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ABSTRACT

The safety of various industrial plants ranging from nuclear power plants to refineries in case of large
earthquake of unexpected level has been concerned for years in Japan. Since potential risks corresponding
these industrial plants at earthquake are required to be described into more detailed scenarios, seismic
analysis is expected to not only provide information that structure failure or not, but necessary to describe
small and local damages for example of joint parts deformation, which cause leak of flammable or toxic
contents of high pressure and high temperature from the piping leading to considerable risk events.

While the authors have been developed highly advanced FEA method called FIESTA (Finite Element
Analysis for Structure of Assembly) method to elaborate the analysis quality, this method is applied to a
pipe rack structure by building accurate model with all parts (nuts and bolts, e.g.) being assembled, and
conduct time-history seismic analysis using real earthquake motion wave. Analysis results are compared
with conventional frame analysis model of practical design level and the advanced FE analysis shows slight
changes in global dynamic behaviours of the structure caused partly by peculiar behaviours of contact
elements characteristic to the assembly model, and stress and deformation profiles of those assembled parts
are expressed accurately.

INTRODUCTION

Industrial plants such as nuclear power plants, refineries, petrochemical plants are mostly located or
constructed in coastal areas near large cities in Japan. As some of these plant facilities experienced the
damage in the 2011 off the Pacific coast of Tohoku Earthquake, potential accidents caused by large
earthquake ground motions or subsequent tsunamis have increasingly become of public concern.

Meanwhile, one of the main components of process plants are piping that connects equipment, and
flammable substances are contained in the piping at high temperatures and pressures. Damage to the piping
caused by an earthquake might lead to a large-scale disaster by inducing leakage or fire explosion of these
hazardous contents. The pipe rack that supports the piping is an important structure to prevent damage to
the piping.

In the design of the pipe rack, the lateral load-carrying capacity design is carried out. In order to prevent
the failure of any connection until the structure reaches the ultimate state at a large earthquake, the
connection is designed so that sufficient force can be transmitted to demonstrate the maximum bearing
capacity of the members. Therefore, in the seismic design, the failure of the member may precede the failure
of the connection. However, the boundary condition of the connection in the frame model is conventionally
assumed in two ways, PIN or FIX, and these oversimplified assumptions do not fully represent the reality.
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To tackle the issues mentioned above, full-scale experiments and the data accumulation are important.

However, considering a vast number of connection types, it is not realistic to verify structural behaviours

only by experiment. While the numerical model analysis such as FIESTA (Finite Element Analysis for

Structure of Assembly) methodology is regarded as virtual experiment and its data accumulation could
become an effective means (Nishida et al. (2019), (2022), Matsukawa et al. (2024)).

In this paper, first of all, comparison between responses obtained by different earthquake response analysis
methods using the beam element model (hereafter frame model) used in conventional design is carried out.
Then, structural members and connection parts composing the pipe rack are expressed into a detailed model
(hereafter assembly model) and analysed by the FIESTA method, and the results are evaluated in terms of
global stiffness of the connection part. Finally, the analysis results of the assembly model and the frame
model are compared.

SEISMIC PERFORMANCE EVALUATION METHOD

Methods for analysing structures when conducting seismic performance evaluations include the seismic
coefficient method for static analysis, and the response spectrum method and the time history response
analysis method for dynamic analysis.

The seismic coefficient method is a method in which a lateral seismic force F = W - k;,, calculated from
the weight of the structure W and the design seismic coefficient ky,, is statically applied to a structure. This
method simplifies calculations by converting dynamic seismic forces into static seismic forces using the
concept of seismic coefficient. However, since the structure and ground vibrate uniformly only when the
structure's natural period is approximately 0.05 seconds or less, the vibration characteristics of the structure
cannot be properly reflected in most structures. Therefore, considering the natural period, natural vibration
mode, damping constant, etc. of the structure, the seismic force equivalent to the first natural period is often
applied to the structure by approximating it to the first natural vibration mode. This method is called the
modified seismic coefficient method.

The response spectrum method is a method of calculating the maximum response by determining the natural
period and natural vibration mode of each order through eigenvalue analysis of the structure, and then
calculating and superimposing the maximum response of each order using the response spectrum. In
addition, when the seismic coefficient used in the modified seismic coefficient method and the input
spectrum of the response spectrum method are obtained from the same acceleration response spectrum, the
modified seismic coefficient method can be regarded as a response spectrum method that considers only
the primary mode.

The time history response analysis is an analytical method that assumes that the state changes over time
and is capable of capturing changes in the response of a structure due to earthquake waves.

MODEL OF PIPE RACK, SEISMIC GROUND MOTION AND ANALYSIS CONDITIONS

The analysis subject in this study is the same as that in Matsukawa et al. (2024), a steel pipe rack structure.
Schematic view, specification of subject structure are shown in Fig. 1, and Table 1, respectively.

