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Abstract

The use of precast prestressed concrete bridge piers is rapidly evolving and widely
applied. Nevertheless, the probabilistic behavior of the bending performance of pre-
cast prestressed concrete bridge piers has often been overlooked. This study aims

to address this issue by utilizing actual precast bridge piers as the engineering context.
Through the implementation of the Monte-Carlo simulation and Gradient Boosted
Regression Trees (GBRT) algorithm, the stochastic distribution of the bending per-
formance and their critical factors are identified. The results show that the normal
distribution is the most suitable for the random distribution of bending perfor-

mance indicators. The variability of the elastic modulus of ordinary steel bars, initial
strain of prestressed steel hinge wires, and constant load axial force has little effect

on the bending moment performance, while the yield stress of ordinary steel bars,
elastic modulus of concrete, compressive strength of unrestrained concrete, and elastic
modulus of prestressed steel hinge wires have a greater impact on the bending perfor-
mance. Additionally, the compressive strength of unrestrained concrete has a signifi-
cant influence on the equivalent bending moment of the cross-section that concerns
designers.

Keywords: Prefabricated assembled, Prestressed concrete bridge piers, Stochastic
simulation, Probability distribution characteristics, Influencing factors

1 Introduction

The upper structures of Chinese railway bridges have extensively utilized prefabrication
techniques, which have significantly improved construction efficiency and project qual-
ity (Zhao et al. 2022). However, construction of the lower structures still relies heavily on
manual steel reinforcement and on-site concrete pouring, hindering the development
of industrialized and intelligent construction levels of railway bridge construction. It
is imperative to carry out research on the prefabrication and assembly of bridge piers,
which conform to the current trend of green, efficient, and low-carbon bridge struc-
tures, as they offer advantages such as saving on formwork, occupying less space, faster
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construction speed, and improved construction safety (Aydin and Ayvaz 2013; Zhang
and Alam 2020).

The piers of bridges are the vulnerable parts of bridge structures during earthquakes.
Although the development of precast prestressed concrete piers is rapid, their seismic
performance is still an important bottleneck that restricts their widespread use (Fahmy
et al. 2023). In order to explore the seismic performance of the mechanical properties
of precast prestressed concrete pier’s bending behavior, numerous scholars have car-
ried out research using mainstream methods such as numerical simulation (Wang and
Li 2022; Qu et al. 2018), quasi-static test (Palermo 2016; White and Palermo 2016), and
vibration table test (Zhanghua et al. 2020; Mehrsoroush et al. 2017). However, these
efforts have not yet focused on the stochastic characteristics of structural response
under earthquake action.

It is imperative to evaluate the reliability of piers subjected to seismic forces, given
the significant degree of randomness in earthquake actions and the numerous uncer-
tain factors present in bridge structural design. Scholars have thoroughly investigated
methods for analyzing structural reliability for different types of bridge pier. To study
the safety of an existing pier of a railway bridge, a reliability analysis of random variables
was conducted with special attention under concrete fatigue conditions (Abishek and
Nageswara 2019). For probabilistic-based design approaches of bridge piers, concerning
the trade-off between safety and cost, a method through minimizing the structural cost
function at different design lifetimes and calculates the reliability level of bridge piers
subjected to flexural and axial failure modes under extreme seismic events is presented
(Safari et al. 2021). It analyzes the reliability of a bridge pier rocking shallow founda-
tion system under earthquake loads using Monte Carlo simulation and response surface
method, and finds that the system’s performance improves during strong earthquakes
(Deviprasad et al. 2022). Previous research has predominantly concentrated on cast-in-
place piers. However, the seismic performance of prefabricated and assembled bridge
piers is significantly different from that of monolithic cast-in-place bridge piers due to
the existence of joint structures (Wang et al. 2009). There is not much research on the
reliability of precast piers under earthquake loads.

Regarding of the reliable analysis methods, many scholars have also devoted significant
effort to this topic. To improve the efficiency of seismic reliability analysis for multi-span
bridge piers, this reference examines the advantages of the adaptive response surface
method based on the moving least squares approach over the conventional response
surface method that typically employs the least squares approach (Ghosh et al. 2018).
Results show that the former exhibits higher efficiency and accuracy, and can evaluate
the seismic reliability of multi-span bridge piers by comparing nonlinear time history
analysis results with fiber sections of ground motion corresponding to the specified
seismic hazard level. Data-driven metamodeling has also been utilized to approximate
structural response and consider uncertainties. The vulnerability curves of reinforced
concrete highway bridge piers were extracted using this approach to demonstrate its
high efficiency and accuracy (Hoang et al. 2021). A combined method based on the
maximum entropy principle, fractional moments, partially stratified sampling, and Nataf
transformation is proposed for seismic reliability analysis of bridges with uncertainties,
with focus given to evaluating the impact of random variable correlation on the seismic
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reliability of high-pier continuous rigid frame bridges (Chen et al. 2021). Nevertheless,
the aforementioned techniques have yet to quantitatively determine the random param-
eters that significantly affect the structural performance during seismic loading.

