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Heavy-haul railway bridges play an increasingly essential role in the transportation in China due to the increasing transport
volume. The performance deterioration of the scale models of a typical heavy-haul railway bridge under fatigue loading is
monitored in this work, based on a multisensor system including the fiber-reinforced polymer optical fiber Bragg grating and
electrical resistance strain gauges, linear variable displacement transducer, and accelerometer. Specifically, by monitoring/
observing on the failure mode, fatigue life, load-midspan deflection response, material strain development, and so forth, this
work develops an S-N model by comparing the relationship between fatigue life and rebar stress range with that between fatigue
life and load level and proposes a damage evolution model considering the coupling of the stiffness degradation and inelastic
deformation of specimens. It is found that the fatigue life of specimens is determined by the fatigue life of the rebar at the
bottom and it may be lower than 2.0 million cycles with a 30-ton axle weight when environmental factors are taken into
account. The predictions of the models agree well with experimental results. Therefore, this work furthers the understanding of
the fatigue performance deterioration of the bridges by using a multisensor system.

1. Introduction

It is required to observe on the performance deterioration of
heavy-haul railway bridges under fatigue loading due to the
increasing transport volume and train axle weight of trains
in China [1–3]. Specifically, the train axle weight is being
increased from 23 tons to 30 tons and the transport volume
is also being developed with the growing traffic requirement.
Further, it may result in the serious performance deteriora-
tion of the bridges, such that the designed prestressed beam
may be changed into a partially prestressed beam, the perfor-
mance may be degraded in a short time, consequently, the
fatigue life may be reduced obviously, and so forth.

As an essential method, the experimental investigations
in the literature are generally able to be concluded in the
following three aspects: the investigation on the fatigue per-
formance deterioration of the reinforced concrete (RC)
beams or strengthened RC beams [4–7], the investigation on
that of the partially prestressed concrete (PC) beams [8–14],
and the investigation on that of the heavy-haul railway

bridges [15–17]. For example, Zhang et al. [8] observed on
the partially PC beams with corroded rebars and found out
that the fatigue life of the beams decreases and the rate of
the stiffness degradation and the midspan deflection develop-
ment grows with the corrosion ratio increasing. Additionally,
the researchers conducted other investigations on the partially
PC beams and drew some conclusions such that [9–14] the
fatigue failure of the beams begins from the fatigue fracture
of the rebar at the bottom, which determines the fatigue life
of the beams and the maximummidspan deflection increased
by 10%~20% to failure than that in the initial case and so forth.
Furthermore, according to the investigation on the fatigue
performance deterioration of the heavy-haul railway bridges,
firstly, an S-N model [15] is developed considering the rebar
stress range—fatigue life relationship and stress ratio (the
ratio of initial stress range to stress range to failure)—and
fatigue life relationship, by observing the scale model of
bridges under fatigue loading. Secondly, Luo et al. [16] inves-
tigated on the variation of the midspan deflection, the stiff-
ness, and the material strain during the fatigue life and
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developed a simplified analysis method on the variation,
based on the scale model experiments; literature [15] devel-
oped a stiffness degradation model and a related damage
evolution model.

However, initially, the investigation results in literature
[4–14, 16] are generally not applicable to the performance
deterioration of the heavy-haul railway bridges (i.e., PC
beams), due to the different material/structural parameters
or fatigue loading. For example, literature [4–7] observed
on the performance deterioration of the RC beams but not
PC beams, literature [8–14] focused on that of PC beams
with rectangular sections [8–10, 12, 14] or different dimen-
sion T-type sections [11, 13] compared with the typical
heavy-haul railway bridges of T-type sections, and literature
[16] analyzed that of unbonded PC beams rather than the
bonded bridges. Additionally, for the S-N model in literature
[15], no explanations for the relationship between the stress
ratio and the fatigue life were given, which caused approxi-
mately 20% relative errors for the resulted predictions in
nearly half cases. Furthermore, the predictions of the perfor-
mance deterioration models in literature [15] are not accu-
rate enough (the relative error of 40% approximately of the
predictions is higher than 20%), and the damage evolution
[15] did not consider the coupling of the stiffness degradation
and the residual/inelastic deformation development, which
are two essential mechanical behaviors of the bridges.

