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ABSTRACT

The main objective of this paper is to investigate the dynamic performance and behaviour
of glass-fiber reinforced plastic (GRP) mortar pipes under heavy truck loads. According to the field
conditions, a finite element dynamic analysis (FEDA) model of GRP pipe culverts was established.
Modal analysis of the vibration system was carried out, and the main natural frequencies with
26.6Hz,32Hz,35.7Hz and corresponding mode shapes were obtained. On the basis of modal
analysis, dynamic response of GRP pipe culverts under vehicle loads was simulated through
random vibration. Based on the measured vibration velocity time histories, the modal and random
vibration responses of the vibration system were analyzed. The results show that the spectral
response value of pipeline to vehicle load decreases with the increase of buried depth. When the
depth of GRP pipe culverts buried is greater than 0.8m, the influence of ground vehicle dynamic
loads on the vibration of GRP pipe culverts cannot be taken into consideration. It can provide the
basis for the design of GRP pipe culverts, especially under heavy loads.
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INTRODUCTION

Glass-fiber reinforced plastic (GRP) mortar pipe is a kind of new composite materials using
resin as matrix material, glass fiber and its products as reinforced material, including quartz sand
as filling material made of a certain process. In the 1970s, GRP mortar pipe was developed. As a
new type of flexible pipe, it has been widely used in the world due to its good performance such as
strong corrosion resistance, high strength, light weight, etc. After confirming that GRP mortar pipe
is particularly suitable for underground pipeline, many countries began to apply GRP mortar pipe in
municipal drainage and drainage, highway culvert and other fields [1,2].

In the 1960s and 1970s, numerous studies have been conducted on the interaction
between pipeline and soil. In 1975, Newmark [3] presented the vibration of the buried pipe. He
assumed that the pipe and the surrounding soil were a whole and moved together under the
vibration load. According to R. A. Parmelee’s study [4], the static Mindlin method was used to
calculate the interaction between pipe and soil; T. Zhang et al. [5,6] collected and analyzed a large
number of statistical data to find out the causes and solutions of damage and leakage, and then
used the original parameter method of elastic semi-infinite plane foundation beam to verify the
statistical results.

With the popularization and application of finite element mechanical analysis software, J.
Lee [7] simulated the failure of GRP under internal pressure by using finite element analysis
software. The results show that the finite element analysis software can be used for the failure
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analysis of GRP under lower internal pressure. In 1989, J. Jeyk [8] presented a finite element
model of GRP mortar pipe by using the finite element analysis software. In this model, the problem
of pipe soil contact is considered, and an example is analyzed with this model to summarize the
causes of pipe failure. A numerical analysis model of GRP mortar pipe based on ABAQUS was
established and its dynamic response under seismic load was investigated and the results are
reported in the L. Xu, and Z.C. Ye [9]. Manko and Beben [11,12] measured the strain and vibration
velocity of the steel bellows culvert under the dynamic load condition of passing through the
vehicle at the speed of 10-70km/h. B. Flener and Karoumi [13] conducted an experimental study
on culverts under railway dynamic load. The displacement and strain of the culvert are measured,
and the dynamic amplification factor (DAF) is calculated.

At present, most of the dynamic response analysis of bridge and culvert structure is based
on the method of field test, which is easily affected by various adverse factors such as cost and
environment. In this paper, details including the dynamic response of the buried GRP mortar pipe
by using the random vibration module based on the ANSYS Workbench finite element analysis
software are discussed. First, the numerical analysis model of GRP mortar pipe is established by
workbench, and the corresponding main natural frequencies and modes are obtained by modal
analysis. Then the dynamic response of the buried pipe under different working conditions is
simulated by the random vibration module. Finally, based on the field measurement data, the
feasibility of using workbench random vibration module to analyze the frequency response of
buried pipe is verified. It can provide the basis for the safety of engineering design under heavy
load, and for the designers to determine the natural frequency and vibration mode of the buried
pipe, so as to avoid resonance in the structural design of the buried pipe, and predict the vibration
form of the buried pipe under different working conditions in the construction stage.

METHODS
Preparation method of ANSYS

According to the full-field test, the ANSYS finite element numerical model is used to
simulate the stress state of pipe culvert. The model size is 10m x 6m x 6m (length x height x
width). The length of pipe is 6 m with 1.5m diameter and 0.05m wall thickness [13,14]. The
thickness of the pipe wall is much smaller than the pipe diameter, so shell element is used to
simulate. The soil is analyzed by 3D solid element [15,16].

