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Abstract 
 

With the increase in bridge operation life and the effect of vehicle load, the property of bridge especially the reciprocating 
effect of heavy-load traffic, which endangers the safety of bridge operation, will be degraded. To further clarify the 
relationship between the stiffness and fatigue damage under heavy traffic, six prestressed concrete fatigue test beams 
were designed and manufactured. The equivalent fatigue load was determined by the statistics of traffic flow data. On the 
basis of the fatigue damage principle, the fatigue failure form and crack development of test beams under equivalent 
fatigue load were analysed. The constant-amplitude fatigue test method was employed to analyze the section stiffness 
degradation law and the member stiffness degradation law under equivalent fatigue load. Results demonstrate that the 
final failure mode of the test beam is the bending failure, which starts from the fatigue fracture of the longitudinal tensile 
steel bars at the bottom of the beam. With increased fatigue loading times, the stiffness of the test beams exhibits a three-
stage decay trend of “fast–gentle–fast”. The equivalent fatigue load accelerates the initial stiffness degradation of the 
prestressed beam, and the bridge design by the normal operating load is conservative. The section stiffness, which is 
characterized by the prestressed reinforcement strain, correlates best with the member stiffness of the beam. The 
proposed method provides a certain reference for the design, detection, and early warning of damage of bridge structures. 
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1. Introduction 
 
The partially prestressed concrete (PPC) structural 
performance is between ordinary steel and fully prestressed 
concrete bridges and has high strength, good ductility, and 
other advantages [1]. The demand for the construction of 
PPC in roads and bridges has maintained an increasing trend 
and attracted the attention of scholars. Thus, experimental 
studies on prestressed concrete members have been 
conducted. At present, most studies on prestressed concrete 
beams focused on the fatigue life under the action of 
reciprocating fatigue load [2]. Scholars provided the fatigue 
life prediction formula of reinforced concrete members 
based on the stress amplitude of the steel bar [3]. The fatigue 
life prediction formula can guarantee the safety of 
components within a certain range. However, with the 
development of the transportation industry, the type of 
vehicle loads on highway bridges has also changed 
significantly, leading to problems, such as overlimit 
deformation and overlimit cracks in some components 
during the normal service period and threatening the 
operational safety of bridge structures [4]. According to 
survey data, the ownership of road trucks and the proportion 
of road freight in the total freight volume continues to rise, 
thus aggravating the overloading trend of road bridges and 
further leading to the cracking of bridge structures, reduction 
of effective prestress, and stiffness degradation [5-6]. 

For this reason, on the basis of the fatigue damage 
principle, scholars conducted studies on the stiffness 
degradation of the beam fatigue failure form and crack 
development under equivalent fatigue load [7]. A problem of 
deviation from the actual service status of the relationship is 
present. Therefore, how to accurately consider the fatigue 
characteristics of bridge structures under a load of actual 
operating vehicles should be urgently solved, and the 
development law of stiffness degradation should be clarified. 

Therefore, in this study, the stiffness degradation law of 
prestressed concrete beams under equivalent fatigue load is 
elucidated using mathematical statistics and fatigue tests, 
and the stiffness degradation performance of the test beams 
is analyzed. This study aims to predict the optimal 
characterization parameters of bridge structure stiffness 
degradation under equivalent fatigue load accurately and 
provide a reference for the premonition of bridge fatigue 
failure. 
 
