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Abstract 

Earthquake load was one of the important factors affecting the safety of tower 
equipment. As the supporting structure of tower equipment, skirts were the key 
components of tower equipment for seismic resistance. Taking a urea synthesis tower 
supported by a skirt as an example, the ANSYS software was used to calculate the time 
history response of the tower equipment under the combined action of seismic loads and 
gravity loads of different intensities, and the dynamic behavior of the skirt tower 
equipment was analyzed. The results showed that the maximum stress occurred in the 
connection area between the anchor bolts and the tower equipment, and the stress 
concentration was serious; the connection area between the lower head of the tower 
equipment and the skirt also had a stress concentration phenomenon; With the increase 
of earthquake intensity, the extreme value of the displacement of the tower top, the 
extreme value of the stress of the tower equipment, the axial force and the shear force of 
the bolts all increase to varying degrees; the distribution of anchor bolt axial force 
extreme value was greatly affected by the horizontal seismic load excitation direction, 
the maximum axial force extreme value appeared on the anchor bolt located in the 
direction of the earthquake excitation, and its value can reach 3 times the extreme value 
of the minimum axial force of the anchor bolt. 
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1. Introduction 

Skirt tower is a slender structure, which is widely used in petrochemical industry[1].With the 
development of modern industry, the height of many skirt tower equipments is up to 
30m[2].Skirt tower equipment needs to bear the influence of gravity load, wind load and seismic 
load, and is particularly sensitive to seismic load during operation. Under the action of 
earthquake load and self weight, the skirt part of skirt tower equipment may fail or be damaged, 
resulting in equipment failure, even causing very large disaster[3-6].In JB 4710-2005 "steel 
tower vessel", the response spectrum method is used to analyze the seismic load, which can not 
simulate the dynamic response of the equipment. In recent years, many scholars have carried 
out research on dynamic response of tower equipment under seismic load. For example, 
Yushan Ma et al.[7]established a1 1/2 model of adsorption tower, fully constrained the skirt 
bottom of the equipment, applied seismic load excitation in one direction, carried out time 
history analysis on tower equipment, combined with current standard seismic analysis method, 
put forward corresponding suggestions; Zhiwei Chen et al.[8]used four seismic records as 
excitation to analyze the dynamic characteristics of tower equipment, It is pointed out that the 
time history response analysis method can be applied to the seismic load design of all tower 
pressure vessels. Under the action of earthquake load, the bottom of tower equipment will be 
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subjected to large shear force and bending moment. In practical engineering, it is often resisted 
by anchor bolts distributed in a ring[7-9]. Once the anchor bolt is overloaded and yielding, the 
tower equipment will topple [10-12]. 

To sum up, when the seismic response of tower equipment is studied, the stress at the bottom 
of the equipment is mainly concerned, and the shear force and bending moment at the bottom 
of the equipment are taken as the main parameters of seismic design. At present, there are few 
reports on seismic response analysis of tower equipment considering gravity load and anchor 
bolt force under different seismic intensity. Therefore, in this paper, a skirt supported urea 
reactor is selected as the research object, and the fine model of the bottom structure of the 
equipment is established. Considering the joint action of seismic load and self weight, the stress 
distribution law of tower body and the stress condition of anchor bolt are studied in depth. 

2. Calculation Model and method 

2.1. Basic theoretical basis of dynamic analysis  

Seismic analysis has four theories: static theory, dynamic theory, response spectrum theory and 
time history response[13]. Time history response analysis is to input the acceleration data of 
seismic wave into the structural dynamic equation directly to solve the structural vibration 
displacement. This analysis method can reflect the dynamic phenomenon under the earthquake 
load. The slender tower equipment will produce horizontal displacement under the action of 
horizontal seismic force, which will cause the gravity load acting on the structure to produce 
eccentricity, which will cause secondary internal force and deformation in the structure, which 
is called the Р-Δ effect. The structure is also affected by the vertical seismic force, and the 
structure will be further in a disadvantageous state under the action of this effect. Therefore, 
when analyzing the seismic load displacement response of the structure, the self-weight effect 
of the structure needs to be considered in the vertical motion equation [14]. 