At present, research on the reliability of prefabricated bridge piers under earthquake
conditions is limited. Moreover, the M-¢ curve, which is commonly utilized in seismic
analysis, depicts the ductility behavior of a structural element (Shi et al. 2007) and can be
used to indirectly observe the structural ductility under earthquake loads. Consequently,
this research concentrates on the stochastic behavior of the bending capacity of pre-
cast bridge piers with unbonded prestressed steel, which is vital in improving the over-
all stability of precast pier structures and mitigating residual displacements induced by
earthquakes (Fu et al. 2023). Furthermore, the study endeavors to examine the random
parameters that influence the structural performance under seismic loads. In particular,
this study scrutinizes the effects of various random parameters on a precast prestressed
bridge pier situated in a specific railway elevated segment. These parameters include the
elastic modulus and yield stress of ordinary steel, the elastic modulus and unconfined
compressive strength of concrete, the elastic modulus of prestressed steel hinge line,
the initial strain, and the constant axial force due to loading. This approach relies on a
hybrid model that combines the Monte Carlo method with a Gradient Boosting Regres-
sion Tree (GBRT) model to analyze various performance indicators of section bending,
including longitudinal initial yield moment and sectional curvature of ordinary steel,
ultimate moment, sectional ultimate curvature, curvature ductility, equivalent yield
moment, and equivalent yield sectional curvature. By determining the probability dis-
tribution characteristics and crucial influencing factors of these performance indicators,
the research provides a foundation for utilizing dependable design methods for ensuring
the safety assessment of bridges.

The subsequent sections of the paper are organized as follows. Section 2 presents an
overview of material constitutive relationship and stochastic features. Section 3 focuses
on the methods used for calculating and analyzing the bending properties of cross-sec-
tions. Section 4 delves into the random characteristics of section bending performance.
Finally, Section 5 presents the concluding remarks.

2 Material constitutive relationship and stochastic features

The mechanical behavior of materials can be described by the material constitutive rela-
tionship, which reveals the stress—strain relationship of the material under different
load conditions. In practical engineering applications, the stress—strain relationship of
materials exhibits strong stochastic features due to factors such as the randomness of
the material’s microscopic structure, environmental variables, and uncertainty in load-
ing conditions.

2.1 Steel reinforcement

The stress—strain relationship of steel reinforcement is an important aspect in the
study of the mechanical properties of concrete structures. Taking HRB400 ordinary
steel reinforcement as an example, its stress—strain relationship is shown in Fig. 1
and can be divided into four stages: elastic stage, yield stage, strengthening stage,
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Fig. 1 The stress—strain relationship of steel reinforcement

and necking stage. In this study, the ultimate tensile strain of the steel reinforcement
is set to a fixed value of 0.02.

2.2 Concrete

In terms of the study of constitutive models for confined concrete, numerous
domestic and foreign scholars have made significant efforts and proposed their own
stress—strain equations for different types of confined concrete. In this study, the
Mander constitutive model is adopted for confined concrete (Mander et al. 1988a,
1988b). Its stress—strain relationship is described as Eq. (1) to Eq. (5).
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in which f,, and ¢, represent the peak stress and corresponding strain of confined con-
crete, while f,) and ¢, represent the peak stress and corresponding strain of unconfined
concrete. E_ and E,,, are respectively the initial modulus of concrete and the secant mod-

ulus corresponding to the peak stress of confined concrete.
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2.3 Random characteristics

The random characteristics of materials refer to the irregularities or unpredictabili-
ties present in their structure. These features can stem from various factors such as the
material’s preparation process, composition, and external environment. They manifest
as irregularities in form, such as lattice distortion, defects, and dislocations, as well as
differences in chemical composition, morphology, and size that give rise to variability.
Such random features significantly impact the mechanical properties of materials.