 
2. State of the art  
 
At present, scholars from China and other countries studied 
the fatigue performance of PPC bridge structures. Many 
scholars chose to use the finite element for damage analysis. 
The calculation model established by Vaško [8] can predict 
the damage of the beam under static load, whereas Wang [9] 
and others calculated the shrinkage and creep of concrete, 
the change of bridge stiffness, and the downward deflection 
caused by prestressing loss and conducted external prestress 
reinforcement analysis. Zhou [10] provided a feasible 
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method and theoretical basis for the accurate evaluation of 
local fatigue damage accumulation of bridge structures. 
Allawi [11-12] studied the flexural capacity of reinforced 
concrete beam members after fatigue load through tests and 
numerical analysis methods, but a detailed study and 
analysis on the ductility after failure are lacking. The 
feasibility of predicting the degradation of the bridge 
structure based on the grey theory needs to be verified by 
considering the actual degradation range of the bridge 
stiffness [13]. Garavaglia [14] used the Monte Carlo 
numerical method to simulate the variation of residual 
resistance section and an ultimate bending moment of the 
bridge deck with time. Similarly, OBrien [15-16] simulated 
the load effect of the bridge but ignored the complexity, such 
as the periodicity of traffic volume. Wang [17] studied the 
fatigue performance of key joints of composite beam bridges 
under the action of two trains from the two aspects of 
maximum stress amplitude and fatigue cumulative damage 
but did not study the reciprocating effect of heavy traffic. Xu 
[18] and others extracted the traffic flow distribution 
parameters, such as axle number, axle load, and wheelbase, 
through the MATLAB and established the vehicle load 
equivalent model on the basis of the equivalent principle of 
Miner linear accumulation damage and fatigue damage. 
However, due to the limitations of the current prestress state 
detection technology, the prestress loss of the real bridge is 
difficult to determine. To further deduce the calculation 
model of the section stiffness degradation of prestressed 
concrete beams after fatigue damage, Zhou [19] and others 
analyzed the experimental results of prestressed concrete 
beams with different sizes under multistage variable 
amplitude fatigue cyclic load and verified the accuracy of 
the stiffness degradation model. Nesterova [20] used the 
peak over threshold method to analyze the fatigue of the 
Milo viaduct deck. Bertolesi [21] used the full-scale test to 
test the railway steel riveted bridge, calibrated the elastic 
numerical model of the whole structure, and estimated the 
residual fatigue life of the bridge. Li [22] calculated the 
damage index of the stiffness degradation model on the basis 
of the quadratic pushdown analysis method. Zhang [23] and 
others found that the congenital defects existing in the 
construction stage are the main reason for the stiffness 

degradation of the bridge. Many fatigue tests [24-27] show 
that the fatigue failure of the PPC beam starts from 
nonprestressed reinforcement. The development of section 
stiffness affects the fatigue life of the beam directly, but 
minimal attention is paid to the optimal characterization 
parameters of the fatigue damage. Moreover, existing studies 
focused on the fatigue performance of prestressed concrete 
beams under normal operating load, and minimal 
consideration is given to the actual vehicle load. Therefore, 
the fatigue problem of PPC bridges under actual operation 
load should be studied. 

Given the shortcomings of the existing research and 
focusing on the influence of the actual operation load, this 
study proposes an equivalent fatigue load suitable for the 
actual traffic volume and carries out the constant-amplitude 
fatigue test of the prestressed concrete beam under the 
equivalent fatigue load. The fatigue damage performance of 
prestressed concrete beams is analyzed from the two angles 
of stiffness attenuation of components and section stiffness 
attenuation, and parameters that can characterize the 
stiffness correlation are proposed to provide a reference for 
bridge design, monitoring, and detection. 

The remainder of this study is organized as follows. 
Section 3 establishes the experimental design and the 
analysis of the test results. Section 4 proposes that the 
section stiffness of the beam, which is characterized by the 
prestressed steel bar strain, has the best correlation with 
member stiffness. Section 5 summarizes the conclusions. 
 
 
3. Methodology  

 
3.1 Experiment 
In this test, six PPC beam specimens are made in the same 
batch, among which specimen S1 is subjected to a static load 
test to determine the ultimate load, and the remaining five 
specimens are subjected to a fatigue test and sequentially 
numbered as C1, C2, C3, C4, and C5. Figure 1 shows the 
cross-sectional dimensions of the specimen. By changing the 
stress amplitude of the equivalent fatigue load, the effect of 
the equivalent fatigue load on the failure form and stiffness 
degradation of the PPC beam is analyzed. 