Therefore, the aim of this work is to develop a comprehen-
sive and accurate S-N model by comparing the relationship
between the fatigue life and the rebar stress range with that
of the fatigue life and the load level and to propose a damage
evolution model considering the coupling of the stiffness
degradation and inelastic deformation, by monitoring/
observing on the failure mode, the fatigue life, the load-

midspan deflection response, the material strain develop-
ment, and so forth, using a multisensor system. Specifically,
the comparison will be conducted to analyze the influence
of the key factors on the fatigue life of the bridges. With this
methodology, the developed S-Nmodel is more considerable
than that in literature [15–17]. Additionally, the coupling of
the stiffness degradation and inelastic deformation will be
taken into account to better understand the performance
deterioration of the bridge and to characterize the fatigue
behaviors more accurately than that in literature [15–17].

This work monitors the performance deterioration of the
scale models of a typical heavy-haul railway bridge in China
under fatigue loading based on a multisensor system,
analyzes the results of the failure mode, the fatigue life, the
load-midspan deflection response, the material strain devel-
opment, and so forth, and further develops an S-N model
and a damage evolution model to better understand the
fatigue performance deterioration of the bridge.

2. Materials and Methods

2.1. Specimen Details. The specimen is designed based on
a typical heavy-haul railway bridge, the simply supported
PC beam with T-type section and 32m span, which
follows the design standard of 2059F [1–3, 15]. And it
satisfies the requirement of the mechanical similarity
between the specimen and the standard beam. Therefore,
12 specimens (the 1 : 6 scale models) are designed and made
considering the similarity, the manufacture scale accuracy,
and the experimental practicability (see details in Figure 1
and Table 1).

Additionally, the details of thematerials are as follows. The
mixture ratio of concrete is such that cement :water : sand :
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Figure 1: Details of specimens (unit : mm).

Table 1: Parameters of specimens.

Length l (mm) Span l0 (mm) Depth h (mm) Web width w (mm) fcm (MPa)
Prestressed steel strand (7φ5)

fpk (MPa) Bundle Strands per bundle

5500 5300 417 80 53.6 1860 1 2
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aggregate : admixture=380 : 155 : 720 : 1084 : 120 (unit : kg/m3).
The cement is Portland cement of P.II 42.5 R, the water is tap
water, the aggregates are crushed limestone with diameters of
approximately 5~20mm, the sands are middle grain sands,
the mineral admixtures are mineral powder of S95 and fly
ash, and the water-reducing agent is named as NoF-II with
admixture quantity of 5.15 kg/m3. The concrete strength is
in the range of 44.0–66.0MPa, and its mean value is
53.6MPa. The mechanical property of the reinforced steel
is tested following the Chinese standard [18] and listed
in Table 2.

Furthermore, the prestressed steel strands are tensioned
on both beam ends after a curing of 28 days, anchored at
the ends, and sealed with the cement grouting. To reduce
the influence of shrinkage and creep of concrete, all speci-
mens have been stored in the laboratory for more than
six months.

2.2. Experimental Setup. The four-point bending loading
method is applied in the experiment (Figure 2), with the

loading points calculated by the wheelbase of the train
[1–3]. Two specimens are employed to test the static ultra-
load Pu and make sure the specimens are designed as the
reinforced beams, and the other 10 specimens are used to
be investigated on the fatigue performance deterioration
(see Table 3).

The fatigue loads are calculated as follows. Initially, the
minimum load Pmin is estimated by the equivalent bending
moment of the scale model compared with the standard beam
under static load, considered an increasing 20% of the load
due to the replacement of the former lighter sleepers by new
heavier ones (Table 3). Furthermore, the maximum load Pmax
is estimated by the equivalent bending moment under both
static and live loads, that is, the basic maximum load is
Pmax = 62.2 kN with the load level L=Pmax/Pu = 0.35 in
Table 3. The other maximum loads are Pmax = 0.40Pu,
0.45Pu, 0.50Pu, 0.55Pu, and 0.60Pu, with load levels L=0.40,
0.45, 0.50, 0.55, and 0.60 in Table 3, taking into account a
higher quality of the specimens compared with the standard
beams on site.

Table 2: Mechanical property of reinforced steel.