Boundary condition

After the numerical model is established, reasonable boundary conditions are applied. In
the rectangular soil model, the horizontal displacement constraint is applied to the front and back
facades, the horizontal displacement constraint is applied to both sides of the soil, and the full
constraint is applied to the bottom.

Contraction between pipe and soil

The material characteristics of backfill and original soil are quite different. The solil is set as
elastic system with two-layer: the upper layer is backfilling, and the lower layer is original soil. The
vehicle load acts on the pipe indirectly through the soil. Therefore, it is necessary to consider the
contact action between the pipe and the soil when establishing the finite element dynamic analysis
model of the GRP mortar pipe culvert. In addition to transferring the pressure between the pipe and
the soil, there are also friction and relative displacement between the pipe and the soil. In order to
describe the nonlinear characteristics of the soil, the soil is set as the target surface, the pipeline as
the contact surface, the contact surface between the pipe body and the backfill and the original soil
is set as the friction surface, and the friction coefficient is set as 0.15; the contact surface between
the backfill and the original soil is set as the bond contact; the model applies the gravity
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acceleration perpendicular to the road surface as a whole (g=9.8m/s?); and the soil constitutive
model is the Drucker-Prager(D-P) nonlinear elastic model in finite element analysis. Due to
considering the internal friction angle and cohesion of soil, the D-P constitutive model can reflect
the nonlinear characteristics of soil.

Material property parameters

The influence of inertia force and damping should be considered in dynamic analysis under
the condition of fast loading and impact. This topic analyzes the vibration load of the buried pipe
when the vehicle passes through the road, so the influence of damping is ignored. The inertia of
the structure should be considered in the dynamic response analysis. The mechanical parameters
such as bulk density, modulus of elasticity and Poisson's ratio are given through experiments as
shown in Table 1.

Tab. 1 - Material parameters.

Modulus of Internal
Constituents Unit weight | Poisson's elasticit friction Cohesion El E2=E3 | G12=G13 | G2
p/ (kg'm 2 ratio Y angle c/kPa /MPa | /MPa /MPa | IMPa
E/MPa of°
Backfill 1940 0.3 32.4 26 20 — — — —
Original soil 1820 0.3 50 35 60 — — — —
Pipe culvert 1800 0.27 — — — 3210 | 8900 2800 1800

Note: E!, E? and E? are the elastic modulus in X, Y and Z directions respectively, and G*?, G** and G?® are shear modulus in X-Y, X-Z
and Y-Z plane respectively.

RESULTS AND DISCUSSION
Field test

The total length of the selected road is 33.8km, and the whole line is second-lass highway.
The GRP mortar pipes with diameter of DN1500 and wall thickness of 50mm are used as buried
pipe culverts. In this test, the characteristic section of pipe culvert is selected as the test section,
and the strain change rule of each test point of pipe culvert under different working conditions is
tested by pasting strain gauge. In this experiment, the filling height of culvert top is 80cm and
100cm respectively, the weight of roller is 20t, the weight of truck is 40t and 60t respectively, the
front and rear wheel axle of truck with speed of 30km/h is directly above the pipe axis, and the
truck is in the middle line of road as shown in Figurel.

‘ Fig.2 - Speed sensor

Fig.1 - Test vehicle
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The Q9 wire at the other end of the speed sensor as shown in Figure 2 is connected to four
channels of the TST5925EV wireless telemetry dynamic strain analysis system. The sampling
frequency is set at 50Hz, and the instrument is continuously sampled for debugging. After all
channels are connected correctly, data collection begins.

Test results
The working condition of the buried pipe test is shown in Table 2.
Tab. 2 - Working conditions

] ) Height of fill
Vehicle weight
80cm 100cm
20t Working condition 1# Working condition 2#
40t Working condition 3# Working condition 4#
60t Working condition 5# Working condition 6#

Under working condition 1 (20t roller, filling height with 80cm), the vibration speed time
history of the top and side of the GRP mortar pipe is as follows:
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Fig.3 - Time history curve of vibration velocity under working condition 1

Under condition 2 (20t roller, filling height with 100cm), the vibration speed time history of
pipe top and pipe side is as follows:

V/mnpks”!
V/mnpks™!