 

 
Fig.1 Cross-section reinforcement drawing and loading method [26]
 

Compressive strength and tensile tests are carried out on 
the test materials in accordance with the standard material 
property test requirements and methods specified in the 
standard “Standard for Mechanical Properties of Ordinary 
Concrete” and “Room Temperature Tensile Test Method for 
Metallic Materials”, respectively. 

Test data are measured using different components [26]. 
The compressive strength of the test cube is 42.6 MPa. The 
axial compressive strength of the prism block is 29.8 MPa. 
The yield strength, ultimate strength, and elongation of 
prestressed steel wire are 1410 MPa, 1603 MPa, and 4.2%, 
respectively. The yield strength, ultimate strength, and 
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elongation of ordinary steel bars are 316 MPa, 420 MPa, and 
25%, respectively. 

The static test is conducted on the static load testing 
machine, and the ultimate bearing capacity is 23.8 kN. The 
fatigue test adopts concentrated force loading and sine wave 
loading at a frequency of 2 Hz. The measurement contents of 
this test include the displacement value of the loading point, 
concrete strain, steel bar strain, and prestressed tendon strain 
to understand the stiffness degradation law of the specimen. 
The test loading setup is shown in Figure 1. 

In the fatigue test, a static load test is first performed on 
test beams C1–C5 to compare the changes in the mechanical 
properties of the specimens after fatigue loading. Before the 
static load test measurement, the strain gauge acquisition 
system needs to be reinitialized to eliminate the influence of 
self-weight. 
 
3.2 Equivalent fatigue load 
About 0.15 times the ultimate load is taken as the lower limit 
of the fatigue load [20]. The upper limit of fatigue load is 
determined in accordance with the statistical results of the 
actual traffic volume. A continuous 168-hour actual traffic 
flow survey is conducted at the site. In accordance with 
different axle types, heavy-duty vehicles are categorized into 
five types. At the same time, according to the principle of 
coaxial merging and the Miner criterion [25], the axle load is 
equivalently converted based on the principle of equal 
fatigue damage accumulation, and the load spectrum model 
of the heavy-duty vehicle is obtained (Table 1). 

Figure 2 shows the maximum bending moment effect of 
the actual operating heavy-duty traffic vehicle load and 
highway class I vehicle load under the condition of simply 
supported beam bridges with different spans. The ratio of the 
bending moment effect ( )of the heavy traffic load in the 
actual investigation to the bending moment effect ( ) of 
the highway-I level cycling load in the specification is 
defined as , where  represents different spans. 

 

 
Fig.2 Heavy load and standard load action ratio. 

 
Table 1. Heavy-duty vehicle load spectrum 

Number of axes Icon 
(Axle weight: kN  Wheelbase: m) 

Gross weight 
(kN) 

Relative 
frequency 

2
 

 
260

 
0.44

 

3
 

 
370

 
0.05

 

4
 

 
575

 
0.07

 

5
 

 
585

 
0.05

 

6
 

 

740
 

0.39
 

 
Statistics show that  is between 1.07 and 1.35. For a 

number of transportation routes with heavy traffic flow, the 
actual vehicle load on the current bridge is larger than the 
specified load. This result means that the current assessment 
of bridge fatigue damage is conservative through 
specification effect analysis, and the conclusion of bridge 
life assessment is dangerous. Taking a 16 m span beam as an 
example,  , indicating that the actual operational 

traffic load (cars) is close to 1.29 times that of the road-I 
class load. Further considering the live load subitem factor 
of 1.5 and the importance factor of 1.1, the vehicle load 
effect is 2.1285 times that of the ultimate load of the bridge. 
The study of the heavy-load vehicle spectrum found that the 
vehicle load effect is about the ultimate load effect of the 
bridge. Therefore, in the case of ignoring the self-weight 
effect, according to the classification method commonly 
used in fatigue tests, the upper limit of the fatigue load 
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considering the overload effect should be taken as 0.56–
0.84 . Considering the randomness of the field survey 
data and the limitations of the laboratory, we have 
determined this range to be 0.5–0.8  for the upper limit 
of the load during the fatigue load test of prestressed 
concrete beams to start with 0.50 times that of the ultimate 
load, and is divided into five, i.e., 0.5, 0.6, 0.7, 0.75, and 
0.8 . 