Steel type
Nominal diameter

d (mm)
Yield strength

fy (MPa)
Strength
fu (MPa)

Elastic modulus
Es&p (GPa)

Q235 8 310.0 455.0 211.0

HRB335 10 405.0 575.0 203.0

Steel strand 1860 15.24 1795.0 1929.0 196.0

100 1002100 1100 2100

P

Figure 2: Experimental setup (unit : mm).

Table 3: Details of specimens and loading conditions.

Specimen
Loading (kN)

FRP-OFBG
Fatigue life (106)

Pmin Pmax ΔP Pu L= Pmax/Pu (−) Nf N0.2

Number 1 — — — 158.6 — Yes — —

Number 2 — — — 180.0 — No — —

Number 3 27.2 90.6 63.4 — 0.60 Yes 0.917 0.480

Number 4 27.2 82.7 55.5 — 0.55 Yes 1.405 0.951

Number 5 27.2 74.7 47.5 — 0.50 Yes 1.769 1.100

Number 6 27.2 66.8 39.6 — 0.45 Yes 2.162 1.252

Number 7 27.2 62.2 35.0 — 0.35 Yes 2.107 1.830

Number 8 27.2 85.4 58.2 — 0.50 No 2.690 2.077

Number 9 27.2 76.4 49.2 — 0.45 No 3.676 3.251

Number 10 27.2 62.2 35.0 — 0.35 No 4.646 3.256

Number 11 27.2 62.2 35.0 — 0.35 No 3.497 2.876

Number 12 27.2 62.2 35.0 — 0.35 No 2.954 2.751
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2.3. Multisensor System. The multisensor system consisted of
the strain sensors, the static and dynamic deflection/displace-
ment sensors, and the correspondingdata acquisition systems,
in order to monitor the performance deterioration of the
bridges under fatigue loading. The details of the system
are as follows.

Initially, the strains of the concrete, rebar, and prestressed
strand on the midspan were monitored by using the smart
fiber-reinforced polymer (FRP) and electrical resistance
strain gauges. The smart FRP is named as the FRP optical
fiber Bragg grating (FRP-OFBG, Table 3) and it was used as
a reinforcement and strain sensor with a resolution of 1 με
in this work. In detail, it is one of the new smart optical-
fiber-sensor-based structures combined with FRP (e.g.,
FRP-OFBG composite rebar, boards, tubes, and sheets), and
it is developed by the research groups of fiber sensors for
structural-health monitoring in Dalian University of Tech-
nology and Harbin Institute of Technology. The FRP-
OFBGs generally can act simultaneously as strain sensors
and reinforcing components and can detect slips and cracks
in RC structures. They are characterized by small dimen-
sions, good resolution and accuracy, excellent durability, a
wide range of operating temperature, and good signal
transmission over long distances. For the purpose of strain
monitoring, the force transferred from the host material to
the grating region of the fiber core causes the length of the
grating region to change and the refractive index of the core
section to vary accordingly. When the light is illuminated
from the broadband source via the coupler, part of this light
is reflected back to the coupler and the reflected wavelength is
detected by the optical spectrum analyzer. The strain varia-
tion in the grating region is then simply determined by
measuring the change in the reflected wavelength from the
FRP-OFBG sensor. These sensors have been shown to pos-
sess a linear relationship between the strain and the reflected
wavelength shift, provided that the elastic deformation limit
of the fiber is not exceeded.

Additionally, the linear variable displacement transducer
(LVDT) and the accelerometer of type 891-II were used to
monitor the static and dynamic deflections, respectively, on
the midspan, the points on 1/4 span from the supports, and
two supports. The resolution of the accelerometer is
1 × 10−7mm, the measurement range is 0–70mm, and the
effective frequency range is 1–100Hz.

Therefore, the multisensor system used in the test is char-
acterized by good resolution and accuracy and excellent
durability for monitoring the performance deterioration of
heavy-haul railway bridges under fatigue loading. By using
this system, it is able to monitor the performance deteriora-
tion in the aspect of both structural response and material
degradation and further to better understand the mechanism
of the deterioration.

3. Experimental Results

3.1. Static Experimental Results. The static experiments were
conducted after the standard for test method of concrete
structures (GB50152-92) [19]. The experimental results ver-
ified that the designed beams were reinforced beams with a

typical bending failure mode. Additionally, the static ultra-
load Pu of the specimen numbers 1 and 2 is listed in
Table 3. Since the FRP-OFBG in specimen number 1 has a
lower mechanical property than that of the steel strands in
specimen number 2, the specimen number 1 obtains a lower
scalar of Pu. Therefore, the load level of the specimens in
the fatigue experiments is calculated by the static ultraloads
with/without FRP-OFBG (Table 3).