Under lateral and vertical seismic excitation, the displacement response diagram of the single-
particle system is shown in Figure 1. In the figure, ug and vg are the horizontal and vertical 
displacements of the ground respectively, and u and v are the horizontal and vertical relative 
displacements of the mass point [14]. The dynamic equations of the single-particle system under 
lateral and vertical seismic excitation are equations (1) and (2). 

 
Fig. 1 single particle system of earthquake excitation 

 
𝑚�̈� + 𝑐1�̇� + 𝑘1𝑢 = −𝑚�̈�𝑔 (1) 

𝑚�̈� + 𝑐2�̇� + 𝑘2𝑣 = −𝑚(𝑔 + �̈�𝑔) (2) 

Among them, 𝑐1,𝑘1and 𝑐2,𝑘2are the damping coefficient and stiffness coefficient of the system 
in the lateral and vertical directions, respectively, and 𝑔 is the acceleration due to gravity. The 
motion equation of the multi-particle system is 

                                                   (3) 
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Among them:[𝑀] represents the structure mass matrix, [𝐶] represents the structural damping 
matrix, [𝐾] represents the structural stiffness matrix because geometric nonlinearity [𝐾] is the 
elastic stiffness matrix, {𝑈} represents the nodal velocity array, {𝐹(𝑡)}represents the nodal load 
array, including the seismic force and self-weight caused by the ground. Where 𝐹(𝑡) =
[𝑀]𝐴(𝑡),the horizontal and vertical seismic wave accelerations are selected in the calculation 
process, and the acceleration matrix is composed of two-component acceleration series 𝛼𝑖(𝑡). 
𝐴(𝑡) is shown in formula (4) 

                                                                          (4) 

The transient dynamic analysis methods of ANSYS include complete method, reduction method 
and mode superposition method. In this paper, TRNOPT, full complete method is used to 
analyze the seismic response of skirt tower equipment. The time integration effect is first closed 
to complete the static load step analysis; after the analysis, the time integration effect is turned 
on to complete the subsequent transient analysis. 

Upper 

head

Cylinder

Lower 

head

Skirt body

 

Fig. 2 Overall structure diagram and anchor bolt distribution diagram of urea synthesis tower 

MPC coupling

Constrain the six degrees 

of freedom of the node

 
Fig. 3 Finite element model of urea converter 
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2.2. Establishment of finite element model 

Taking the urea synthesis tower supported by a skirt as an example, the total height of the urea 
synthesis tower is 30.7m, mainly including the upper head, 12 sections of the cylinder, lower 
head and skirt. The inner diameter of the tower body is 0.9m, the wall thickness is 0.172m, the 
inner diameter of the skirt cylinder is 1m, the wall thickness is 0.04m, and the nominal diameter 
of anchor bolt is 0.032m, which is in a circular distribution. The overall structure of the urea 
synthesis tower 2 is shown in the figure. The material properties are: Poisson's ratio 0.3, elastic 
modulus 2.06 × 1011Pa, density 7.85 × 103kg/m3. 

Based on ANSYS software, the finite element model is established by solid elements soild185 
and beam188, as shown in Fig. 3. There are 2722146 finite element models. The MPC coupling 
method is used to realize the hinge connection between the anchor bolt and the tower body, 
and the lower end point of the anchor bolt is fully constrained. 

2.3. Determination of structural damping coefficient 

The modal shape and natural frequency of urea converter are necessary data for dynamic 
characteristic analysis. The first two order frequencies are 0.89Hz and 3.45Hz respectively. In 
the process of structural analysis, Rayleigh damping (proportional damping) model as shown 
in equation (5) is used to consider the damping effect of the structure. 