 
 

4. Result Analysis and Discussion 
 
4.1 Fatigue failure analysis 
After 2 million fatigue cycles, test beams C1, C2, and C3 do 
not suffer from fatigue failure. The static load failure test is 
conducted on three specimens and shows that the failure 
mode is the bending failure. The fatigue failure of test beams 
C4 and C5 occur, and the fatigue life is 108,000 and 53,000 
times, respectively. The failure starts from the fatigue 
fracture of the nonprestressed steel bar at the bottom of the 
beam, which occurs at the section of the main crack (near 
the loading point). The fracture is divided into an evident 
instantaneous break zone. Figure 3 shows the fatigue failure 
form. 
 

 
(a) 

 
(b) 

Fig. 3 The failure mode of specimens. (a) Fatigue bending failure shape. 
(b)Rebar fatigue fracture. 
 
4.2 Stiffness degradation law 
The variation characteristics of mid-span deflection ( ) 
with the number of load cycles ( ) reflect the development 
of cracks during the fatigue test and the change in the bond-
slip properties of the interface between the reinforcement 
and concrete. The relationship between load and 
displacement is one of the comprehensive reflection factors 
of fatigue performance. Figure 4 shows the load– curve of 
the test beam C4. The increase in the  of the test beam is 
related to the upper limit of fatigue and the number of 
fatigue loads. Except in the first loading, the deflection and 
load are not linearly related. Under other working conditions, 
the deflection and load are linear, and the load–deflection 
curve develops in a “loose–dense–loose” state. 
 

 
Fig. 4 Load deflection curves. 
 
Stiffness refers to the ability of a material or structure to 
resist deformation and is an indication of how easily a 
material or structure deforms. In the inelasticity theory, 
stiffness is the force required to cause a unit displacement. 
The stiffness degradation coefficient ( ) is proposed 
for the concrete simply supported beam under concentrated 
load to express the stiffness degradation intuitively. is the 
initial stiffness, and  is the stiffness of the specimen after 

 times of fatigue loading. In accordance with the test data 
of constant-amplitude fatigue test load–deflection change, 
the stiffness degradation curve of the test beam can be 
obtained (Figure 5). 

Figure 5 shows that with increasing number of loads, 
decreases, the stiffness of the beam member is 

reduced, and the overall stiffness degradation presents 
staged characteristics. For the same number of fatigue loads 
and the same lower limit of fatigue load, the upper limit of 
fatigue load is increased, and the stiffness degradation of the 
test beam speeds up. For the test beam that has undergone 2 
million fatigue loads and still has no fatigue damage, the 
stiffness degradation presents two-stage characteristics: 
rapid stiffness degradation in the initial stage of loading and 
steady decline in the middle stage. After the initial stiffness 
degradation, the  values of the test beams before 
100,000 times of fatigue loading are compared. Beams C1, 
C2, and C3 have little stiffness attenuation at the initial stage 
of fatigue loading. Beams C4 and C5 have fast stiffness 
decays and quickly reach failure, indicating that the overload 
effect accelerates the rapid degradation of the initial stiffness 
and the fatigue failure. 