T/s T/s

(@) Top (b) Side
Fig.4 - Time history curve of vibration velocity under working condition 2
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Under working condition 3 (40t truck, filling height with 80cm), the vibration speed time
history of pipe top and pipe side is as follows:

V/mnpks ™!
V/mms

;f e ,J\/

10 20 30 20 50 60 (] 80 10 20 30 40 50 60 70
T/s T/s

(a) Top (b) Side
Fig.5 - Time history curve of vibration velocity under working condition 3

Under working condition 4 (40t truck, filling height with100cm), the vibration speed time
history of pipe top and pipe side is as follows:
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(a) Top (b) Side
Fig.6 - Time history curve of vibration velocity under working condition 4

Under working condition 5 (60t truck, filling height with 80cm), the vibration speed time
history of pipe top and pipe side is as follows:
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Fig.7 - Time history curve of vibration velocity under working condition 5
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Under working condition 6 (60t truck, filling height with 100cm), the vibration speed time
history of pipe top and pipe side is as follows:

V/mms™
V/mmsks
I

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
T/s T/s
(a) Top (b) Side

Fig.8 - Time history curve of vibration velocity under working condition 6

The fast Fourier transform (FFT) spectrum analysis of the vibration velocity data of the pipe
crown and the pipe side under the action of 20T vibrating roller can obtain the spectrum
characteristic curve of the pipe top and the pipe side, as shown in Figure 8. In the figure, the
horizontal axis is the frequency (Hz), and the vertical axis is the vibration speed (mm/s).
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(a) V spectrum curve at the pipe crown
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(b) H spectrum curve at the pipe spring line
Fig. 9 - Frequency spectrum of vibration velocity

The vibration speed data of the pipe crown and the pipe spring line are performed with FFT
when the 40t heavy-duty engineering dumper is running, and the spectrum characteristic curve of
the pipe top and the pipe side can be obtained, as shown in Figure 9. Where, (a) described the
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vertical spectrum curve at the pipe crown, and (b) described the horizontal spectrum curve at the
pipe spring line.
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(a) V spectrum curve at the pipe crown
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(b) H spectrum curve at the pipe spring line
Fig.10 - Frequency spectrum of vibration velocity

FFT transform the vibration speed data of the top and side of the pipe when the 60t heavy-
duty engineering dumper is running, and the spectrum characteristic curve of the top and side of
the pipe can be obtained, as shown in Figure 10. In the figure, the horizontal axis is the frequency
(Hz), and the vertical axis is the vibration speed (mm/s).
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(a) V spectrum curve at the pipe crown
Fig. 11 - Frequency spectrum of vibration velocity
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(b) H spectrum curve at the pipe spring line
Fig. 11 - Frequency spectrum of vibration velocity

As shown in Figures 3 to 11, when the 20t truck passes through the pipe culvert, the
extreme value of the vibration velocity at the top of the pipe is obviously greater than that at the
pipe side when the filling height is 80cm, but the extreme value of the vibration velocity at the pipe
side is greater than that at the pipe top when the filling height is 100cm, which indicates that the
filling height has a great influence on the vibration velocity at the pipe top. In other words, when the
same weight vehicle passes through the pipe culvert, the higher the filling height is, the greater the
consumption of vehicle vibration transmission to the pipe top is. Under condition 3 (truck 40t, filling
height 80cm), the extreme value of vibration velocity at pipe top and pipe side has little difference,
but the vibration response time at pipe side is significantly longer than that at pipe top; work
condition 4, 5 and 6 are similar to this response.

Results of modal analysis

According to the results of modal analysis, the frequency and mode diagram of the first
three main active modes are extracted. The first three natural frequencies are shown in Table 3.
and Figure 12.

Tab. 3 - Natural frequency

Order 100cm
1# 26.602Hz
2# 32.022Hz
3# 35.786Hz

y v ¥
0000 1.000 2,000 (m) P/l\‘x 0000 1.000 2000 (m) /'\‘ 0000 1.000 2,000 (m) '/I\"
‘— —