3.2. Fatigue Experimental Results

3.2.1. Failure Mode. All specimens under fatigue loading
obtained the same failure mode such that the failure of the
rebars at the bottom started the specimen failure. Further-
more, the dominant cracks are located at two positions
approximately the midspan and the loading point for speci-
men numbers 3, 4, 6, 9, and other specimens.

3.2.2. Fatigue Life. Since the bridge is estimated to be under
serviceability limit state when there is a crack with a width
of 0.2mm, after the code TB10002.3-2005 [20], the allowable
fatigue life (N0.2) is defined as the cycle number when the
width of a crack reaches 0.2mm of the specimen. Further-
more, the fatigue life (Nf) is defined as the cycle number
relating to the first failure of the rebar.

Therefore, N0.2 and Nf are listed in Table 3. And the
linear relationship between N0.2 and Nf is proposed such
that (Figure 3)

N0 2 = 0 780N f 1

3.2.3. Midspan Deflection. The variation of midspan deflec-
tion depending on the cycle number is obtained and the
typical results are plotted in Figures 4(a) and 4(b). It is found
that the response of load-midspan deflection is almost linear
and the slope of the response varies depending on the cycle

N0.2 = 0.780Nf
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number in three stages: quickly reducing, slowly reducing,
and quickly reducing again.

Furthermore, the variation of the maximum, minimum,
and amplitude of the midspan deflection depending on
the cycle number also experiences a three-stage process
(Figures 4(c)–4(e)).

3.2.4. Material Strain Development. Observing on the var-
iation of material strain development and its amplitude
depending on the cycle number in Figure 5, it is found
that they experience the three-stage process. Specifically,
the material strain development and its amplitude on the
midspan develop in a three-stage process of the increasing
rate: quickly increasing, slowly increasing, and quickly
increasing again.

4. Discussion

4.1. S-N Model. The relationship between load level and
fatigue life (L-N) and the relationship between load range
and fatigue life (ΔP-N) are plotted in Figures 6 and 7, respec-
tively, based on the results listed in Table 3. And the results of
ΔP obtain a better linear dependence on N in Figure 7 than
that on L in Figure 6, which may be due to the initial elastic
response of the rebar at the bottom Δσ caused by the load
rangeΔP (see the linear relationship ofΔσ-ΔP in Figure 7(c)).

Additionally, observing on the typical S-N relationship,
that is, the relationship between the stress range (or its
denary logarithm) of the rebar at the bottom and the cycle
number in Figures 8(a) and 8(b), the S-N model by fitting
the experimental results is obtained such that

Δσr = 2149 32 − 308 69 lgN f , 2

lg Δσr = 6 446 − 0 661 lgN f 3

Equations (2) and (3) show that the fatigue life of
specimens is determined by the fatigue life of the rebar at the
bottom, which agrees with the experimental results in litera-
ture [8–15]. The fatigue life of specimens decreases when the
stress range (or its denary logarithm) of the rebar increases.

Furthermore, the S-N model in (2) or (3) is able to be
used to predict the specimen fatigue life considering the
stress range of the rebar. The predictions are plotted in
Figure 8(c), comparing with the predictions of other S-N
models [10, 21, 22].

Figure 8(c) illustrates that, firstly, the predictions of the
model in this work are more agreeable with the experimental
results than those of other models [10, 21, 22]. Secondly,
though the models [10, 22] predict a close fatigue life
(Nf ≈ 200× 106) when the stress range of the rebar
σr≈ 200MPa, the model proposed in this work predicts a
lower fatigue life when Δσr< 200MPa, and a higher fatigue
life when Δσr> 200MPa, compared with that of the other
models [10, 22]. The reason can be concluded that the perfor-
mance deterioration of the specimens supplies a specific
stress state variation for the rebar at the bottom in this work
which is different from that in literature [10, 22], due to the
different processes of material degradation (e.g., the concrete
degradation caused by fatigue cracks [10, 23–26], the pre-
stressed strand degradation resulted from fatigue plasticity
[27]), specimen stiffness degradation and curvature variation
[8–14], and so forth. Thirdly, the corrosion of the rebar gen-
erally results in an obvious reduction of specimen fatigue life
[4, 6, 8, 21]. It causes an obviously lower fatigue life predicted
by the model [21] compared with that by the other models
(Figure 8(c)); therefore, the corrosion of rebar influences
the fatigue life of the bridge.