In comparison to the mechanical parameters of ordinary steel bars, the variation in
the mechanical parameters of concrete is greater. The variation coefficients of the elastic
modulus £ and yield strength f of ordinary steel bars are 0.04 and 0.1, respectively, and
both follow a normal distribution (Fahmy et al. 2023). The variation coefficient of the
elastic modulus E, of concrete is 0.3, while the variation coefficient of the unconfined
compressive strength f,, of concrete is 0.2, both following a normal distribution (Hoang
et al. 2021). The variation coeficients of the elastic modulus E, and initial strain ¢,, of
prestressed steel hinge wires are both 0.2 and follow a normal distribution. Furthermore,
the constant load axial force N, is subject to a normal distribution with a coefficient of
variation of 0.015. All the stochastic parameters have been summarized in Table 1.

3 Bending properties of cross-sections calculations

In this context, the basic procedure for calculating the bending performance indicators
of the cross-section is introduced. On this basis, multiple probability density functions
that describe the random distribution of bending performance indicators are presented,
along with the process of utilizing GBRT model to analyze the importance of factors that

influence the bending performance of the cross-section.

3.1 Typical design parameters

Precast assembled bridge piers were utilized in a specific section of the railway tran-
sit viaduct. The Fig. 2 below depicts the typical cross-section of the precast assembled
bridge pier, exhibiting a 1.6 m wide section along the bridge, and a 2.8 m width trans-
verse to the bridge. HRB400 standard steel bars, measuring 25 mm in diameter, are
uniformly situated along both the longitudinal and transverse directions. The section
contains four apertures for prestressed conduits, each with a total area of 2100 mm?
Table 2 depicts the primary design components of the pier and its key performance
indicators.

Table 1 Random characteristics of various parameters

Random Meaning Distribution Variation
variable

E, Elastic modulus of ordinary steel bars Normal distribution 0.04

f, Yield strength of ordinary steel bars Normal distribution 0.1

E, Elastic modulus of concrete Normal distribution 03

feo Unconfined compressive strength of concrete Normal distribution 0.2

E Elastic modulus of prestressed steel hinge wires Normal distribution 0.2

€0 Initial strain of prestressed steel hinge wires Normal distribution 0.2

N, Constant load axial force Normal distribution 0.015
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Table 2 Primary Components and its key performance indicators

Primary Components Specifications Key
performance
indicators

Longitudinal reinforcement HRB400 f,=400 MPa
E,=200GPa

Concrete for pier body C40 fio=40 MPa
E,=34GPa

Vertical Non-Adhesive Prestressed Steel Strand ~ Nominal diameter ©°15.2 fx=1860 MPa
E,=195GPa
€,0=0.00668
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Fig. 2 Typical cross-section of a precast assembled bridge pier (unit: mm)

3.2 Sectional bending strength and curvature
In order to examine the bending performance of precast segmental prestressed con-
crete bridge piers under ultimate failure, an analysis of the M-¢ curve is first con-
ducted. The specific calculation process can be found in the reference (Technical
standard for prefabricated bridge piers of rail transit 2020). The initial yield bending
moment M,, and the initial yield sectional curvature ¢,, of longitudinal ordinary steel
bars are defined, and the maximum bearing bending moment is taken as the ultimate
bending moment M,;. When the compressive zone reaches the maximum compres-
sive strain ¢, of concrete, the section reaches a limit state, with the sectional curva-
ture being the ultimate curvature ¢,,. Furthermore, the curvature ductility p¢ of the
section can be calculated using Eq. (6).
jy = 2ot (©)
@y
To determine the equivalent yield bending moment M, and the equivalent yield
curvature ¢, of the section based on the M-¢ curve, the equal area method is used.
For designers, the equivalent yield bending moment M, is a critical indicator of sec-
tional performance. Both the calculation of the M-¢ curve and the equivalent bend-

ing moment require trial calculations. To improve computational efficiency, this study
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implements a binary search algorithm in actual calculations. This method can effec-
tively reduce computation time and increase calculation accuracy.

3.3 Randomness of bending performance

The bending performance of a section is closely related to the material properties. As the
material properties are random, the bending performance of the section also changes
accordingly. In this study, a large number of random parameters are generated based
on the Monte Carlo method, and the M-¢ curve and equivalent yield moment My are
analyzed to obtain corresponding random samples of sectional performance indicators.
Next, common probability density functions are used to fit various bending indicators,
and the optimal distribution function types are determined. Five probability density
functions are employed in this study, including normal distribution, lognormal distribu-
tion, generalized extreme value distribution, gamma distribution, and Weibull distribu-
tion, as shown in Table 3.