—
0.500 1.500 0.500 1.500 0.500 1.500

Fig. 12- The first third mode diagram
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In this paper, YES-DASP system is used to collect data, and GT-413 accelerometer is used
as vibration sensor. The micro vibration speed signals of several common vehicles are collected. In
the collected acceleration time history curve, select a representative section of load history curve a
(T), and input the PSD spectrum value into the workbench. Using workbench, the models with
buried depth of 50, 80 and 100 cm under different working conditions are established respectively.
After the acceleration PSD spectrum is input, the corresponding degree of freedom constraints are
applied in the X, Y and Z directions of the numerical model, and then the acceleration excitation in
the Y direction is applied to each node of the whole model. In the analysis of calculation results,
select representative points and draw their spectrum curve. In this paper, the top (V) point and the
side (H) point are selected as examples, where H and V represent the horizontal and vertical
directions respectively. Under the excitation of heavy-duty vehicle with vehicle weight of 40t and
vehicle speed of 30km/h to the pavement with buried depth of 80cm, the corresponding frequency
response curve of the measuring point is shown in Figure 13 — Figure 21. Where, the horizontal
axis represents time(s), and the longitudinal axis represents the displacement(mm).

1055204

15

25e-12

(a)V (b)H
Fig.13 - Response curve of spectrum displacement under 50cm condition
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Fig.14 - Response curve of spectrum displacement under 80cm condition

@ DOI 10.14311/CEJ.2021.01.0017 238



Article no. 17

CIVIL -
ENCGINEERING THE CIVIL ENGINEERING JOURNAL 1-2021

JOURNAL

25211 1.e19

255622413 27575222
as 1. 25 5 1 FIA T a5 1 25 5 1. FIA 1)

@V (b)H
Fig.15 - Response curve of spectrum displacement under 100cm condition

The spectrum response curve of buried pipe under the excitation of vehicle type with
vehicle weight of 60t and vehicle speed of 25m/s are as follow:

2511

(aVv (b)H
Fig.16 - Response curve of spectrum displacement of tube under 50cm condition
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Fig.17 - Response curve of spectrum displacement under 80cm condition
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Fig.18 - Response curve of spectrum displacement under 100cm condition

The spectrum response curve of buried pipe under the excitation of vehicle type with vehicle
weight of 60t and vehicle speed of 20m/s are as follow:

25218

@V (b)H
Fig.19 - Response curve of spectrum displacement under 50cm condition

102654 35737410

2511
fe-tt

zzzzzz

25e-14

@V (b)H
Fig.20 - Response curve of spectrum displacement under 80cm condition
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Fig.21 - Response curve of spectrum displacement under 100cm condition

Under the work condition of the burial depth with 50cm and the vehicle speed of 30m/s, the
peak values of displacement frequency and acceleration frequency of the pipe top are the largest,
which are respectively 1.0552e-4 (m?) / Hz and 5.2998 (m?/Hz); when the burial depth changes
from 50cm to 80cm, the spectral response value of the pipe apex decreases accordingly When the
buried depth changes from 50cm to 80cm, the peak value of the frequency at the pipe side will
decrease more than that of the buried depth from 80cm to 100cm. The possible reason for this
phenomenon is that with the increase of buried soil depth, the soil arching effect (uneven
displacement or relative displacement between soil particles) of soil on the pipeline becomes more
and more obvious, which changes the load diffusion angle; at the same time, it forms the
supporting arch foot, which bears the automobile load together with the buried pipe [19,20,21]. For
different buried depth, with the increase of vehicle speed, the peak value of displacement
frequency and acceleration frequency corresponding to the pipe vertex and the pipe side point will
also increase. As the vehicle speed increases, the vertical response of the vehicle becomes larger,
and the increase of the vehicle speed makes the power spectral degree of the random dynamic
load of the vehicle become larger, so does the dynamic response transmitted to the pipeline
through the road. Table 4 shows the calculation results of pipe vertex and pipe side point under
different working conditions.

Tab. 4 - The calculation results of spectrum response under different working conditions

Peak value of displacement frequency Peak acceleration frequency
Working condition (m*)/Hz /(m/s?)*/Hz

Top(V) Side(H) Top (V) Side (H)
50cm 1.0552e-4 1.745e-9 5.2998 1.0697 e-3
30m/s 80 cm 1.0266e-4 5.66e-10 2.9801 e-1 1.5987 e-3
100 cm 1.0266e-4 45785 e-11 2.8559 e-1 2.8863 e-5
50cm 1.0552e-4 1.4542e-9 4.4165 8.9141 e-4
25m/s 80 cm 1.0266e-4 4.713e-10 2.4284 e-1 1.3322 e-3
100 cm 1.0266e-4 3.8154 e-11 2.3386 e-1 2.4052 e-5