Figure 6 shows the stiffness decay curves of beams C4 
and C5 over the full fatigue history. This figure describes the 
stiffness degradation law during the entire process of fatigue 
failure. Beams C4 and C5 experience a complete fatigue 
failure process, and data show that with the development of 
load history, the stiffness degradation exhibits distinct three-
stage characteristics. In the initial stage of fatigue loading 
and the two stages before the adjacent failure, the stiffness 
decreases remarkably. In the 0.2 times life period, the 
stiffness degenerates to about 0.6–0.7, which is in linear 
stage of stable development and gentle decline in the middle 
and longer period. In the following figures, represents the 
fatigue life of the beam, and  represents loading times in 
the fatigue test. 
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(a) 

 
(b) 

Fig. 5 The law of stiffness attenuation of components. (a)Decay law of 
beam stiffness in constant amplitude fatigue test (b)Attenuation law of 
test beam stiffness after 100,000 times of fatigue loading. 
 

 
Fig. 6 Stiffness degradation in the whole process of constant-amplitude 
fatigue test. 

 
The attenuation law of section stiffness can be obtained 

from the load–concrete compressive strain data, and the 
stiffness attenuation coefficient is defined as .  
represents the section stiffness of the member after the times 
of fatigue loading, and  represents the initial section 
stiffness defined in terms of concrete strain. 

In the 1st and 2nd stages of fatigue loading, the decay 
curves of the section stiffness of the test beams are shown in 
Figure 7. Increasing fatigue loading times results in 
continuously decreasing section stiffness. When the lower 
limit of fatigue loading is the same, the higher the upper 
limit of fatigue loading is, the faster the stiffness decays. 
Figure 7(b) shows that the attenuation coefficients of the 
stiffness of beams C1, C2, and C3 after 100,000 fatigue 
loadings decrease by 5.6%, 7.4%, and 20%, respectively. 
Beams C4 and C5 have loaded 10,000 times that of fatigue 
loading and have attenuation coefficients of 0.44 and 0.61, 
respectively, with a decrease of 37% and 55%, respectively. 
This result shows that under equivalent fatigue load, the 
structural stiffness decay rate under heavy load is 
significantly higher than that under normal operating load. 

 

 
(a) 

 
(b) 

Fig. 7 Section stiffness characterized by concrete strain. (a) 1.5 million 
times (b) 100,000 time. 

 
Beams C4 and C5 have experienced a complete fatigue 

failure process, and the section stiffness decay curves of 
their entire life cycle are shown in Figure 8. In the complete 
fatigue load history, the change curve of the stiffness 
coefficient of the test beam section with fatigue failure is S-
shaped, and the three-stage division is evident. The section 
stiffness decays rapidly in the first stage of fatigue loading 
(about 10%–20%), decreases gently in the second stage 
(about 80%), and decays rapidly again until the beam body 
fails in the third stage (about 10%). In the figure, 

represents the fatigue life of the beam, and  represents 
the number of loadings in the fatigue test. 
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Fig. 8 Degradation of section stiffness in the whole process of test beam 
fatigue. 
 

According to the strain change data of the nonprestressed 
tendon, the stiffness attenuation coefficient  curve 
defined by the nonprestressed tendon strain can be drawn as 
shown in Figure 9(a). represents the stiffness after the 
times of fatigue loading, and  represents the initial 
section stiffness defined by ordinary reinforcement strain. 

Similarly, the curve of the stiffness attenuation 
coefficient  defined by the strain of the prestressed 
tendon can be drawn in accordance with the strain change 
data of the prestressed tendon, as shown in Figure 9(b). 

represents the stiffness of the component after the times 

of fatigue loading, and  represents the initial stiffness. 
Figure 9(a) shows that the stiffness decay law defined by 

the nonprestressed steel strain decreases continuously with 
increasing number of fatigue loadings. A large upper limit of 
fatigue loading results in fast stiffness decay rate, and the 
overall change presents stages, which are consistent with the 
stiffness decay law defined by the concrete strain. Figure 9(b) 
shows that the stiffness decay law of prestressed steel bars 
decreases with increasing fatigue loading times, which may 
be due to the development of the law of nonprestressed steel 
bars. The comparison of the test beams under different 
working conditions shows that under the equivalent fatigue 
load, a high loading upper limit results in fast section 
stiffness degradation of the test beam. 

