surrounding concrete cross section with high 
stress produce more concentrated cracks in the 
beam. When the load increases, the crack stress gra-
dually increases, making the midspan prestressed rein-
forcement more likely to yield, and the yield occurs 
soon after the limit state is reached. However, for 

Table 9. Ductility coefficients of displacement.

Specimen number Grouting compactness
Δy/ 
mm

Δu/ 
mm μ

PCB1-1 Full grouting porosity 8.89 28.33 3.19
PCB1-2 2/3 grouting porosity 10.02 28.69 2.86
PCB1-3 1/3 grouting porosity 11.34 30.96 2.73
PCB1-4 Without grouting porosity 12.70 33.21 2.61
PCB2-1 Full grouting porosity 7.16 26.49 3.70
PCB2-2 2/3 grouting porosity 8.30 28.39 3.42
PCB2-3 1/3 grouting porosity 9.12 29.28 3.21
PCB2-4 Without grouting porosity 10.98 34.70 3.16

Figure 11. Comparison of the ductility coefficients.
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a prestressed beam with lower grouting compactness, 
the prestressed tendon distribution along the span of 
the beam is more uniform. There is no stress concen-
tration in the span of the beam, the prestressed tendon 
does not easily yield, and the ductility is relatively 
high.

The displacement ductility coefficient in the mid-
span of the PCB with metal bellows under the action of 
a concentrated loading is 17.4% lower than that of the 
PCB with metal bellows under the symmetrical load-
ing of two points.

4.5. Stiffness analysis

Focusing on the concentrated loading and symmetri-
cal loading to analyse the effect of the grouting com-
pactness of metal bellows on the short-term stiffness of 
a prestressed beam, we consider two prestressed 
beams with different grouting compactness levels. 

These beams undergo identical load levels before and 
after cracking to determine the effect of the grouting 
compactness on the beam deflection curve, as shown 
in Figures 10 and 11.

As shown in Figures 12 and 13, the grouting com-
pactness is one of the factors that affect the short-term 
stiffness of a prestressed beam. Under an identical load 
form, a lower grouting compactness corresponds to 
a larger deflection of the beam and a lower short-term 
stiffness. Before cracking, the effect of grouting com-
pactness on the stiffness of the beam is relatively small, 
and the curve is slowly changing. After cracking, the 
curve becomes steeper with a decrease in grouting 
compactness, and the effect of the grouting compact-
ness on the stiffness is more obvious. Thus, in an 
actual bridge, a high grouting compactness results in 
a higher safety factor after use. When the grouting 
compactness is low, the stiffness will rapidly weaken, 
and the security reserve will be low.
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Figure 12. Deflection curve before and after cracking of the prestressed beams under symmetrical loading.

Figure 13. Deflection curve before and after cracking of prestressed beams under concentrated loading.
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5. Conclusions

(1) The bearing capacity of a PCB with metal bellows 
and 0% grouting compactness can be improved by 
more than 30% compared with those of pre-
stressed beams with metal corrugated bellows 
and 100% grouting compactness. The bearing 
capacity of a beam under a symmetrical loading 
is greater than that under a concentrated loading, 
which can be increased by 30–45%, indicating that 
a sudden concentrated loading should be avoided 
in existing prestressed structures.

(2) For lower grouting compactness, because of the 
force between the tendons and the surrounding 
concrete, the stress of the prestressed tendon is 
greater at the midspan section, the cracks are 
more concentrated, and the spacing is smaller. 
For a prestressed beam with higher grouting com-
pactness, the tendon stress along the cross beam 
distribution is more uniform, the beam span is not 
under high stress, and the prestressed reinforce-
ment does not easily yield. Thus, the ductility of 
the prestressed concrete structure with low grout-
ing compactness is superior to the prestressed 
concrete structure with high grouting compact-
ness. Specifically, the ductility increases with 
decreasing grouting compactness.

(3) When the load is within a certain range, the 
plane section assumption remains applicable to 
the flexural performance of PCBs with grouting 
compactness. The bar strain-deflection curve of 
prestressed beams with metal corrugated bel-
lows can be roughly divided into three sections. 
When the load value is 40–48% pu (pu is the 
ultimate load), the beam is in the elastic stage. 
In addition, the grouting compactness has little 
effect, as the overall trends of the curves for 
beams with different grouting compactness 
levels are basically identical, and the effect of 
the concrete cracking is obvious.

(4) With the increase in grouting compactness, the 
short-term stiffness increases; the effect of the 
grouting compactness is not obvious before con-
crete cracking. However, the effect of the grouting 
compactness on the prestressed beam stiffness in 
PCBs mainly occurs after cracking. Therefore, in 
an actual bridge, a higher grouting compactness 
corresponds to a higher safety factor for the later 
stages of the beam; at a lower grouting porosity, 
the stiffness weakens more rapidly in the later 
stage, and the safety factor is lower. 
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