[𝑐]𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ = 𝛼[𝑀] + 𝛽[𝐾] (5) 

among[𝑀]represents the structure mass matrix,[𝐾] represents the structural stiffness matrix, 
𝛼 represents the mass matrix coefficient, and 𝛽 represents the stiffness matrix coefficient. In 
general, 𝛼  damping and 𝛽  damping are not known, but are obtained by calculation. The 
calculation method is as formula (6) and formula (7): 

𝛼 =
2𝜔1𝜔2𝜉

𝜔1 + 𝜔2
 (6) 

𝛽 =
2𝜉

𝜔1+𝜔2
 (7) 

among𝜔1and𝜔2Represents the modal frequency, 𝜉Represents a constant damping ratio. The 
natural vibration frequency of urea converter is determined by modal analysis. The first two 
natural frequencies are taken and the damping ratio is 5%. According to formula (6) and 
formula (7), the Rayleigh damping constant of the urea converter is calculated as𝛼=0.07,𝛽=0.02. 

2.4. Selection and input of seismic wave 

The site type II is determined according to the site category. The seismic response analysis of 
the urea reactor is carried out under the seismic intensities of V, VI, VII and VIII. According to 
the "Tianjin, China (1976) earthquake record", the horizontal and vertical accelerations are 
taken for analysis. The peak values of acceleration in the two directions are 1.413m/s2 and 
0.7072m/s2. The acceleration duration of the seismic wave is 19s, and the calculated data is 
taken every 0.1s, which is 190 data points in total. According to different seismic intensity, it is 
necessary to adjust the value of each seismic wave, and adjust the amplitude of seismic wave 
value according to equation (8). 

𝛼(𝑡)
′ =

𝐴𝑚𝑎𝑥
′

𝐴𝑚𝑎𝑥
𝛼(𝑡) (8) 

Among them,  𝐴𝑚𝑎𝑥  represents the peak acceleration recorded by a typical intensity, and,𝛼(𝑡) 

represents the acceleration curve of a typical strong earthquake record; 𝐴𝑚𝑎𝑥
′ represents the 

adjusted peak value of seismic acceleration, 𝛼(𝑡)
′  represents the adjusted acceleration curve of 

strong seismic records. After amplitude adjustment, the peak seismic acceleration at each 
seismic intensity is 0.31m/s2, 0.63m/s2, 1.25m/s2 and 2.50m/s2. Figures 4 and 5 are the 
original acceleration time history curves of Ningxia Tianjin waves. 
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Fig. 4 acceleration time history curve in 
horizontal direction 

Fig. 5 vertical acceleration time history 
curve 

3. Calculation results and analysis of seismic response 

3.1. Equipment displacement and stress results and analysis 

Figures 6-9 shows the change curve of the displacement of the top node of the tower in the X 
direction with time under different seismic intensities. It can be seen from the figure that the 
change trend of the time history curve of the tower top displacement under different seismic 
intensities is similar, and the maximum displacement time is also the same. Table 1 shows the 
maximum displacement value of the tower top under various earthquakes, which increases 
exponentially with the seismic intensity, and its values are approximately 3.3×2, 3.3×22, 3.3×23, 
3.3×24, as shown in Figure 10. 

  

Fig. 6 Displacement time history curve of 
magnitude V earthquake 

Fig.7 Displacement time history curve of 
magnitude VI earthquake 

  

Fig. 8 Displacement time history curve of 
magnitude VII earthquake 

Fig. 9 Displacement time history curve of 
magnitude VIII earthquake 

 

Table 1 maximum displacement of synthesis tower 
earthquake 

intensity 
Earthquake of 
magnitude V 

Earthquake of 
magnitude VI 

Earthquake of 
magnitude VII 

Earthquake of 
magnitude VIII 

Displacement / mm 6.60 13.41 26.62 53.24 
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Fig. 10 relationship between displacement and seismic intensity 

 

Figures 11-14 are the local equivalent stress cloud diagrams of the urea synthesis tower under 
the action of gravity and seismic load at 9s (that is, the moment of maximum displacement at 
the top of the tower). It can be seen from the figure that the maximum stress occurs at the 
junction of the skirt and the anchor bolts. Under different seismic intensities, the maximum 
stress extremes of the tower equipment are shown in Table 2. 