3.4 Importance analysis

To investigate the influence of random parameters on various indicators of sectional
bending performance, this study will utilize the GBRT model. GBRT is a supervised
learning method based on decision trees, which iteratively increases the number of
fitted trees to improve prediction accuracy and can be expressed using Eq. (7) When
compared to a single decision tree, the GBRT model exhibits higher accuracy and better

generalization ability.
Fin(%) = Fin—1(%) + Ymhm (%) (7)

Here, F, (x) represents the model output after the mth iteration, F,, ,(x) represents the
model output after the (m-1)th iteration, y,, represents the step size for the mth tree, and
h,,(x) represents the output of the mth tree.

As an example, the GBRT can be used to construct a predictive model to forecast the
influence of random parameters on the equivalent yield bending moment M,. Specifi-
cally, this predictive model can be implemented using Eq. (8).

Table 3 Random characteristics of material parameters

Distribution Symbols Probability density function (PDF)
Normal distribution Normal - (x—uz>2
foy=7me ™
Lognormal distribution Lognormal L te?
f(x) = e 202
xo~/2m
Generalized extreme value distribu-  GEV ] u\]"F
tion foy = 1)1 e (o)) e[ ()]
Gamma distribution Gamma F(x) = %Xa—le—ﬂx
) B ) " )
Weibull distribution Weibull o0 é(é) 1@7(X/A)er >0
0,x <0

In the formulas above, i represents the mean, o represents the standard deviation, & represents the shape parameter, a and
B are parameters of the Gamma distribution, and k and A are parameters of the Weibull distribution

Page 7 of 14
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My = GBRT (ESrfj/y EC!ﬂO; Ep; EPOJ Ng) (8)

Meanwhile, each decision tree in the GBRT model provides a feature importance
degree. The calculation of feature importance is achieved by randomly sampling each
feature without replacement and calculating the splitting contribution of that feature
at each node. The specific calculation process is shown in Eq. (9).

T

S I(jeTy) - Gain(t)
Importance; = =1 - )
> Gain(t)
=1

Here, I(je T, is an indicator function that takes a value of 1 when feature j is
selected as the splitting node in the ¢th decision tree, and 0 otherwise. Gain(t) repre-
sents the reduction in the loss function for the tth decision tree.

As an example, in this study there are a total of 7 random parameters that influence
the equivalent yield bending moment M,. For each feature, its importance degree in
affecting the equivalent yield bending moment M, can be normalized and calculated
using Eq. (10).

Importancej
Importance; = ———
] 7 (10)
>~ Importance;

i=1

4 Random characteristics analysis

4.1 Probability distribution

Based on the random material properties shown in Table 1, this study used Monte
Carlo sampling techniques to calculate the M-¢ curve of a typical precast assembled
bridge pier section, obtaining 6000 random samples of seven key indicators: M,
®y00 My by 1y M, and ¢,. Based on these samples, typical probability distribution
functions listed in Table 2 were fitted for each indicator, as shown in Figs. 3, 4, 5, 6,
7, 8 and 9. Table 4 presents the goodness-of-fit for different probability distribution
functions.

Specifically, in the Weibull distribution, only the goodness-of-fit for ¢, exceeds
0.98. The situation is similar for the lognormal distribution, where only the goodness-
of-fit for M,,, and ¢, exceed 0.98, while the fitting performance for other indicators is
relatively poor. In the Gamma distribution, the goodness-of-fit for M,,, ¢,, and ¢, all
exceed 0.98. In the Generalized Extreme Value distribution, the goodness-of-fit for
M,,, ¢ty and ¢, all exceed 0.98, indicating that this distribution has strong descrip-
tive capabilities for these indicators. In the normal distribution, the goodness of fit for
the six key indicators—M,,, ¢,,,, M), ¢, M, and ¢,—exceeded 0.98.

Among the five distributions, the normal distribution shows the best fitting perfor-
mance, followed by the Generalized Extreme Value distribution and Gamma distri-
bution. The goodness-of-fit for the lognormal distribution and Weibull distribution
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Table 4 Goodness of fit of various probability density functions for the performance indicator of
cross-sectional bending moment

My, Pyo M, Py (' M, @,
Normal 0.9954 0.9943 0.9841 09817 09773 0.9894 0.9891
Lognormal 0.9814 0.9697 0.9534 09119 0.9434 0.9636 09914
GEV 0.9803 09781 0.9541 0.9873 0.9907 09786 09948
Gamma 0.9876 0.9839 0.966 0.9609 0.9797 0.9745 0.9962
Weibull 09652 09639 0977 09857 09785 0976 09395

For different indicators, the optimal goodness of fit value is highlighted in bold black

Table 5 Goodness of fit of cross-sectional bending moment performance indicator using the GBRT
model

Myo (pyo Myl Py l‘lq: My ‘py

R? 0.9856 0.9897 0.9878 0.9824 0.9836 0.9511 0.9691

is relatively low, indicating poor applicability. Therefore, for the random characteris-
tics description of the section bending performance of precast prestressed concrete
bridge piers, the normal distribution can be adopted.