50cm 1.0552e-4 1.0664e-9 3.2388 6.537 e-4
20m/s 80 cm 1.0266e-4 3.5737e-10 1,987 e-1 1.0102 e-3
100 cm 1.0266e-4 2.7979e-11 1.9226 e-1 1.8197 e-5
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As shown in Table 4, under the condition of buried depth of 50cm, the peak value of vertical
displacement frequency at the top of the pipe is mainly concentrated in three frequency segments
of 0.5Hz, (1-1.5)Hz and (4-5)Hz, the maximum displacement frequency peak value is 1.0552e-
4(m?)/Hz; under the condition of the buried depth of 80cm, the peak value of the vertical
displacement frequency of the pipe top is mainly concentrated in two frequency segments of 0.8Hz
and (1-1.5)Hz, the peak value of the maximum displacement frequency is 1.0266e-4(m?)/Hz; when
the buried depth is 100cm, the peak value of the vertical displacement frequency of the pipe top is
mainly 0.5Hz, the peak value of the maximum displacement frequency is 1.0266e-4(m?)/Hz. This
shows that with the increase of the filling height, the distribution range of the peak frequency of the
vertical displacement on the top of the pipe decreases, and the peak frequency of the maximum
displacement also decreases. It is similar to the peak value of displacement frequency on the tube
side. The peak value of acceleration frequency at the top of the pipe decreases with the increase
of filling height, but the peak value of maximum acceleration frequency at the side of the pipe
reaches the maximum value when the buried depth is 80 cm. In other words, the main factor
influencing the apex value of culvert is the depth of fill, when it increases, causes the apex value to
increase. Other important elements influencing the apex value are the vehicle speed. There is a
positive correlation between the vehicle speed and the vibration response extreme of the pipe top
and side.

CONCLUSIONS

In this paper, the dynamic response values of the glass sand pipe with buried depth of
80cm and 100cm under the weight of 20, 40 and 60 t truck are measured and analyzed through
the field test. Then, according to the field situation, the finite element dynamic analysis model of
GRP mortar pipe culvert is established by using the ANSYS Workbench finite element mechanical
analysis program. The modal analysis of the buried GRP mortar pipe is carried out, and the main
natural vibration frequency and the corresponding vibration mode diagram are obtained. On the
basis of modal analysis, the dynamic response of GRP mortar pipe under different working
conditions is studied by random vibration, and the following conclusions are obtained:

(1) The error is less than 15% by comparing the simulation value with the test value under the
same working condition. The feasibility of using workbench random vibration module to
analyze the frequency response of buried pipe is verified.

(2) The vehicle load is imposed as 20t, 40t and 60t respectively, the vibration frequency of the
glass sand pipe with buried depth of 80 and 100cm is far less than the first three natural
frequencies calculated by modal analysis. Therefore, when the filling height of the pipe
culvert is 0.8m and 1m, the roller will not resonate and damage the buried pipe under strong
earthquake. After the soil foundation is compacted, the traffic of the heavy material truck can
be restored.

(3) For the buried GRP mortar pipe under different working conditions, the frequency response
of vertical vibration at the top of the pipe is generally greater than that of horizontal vibration

(4) With the increase of the buried depth, the frequency response value of the pipeline to the
vehicle load decreases. When the buried height of the GRP mortar pipe is greater than 0.8m,
the soil arching effect becomes more and more obvious, and the impact of the ground
vehicle dynamic load on the vibration of the buried pipe can be ignored. For different buried
depth, with the increase of vehicle speed, the peak value of displacement frequency and
acceleration frequency corresponding to the pipe vertex and the pipe side point will also
increase.

(5) A numerical model is established for the whole structure of the buried GRP mortar pipe with
a buried depth of 50, 80 and 100 cm. The critical natural frequency is obtained by modal
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analysis. Based on the measured micro vibration data of the site, the vibration response
frequency range of the key points of the pipe is obtained by workbench random vibration
simulation. After comparison, the vibration frequency does not intersect and resonance will
not occur.

In summary, the results concluded in this paper show that the feasibility of using
Workbench random vibration module to analyze the spectrum response of buried pipelines. It
provides basis for safety degree of engineering design, especially for safety problems under heavy
load, as well as construction and application of GRP mortar pipe culverts. The further research
focuses on the mechanical analysis and life estimation of the buried GRP mortar pipe under the
earthquake load. And further optimize the pipeline structure to realize the wide application of GRP
mortar pipe in the field of bridge and culvert engineering.
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