Component stiffness refers to the ability of a component 
to resist deformation, that is, the ratio of the internal force 
caused by the force applied to the component to its 
corresponding component deformation. Section stiffness 
refers to the ability of the section to resist deformation, and 
the expression of section bending stiffness is the product of 
the material’s modulus of elasticity and the corresponding 
moment of inertia of the section. From the previous 
discussion, we know the law of member stiffness attenuation. 
Therefore, this section uses the member stiffness as the 
benchmark to compare the section stiffness data of each test 
beam and find optimal parameters that can express the 
cumulative degradation process of the test beam fatigue 
damage.  

The relationship between section stiffness and member 
stiffness is analyzed, and the overall section stiffness and 
member stiffness are exponentially fitted (Figure 10). 

 

 
(a) 

 
(b) 

Fig. 9 Attenuation law of section stiffness characterized by strain. (a) 
Non-prestressed tendon strain (b) Prestressing tendon strain. 
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(c) 

Fig.10 Overall Correlation Between Section Stiffness and Member 
Stiffness. (a) Concrete. (b) Non-prestressed tendons (c) Prestressed 
reinforcement. 
 

A comprehensive comparison of the cross-sectional 
stiffness correlation coefficients (Fig. 10) characterized by 
the strain of each material shows that the cross-sectional 
stiffness coefficients of each material are positively 
correlated with member stiffness. The correlation between 
the section stiffness coefficient of the steel bar and the 
member stiffness coefficient is the worst, the concrete 
correlation is general, and the stiffness correlation 
represented by the prestressed steel bar is best. The 
minimum stiffness principle theory elaborates that within the 
full-span length of a simply supported beam, the deflection 
can be calculated in accordance with the minimum bending 
stiffness of the section by using a formula in material 
mechanics that does not consider the influence of shear 
deformation. Therefore, the cumulative damage process of 
prestressed concrete beams under heavy load fatigue can be 
expressed using the section stiffness coefficient represented 
by the strain of prestressed tendons. 
 
 
5. Conclusions 
 
This study aimed to explore the stiffness degradation law of 
prestressed concrete beams under the equivalent fatigue load 
and reveal the relationship between the member’s section 

stiffness and member stiffness. This study started with the 
determination of the equivalent fatigue load, used a 
combination of data statistics and experimental research, and 
analyzed the fatigue deformation characteristics and section 
material properties of prestressed concrete beams. The 
following conclusions could be drawn. 

(1) The final failure mode of the prestressed concrete 
beam starts from the bending failure of the fatigue fracture 
of the ordinary steel bar under longitudinal tension at the 
bottom of the beam. The main cracks of the test beam are 
mostly near the mid-span. 

(2) During the fatigue test, the stiffness of the test beam 
shows a three-stage decay trend of “fast–gentle–fast” with 
increasing fatigue loading times. The stiffness attenuation 
coefficient of steel bars can characterize the stiffness 
attenuation characteristics of prestressed concrete beams. 
The section stiffness characterized by the prestressed tendon 
strain has the best correlation with the member stiffness of 
the prestressed concrete beam and can be used as a 
characterization parameter to express the prestressed 
concrete beam’s cumulative damage process under heavy 
load fatigue. 

Thus, this study combines laboratory experiments with 
mathematical statistics and proposes the law of stiffness 
degradation under equivalent fatigue loads. The proposed 
characterization parameters are close to the actual situation 
in the field and have a certain reference for the action 
mechanism under the actual vehicle load. Given the lack of 
data on on-site environmental factors, the environmental 
monitoring data are combined with the test components in 
future research to have an accurate understanding of the 
fatigue damage characteristics of prestressed concrete beams. 
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