4.2 Crucial factors

In order to investigate the effects of different materials and random load characteris-
tics on sectional bending moment performance, a GBRT model was established for each
bending performance indicator of the section to examine the importance of different
random parameters on the sectional bending moment performance indicators. In order
to verify the fitting performance of the model, the goodness of fit R? was used for evalu-
ation, as shown in Table 5. The goodness of fit R? for all sectional bending moment indi-
cators is greater than 0.95, indicating that the established model can accurately predict
the impact of different random variables on sectional bending moment performance.
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Figure 10 shows the degree of influence of each random parameter on specific indi-
cators of sectional bending moment performance. Taking the initial yield bending
moment of longitudinal ordinary steel bar M,, as an example, the first column rep-

resents the importance of the seven random variables to M, , with a total sum of 1,

0
and the depth of color represents the importance of the inﬂulncing factor. The results
show that the yield stress f, of ordinary steel bar has a significant impact on the initial
yield curvature ¢, and equivalent yield curvature ¢, of longitudinal ordinary steel
bars, with importance values of 0.90 and 0.85 respectively. The other five sectional
indicators M, » M, > ¢, > ¢, and M, the elastic modulus of concrete E,, the com-
pressive strength f,, of unconstrained concrete, and the elastic modulus E, of pre-
stressed steel hinge lines also have notable impacts. Among them, the compressive
strength f,, of unconstrained concrete has the highest importance value, all of which
are above 0.5. For the equivalent yield bending moment M, that is most concerned by
designers, the importance value of the compressive strength £, of unconstrained con-
crete is 0.51, significantly higher than other influencing factors.

Therefore, for sectional bending moment indicators, the yield stress f, of ordinary
steel bars, the elastic modulus of concrete E,, the compressive strength f,, of uncon-
strained concrete, and the elastic modulus E, of prestressed steel hinge lines are the
most important factors affecting sectional bending moment performance indicators.
The elastic modulus E; of ordinary steel bars, the initial strain ¢,, of prestressed steel
hinge lines, and the constant load axial force N, all have importance values of less
than 0.1, indicating that these variation coefficients have relatively small impacts on
sectional bending moment performance. It should be noted that this does not mean
that these parameters are unimportant, but only that their impact is relatively small
under the current circumstances and still need to be considered in the design process.

E 10.01{0.05|0.01|0.01[0.00]|0.01]|0.06 0.8

/|0.03 0.02 [0.08 [ 0.07 | 0.01 HURE 0.7

E [0.38]003]005]019]023]023|0.07 0.6

p 105
0.21 1] 0.02 0.01

co 104
E 10.370.01 | 0.28 | 0.03 | 0.04|0.24 | 0.00 m
8/,0 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 102
N,10.01{0.00 | 0.01 | 0.00|0.00 | 0.01 | 0.00 104

Myo P My ; 0., H My ?,

Fig. 10 The influence degree of random parameters on sectional bending moment performance



Lai et al. Advances in Bridge Engineering (2023) 4:14 Page 13 of 14

5 Conclusion

Drawing from practical engineering experience, this research employs a stochastic
analysis to determine the bending performance of prestressed concrete bridge piers,
taking into account variable random parameters. The study thoroughly examines the
distribution of the section’s bending performance indicators and the crucial factors.
The conclusions of the study are as follows.

1 The optimal fit for the stochastic distribution of prestressed concrete bridge pier
bending performance indicators is demonstrated by the normal distribution.

2 'The variability of the elastic modulus of ordinary steel bars, the initial strain and
constant axial load of prestressed steel hinge wires have little effect on the bend-
ing moment performance of the section. On the other hand, the yield strength of
ordinary steel bars, the elastic modulus of concrete, the compressive strength of
unconstrained concrete, and the elastic modulus of prestressed steel hinge wires are
important factors affecting the bending performance indicators of the section. For
the equivalent bending moment of the section, the compressive strength of uncon-
strained concrete has the greatest influence.

It should be noted that this study only starts from the design perspective and uses
standard calculation formulas for research. In a real environment, the bending perfor-
mance of the designed section still needs to be further verified through model tests.
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