4.2. Damage Evolution Model. It is found that the slope of the
P-f response (i.e., the specimen stiffness) decreases and the
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residual midspan deflection (i.e., the specimen residual/
inelastic deformation) develops with the increasing of the
cycle number, by observing on the P-f response in
Figures 4(a) and 4(b). Therefore, an elastic damage variable
De according to specimen stiffness degradation and an inelas-
tic damage variable Di responding to specimen inelastic
deformation are defined, respectively, in this work, such that

De =
Pde
P0

= f de
f
, 4

Di =
Pdi
P0

= f di
f
, 5

where Pde and Pdi denote the elastic and inelastic damage-
caused load reductions, respectively (similar to the elastic
and inelastic damage-caused stress reduction, respectively
in literature [24, 25]); fde and fdi denote the elastic and
inelastic damage-caused midspan deflections, respectively;
P0 denotes the idealized load without damage in the speci-
men (similar to the effective stress [24, 25]); f denotes the
total midspan deflection.

Further, a (total) damage variable D is defined as follows:

D =De +Di =
Pde + Pdi

P0
= f de + f di

f
, 6
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where the relationship between De and the current specimen
stiffness E is expressed such that

E =De 1 −Di E0 =DEE0, 7

where De denotes the elastic damage variable in the total
midspan deflection space, DE denotes the elastic damage var-
iable in the elastic midspan deflection space fE (fE = f − fdi).
Comparing with the damage variable DE based on the

specimen stiffness degradation in literature [9, 15], the
damage variable D in this work is more considerable for its
characterization of the coupling of stiffness degradation and
inelastic deformation.

Thus, the damage evolution is obtained in Figures 9(a)–
9(c). Figures 9(a)–9(c) illustrate that the damage evolution
and elastic damage evolution (i.e., D-N and De-N) experience
a three-stage process; however, the inelastic damage evolu-
tion Di-N experiences only a two-stage process: the initial
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Figure 8: S-N model.
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Figure 9: Continued.
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Figure 9: Damage evolution, its related parameters (e.g., Df, De,f, A, and k), and predictions.

11Journal of Sensors



linearly increasing and the subsequent increasing with a
reduced rate.

The damage variable and the elastic damage variable to
the fatigue failure are defined as Df and De,f, respectively.
The stochastic damage evolution of materials [21, 24] gener-
ally caused the existence of the stochastic damage evolution
of the bridges; hence, considering the shortage of statistical
experimental results and the unavailability of stochastic
analysis methods of the bridges, for simplicity, the variables
(Df and De,f) are assumed to be linearly dependent on the
load level L (Figure 9(g)), as follows:

Df = 0 474 + 0 428L, 8

De,f = 0 388 + 0 445L 9

This assumed that the linear relationship will be verified
or improved in the future with the help of further experimen-
tal results and stochastic analysis methods.

Additionally, by investigating on the damage evolution in
Figure 9(a), it is concluded that the relationship of D-N
during the second stage is linear with an equal slope
(Figure 9(e)), such that

D = A + B ⋅N , 10

where A denotes the damage variable D1 after the first cycle,
that is,D1 =A (see Figures 9(a), 9(e), and 9(f)), and B denotes
the slope of the D-N relationship. In this work, A is proposed
to follow the equation such that

A = −0 618 + 2 062L 11

And it is assumed that B=0.109 (Figure 9(e)).
Furthermore, since it is found that the elastic damage var-

iableDE,1 after the first cycle is approximately proportional to
the damage variable D1 (see Figures 9(a) and 9(b)); it is
proposed that DE,1 follows the equation such that

DE,1 = kD1 = kA 12

And the slope ofDE-N relationship during the second stage is
assumed to be BE = 0.1∗ B=0.0109≈ 0.011 (Figure 9(j)), by
investigating on the elastic damage evolution in Figure 9(b).