 

Table 2 Maximum stress value of synthesis tower 
earthquake 

intensity 
Earthquake of 
magnitude V 

Earthquake of 
magnitude VI 

Earthquake of 
magnitude VII 

Earthquake of 
magnitude VIII 

Stress / MPa 153.00 204.00 302.00 499.00 

 

MAX

 

MAX

 

Fig. 11 Equivalent stress cloud diagram of 
the magnitude V earthquake: Pa 

Fig. 12 Equivalent stress cloud diagram of 
the magnitude VI earthquake: Pa 

MAX

 

MAX

 

Fig.13 Equivalent stress cloud diagram of the 
magnitude VII earthquake: Pa 

Fig. 14 Equivalent stress cloud diagram of 
the magnitude VIII earthquake: Pa 
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Figures 15-18 are the local equivalent stress cloud diagrams of the connection area between 
the lower head and the skirt of the urea synthesis tower at 9s (that is, the moment of maximum 
displacement) under the action of seismic load and gravity load. Stress concentration also 
appears in the transition area between the lower head and the skirt, but the stress value in this 
area is much smaller compared to the joint between the skirt and the anchor bolt. The extreme 
stress values of this area under different seismic loads are shown in Table 3. 

  
Fig. 15 Local equivalent stress cloud 
diagram of head and skirt under the 

magnitude V earthquake: Pa 

Fig.16 Local equivalent stress cloud diagram 
of head and skirt under the magnitude VI 

earthquake: Pa 

  
Fig. 17 Local equivalent stress cloud 
diagram of head and skirt under the 

magnitude VII earthquake: Pa 

Fig. 18 Local equivalent stress cloud diagram 
of head and skirt under the magnitude VIII 

earthquake: Pa 

 

Table 3 Stress extremes at the joint between the lower head and skirt of the synthesis tower 
earthquake 

intensity 
Earthquake of 
magnitude V 

Earthquake of 
magnitude VI 

Earthquake of 
magnitude VII 

Earthquake of 
magnitude VIII 

Stress / MPa 19.00 25.50 37.90 63.00 

 

It can be seen from Table 2 and Table 3 that the ultimate stresses of both regions increase with 
the increase of seismic intensity. 

3.2. Internal force results and analysis of anchor bolts 

The anchor bolts of the urea synthesis tower are distributed in a ring shape, and their 
distribution numbers are shown in Figure 2. See Table 4 and Table 5 for the extreme values of 
axial force and shear force of anchor bolts of different intensities under seismic loads. It can be 
seen from the table that, affected by the horizontal seismic load excitation direction (in this 
article, it is set as the X direction), the extreme values of the axial force of the anchor bolts at 
different positions are quite different, and the maximum axial force extreme value appears on 
the anchor bolt at the maximum position of the X coordinate , Namely 5#, 6#, 15#, 16# anchor 
bolts, and the maximum axial force extreme values of the 4 anchor bolts are approximately the 
same under the same seismic intensity. The minimum axial force extreme value appears on the 
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anchor bolts at the minimum position of the X coordinate, namely 1#, 10#, 11#, 20# anchor 
bolts, and the minimum axial force extreme values of the 4 anchor bolts under the same seismic 
intensity Approximately the same. When the seismic intensity is VIII, the extreme value of axial 
force of 15# anchor bolt has reached 3 times the extreme value of axial force of 1# anchor bolt. 