Therefore, the damage evolution (i.e., D-N, DE&e-N, and
Di-N) is able to be predicted by the proposed models in (8),
(9), (10), (11), and (12) in Figures 9(i), 9(g), and 9(j); further,
the P-f response of the specimen is also able to be pre-
dicted in Figure 9(k). Figures 9(i), 9(g), 9(j), and 9(k) illustrate
that the proposed damage evolution model is verified to be
effective to characterize the damage evolution andmechanical
response of the specimen, by comparing the predictions with
the experimental results.

4.3. Performance Deterioration of Heavy-Haul Railway
Bridges under Fatigue Loading. Based on the above investiga-
tion and analysis, it is concluded as follows.

Initially, according to the fatigue life, it is necessary to
strengthen the heavy-haul railway bridge with a consider-
ation of the environmental effects. In detail, Figure 8 and
(2) show that the bridge subjected to the train loading
with a 30-ton axle weight (i.e., Δσr≈ 120MPa) satisfies

the fatigue life requirement of the Chinese standard [20]
(i.e., Nf ≈ 10

6.57≈ 3.7× 106> 2.0× 106). However, consider-
ing the environmental effects, such as the corrosion of
rebar/prestressed strand, especially taking into account
the negative effects of the low quality of concrete casting,
and so forth, the coupling of train loads and environmental
effects generally highly reduces the fatigue life of the bridge
compared with that only of train loading [4, 6, 8, 21]
(see Figure 8(c)).

Furthermore, relating to performance deterioration, the
conclusion is obtained from Figures 9(a)–9(c), 9(i), and 9(j)
as follows. Firstly, the damage evolves linearly to D≈ 0.4 dur-
ing the second stage (i.e., 10%Nf~80%Nf), when the coupling
of stiffness degradation and inelastic deformation is taken
into account. Secondly, the stiffness reduces slowly and line-
arly to 80% of the initial stiffness (according to the elastic
damage variable DE≈ 0.2, see Figures 9(b) and 9(j)), and the
residual midspan deflection reaches to 2.0mm (relating to
the inelastic damage variable Di≈ 0.2, see Figures 4 and
9(c)), when the bridge is subjected to the train loading with
a 30-ton axle weight. Thirdly, the ratio of the specimen
maximum midspan deflection of N≈ 3.0× 106 to the initial
maximum deflection is 150% (fmax is 12.0mm and 8.0mm,
resp.), and it is 250% to fatigue failure (fmax is 20.0mm and
8.0mm, resp.), when the bridge is subjected to the train load-
ing with a 30-ton axle weight. Fourthly, by applying the
mechanical similarity mentioned in the specimen design
section, it is speculated that the residual midspan deflection
for the bridge on site is fr≈ 2.0× 6=12.0mm, when the
bridge is subjected to the train loading with a 30-ton axle
weight experiencing cycle number N≈ 3.0× 106. Therefore,
the performance deterioration of the bridge may cause
serious traffic safety problems, especially considering the
dynamic coupling of the train and the bridge [28, 29].

5. Conclusions

This work monitored the performance deterioration of the
scale models of a typical heavy-haul railway bridge under
fatigue loading, analyzed the results of the failure mode,
the fatigue life, the loads–midspan deflection response
and the materials strain development, and so forth, by
using a multisensor system, and further developed the
comprehensive S-N model and the damage evolution model
considering the coupling of stiffness degradation and
inelastic deformation. The conclusions are able to be drawn
as follows:

(1) By comparing the relationship between the fatigue
life and the rebar stress range with that of the fatigue
life and the load level, the S-N model was developed
in this work obtaining more comprehensive and
accurate predictions. The fatigue life of the specimens
is determined by the fatigue life of the rebar at the
bottom. The fatigue life of the bridge subjected to
the train loading with a 30-ton axle weight may be
lower than 2.0× 106 cycles when the environmental
factors are taken into account.
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(2) The damage evolution model considered the cou-
pling of the stiffness degradation and the inelastic
deformation development is more reasonable than
not. The predictions agree with the experimental
results. The damage evolution obtained a three-
stage process with a constantly sloped linear develop-
ing during the second stage.

Therefore, this work furthers the understanding of the
performance deterioration of the heavy-haul railway bridge
under fatigue loading. And itmay also be able to helpmaintain
and monitor the other partially prestressed concrete beams.
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