It can be seen from Table 5 that the extreme shear force of each anchor bolt is less affected by 
the excitation direction of the horizontal seismic load, and the extreme shear force of bolts at 
different positions has little difference. Each increase in seismic intensity by 1 level will 
approximately double the maximum shear force. 

 

Table 4 Maximum axial force of anchor bolt (KN) 

Anchor bolt number 
Earthquake of 
magnitude V 

Earthquake of 
magnitude VI 

Earthquake of 
magnitude VII 

Earthquake of 
Magnitude VIII 

1 149.64 159.86 179.67 219.62 
2 167.38 196.14 251.86 364.2 
3 182.68 227.22 313.54 487.56 
4 192.88 248.69 356.81 574.8 
5 198.43 260.11 379.63 620.6 
6 198.43 260.12 379.63 620.6 
7 192.89 248.7 356.82 574.81 
8 182.69 227.23 313.55 487.57 
9 167.39 196.15 251.87 364.22 

10 149.64 159.87 179.69 219.65 
11 150.67 161.96 183.84 227.95 
12 169.70 200.87 261.25 382.98 
13 186.11 234.20 327.37 515.24 
14 197.10 257.26 373.82 608.83 
15 203.06 269.53 398.31 657.95 
16 203.04 269.50 398.30 657.91 
17 197.12 257.29 373.87 608.91 
18 186.11 234.21 327.40 515.29 
19 169.72 200.90 261.30 383.08 
20 150.69 162.00 183.90 228.06 

 

Table 5 Maximum shear force of anchor bolt (KN) 

Anchor bolt number 
Earthquae of 
magnitude V 

Earthquake of 
magnitude VI 

Earthquake of 
magnitude VII 

Earthquake of 
Magnitude VIII 

1 1.94 3.88 7.66 15.29 
2 1.98 3.91 7.65 15.21 
3 2.00 3.90 7.60 15.04 
4 2.01 3.89 7.52 14.86 
5 2.01 3.87 7.47 14.74 
6 2.01 3.87 7.47 14.73 
7 2.00 3.88 7.51 14.84 
8 1.99 3.89 7.58 15.02 
9 1.96 3.89 7.63 15.17 

10 1.92 3.86 7.64 15.25 
11 1.86 3.80 7.57 15.18 
12 1.78 3.71 7.44 14.98 
13 1.70 3.60 7.29 14.72 
14 1.66 3.51 7.14 14.46 
15 1.67 3.45 7.05 14.30 
16 1.66 3.45 7.05 14.31 
17 1.64 3.51 7.15 14.48 
18 1.70 3.61 7.30 14.74 
19 1.80 3.73 7.47 15.02 
20 1.88 3.82 7.60 15.22 
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4. Conclusion 

In this paper, a urea reactor supported by a skirt is taken as an example. The displacement, 
stress and internal force responses of the tower equipment under different earthquake 
intensity and gravity are calculated by time history method. According to the calculation results, 
the following conclusions are obtained: 

(1) When considering the joint action of seismic load and self weight load, the maximum stress 
appears in the connection area between skirt and anchor bolt, and the phenomenon of stress 
concentration is serious. In addition, the stress concentration phenomenon also appeared in 
the connection area between the lower head and skirt. 

(2) The distribution of the maximum axial force of anchor bolt is greatly affected by the 
direction of seismic load excitation, and the maximum axial force appears on the bolt located in 
the direction of horizontal seismic force excitation. The maximum axial force of the bolt at this 
position can reach 3 times of that of other bolts. The distribution law of the maximum shear 
force of the anchor bolt is not affected by the direction of the earthquake excitation, and the 
difference of the extreme shear force of the anchor bolt at different positions is small. 

(3) The magnitude of seismic intensity has great influence on the dynamic behavior of tower 
equipment. With the increase of seismic intensity, the response extremum of equipment 
increases in different degrees, so it is necessary to strengthen the safety protection of tower 
equipment in the area where earthquakes occur frequently and with high intensity. 
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