Seismic ground motion used in this study is the observation record at Hachinohe during the 1968 Tokachi-
oki earthquake, which was re-digitization by Midorikawa & Miura (2010). The input seismic ground motion
for seismic response analyses is taken as a 10-second period including the peak ground acceleration as
shown in Fig. 2 for NS, EW directional components, and its acceleration response spectra are shown in Fig.
3. Peak ground acceleration and 3% damped maximum response acceleration are shown in Table 2.
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Fig. 1 Schematic view of the Pipe Rack

Table 1 Specification of the Pipe Rack

Item Explanation
Specification SS400 (JIS)
Material You_ng’s Modu_lus 210,000 MPa
Poisson’s Ratio 0.3
Density 7.8x10° kg/mm?®
Column Cl1-C8 H-350 x 350 x 9 x 14
Longitudinal Girder Gl-G6 H-250 x 250 x 9 x 14

Member  Transversal Girder (Upper) BUl -BU4 H-340 x 250 x 9 x 14
Transversal Girder (Lower) BL1-BL4 H-390x300x10x 16

Vertical Brace V1-V4 H-150 x 150 x 7 x 10
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Fig. 2 Re-digitization of accelerogram at Hachinohe harbour during the 1968 Tokachi-oki earthquake
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Fig. 3 Acceleration response spectra (3% damping)
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Table 2 Peak ground acceleration and maximum response acceleration
Components Peak ground Acc. Time Maximum Resp. Acc. Period
(gal) (sec) (oal) (sec)
North-South (NS) 231.03 5.94 944.53 0.356
East-West (EW) -181.22 4.97 911.96 0.351
Frame Model

The frame model is widely used in conventional designs, in which members are modelled as beam elements
and connections as PIN or FIX conditions. Analysis conditions for comparing responses due to three
different seismic response analysis methods are shown in Table 3. In static analysis using the modified
seismic coefficient method, seismic loads are applied separately in the longitudinal (hereafter X) and
transversal (hereafter Y) directions, thus seismic loads are also applied in X and Y directions in the response
spectrum method and the time history response analysis. Above mentioned input seismic ground motion
has two components, East-West and North-South; peak ground acceleration of North-South component is
larger than that of East-West component. In static analysis using the seismic coefficient method, the larger
peak ground acceleration is used, but in dynamic analysis, depending on the characteristics of the seismic
waves and the vibration characteristics of the structure, a larger peak ground acceleration does not
necessarily result in a greater structural response. Therefore, both components of the seismic waves are
applied in different directions and the response of the structure is compared.

Table 3 Analysis conditions for the frame model
Load direction

Ao Comr?f)nents Comr?(()nents
EW NS EW NS
Modified Seismic Coefficient Method MX01 MX02 MYO01 MY 02
Response Spectrum Method RX01 RX02 RY01 RY02
Time History Response Analysis TX01 TX02 TYO1 TY02

Advanced Finite Element Model of Assembly

Regarding methods for modelling bolted joints used in FEM analysis, Williams (2020) presents simplified
modelling methods, such as using beam elements for the bolt shank and using shell or solid elements for
the bolt head and nut, or using multi-point constraints (MPC) on both ends of a beam element located at the
centre of the bolt shank and the contact points between the fastener and the fastened body, as well as a
method of modelling the entire joint using solid elements, including the bolt shank. Modelling the entire
bolt with solid elements results in a larger analysis model with more degrees of freedom, but also allows
for more accurate representation. This has the advantage that the rigidity of the bolt is accurately represented
and contact between the bolt shank and the joint members can be included, making it possible to represent
the transmission of load even if slippage occurs between the joint members. When using an assembly model,
the following must be taken into consideration: (1) contact between the components that make up joints,
(2) contact between the bolt and the components that make up joints, and (3) preload acting on the bolt. An
assembly model reflecting the above in terms of the authors’ proprietary FIESTA method, was constructed
in Matsukawa et al. (2024), and the same assembly model will be used in this study. The model describes
all members (beams, columns, and braces) and joints into small elements; welded parts being continuous
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elements and assembled parts such as bolts, nuts, plates being separate elements with contact boundaries.
Analysis conditions for the assembly model are shown in Table 4.

Table 4 Analysis conditions for the assembly model

Case Method Load direction Components
AX01 Time History Response Analysis X EW
AY01 Time History Response Analysis Y NS

In the previous paper for SMiRT-27 (Matsukawa et al. (2024)), only 2 seconds loading in the Y-direction
was shown. This time, time history response analysis of the same earthquake wave loaded in Y-direction is
extended to 7-second period, and the analysis with loading in X-direction for 5 seconds is newly conducted.
The lateral loading in X-direction is considered important because the resistance to this lateral load relies
mainly on the braces forming the triangular structural faces, in which all three connections are assumed as
PIN joints in the frame model. Therefore, the analysis with the assembly model is expected to show clearer
difference when compared with the frame model results.

RESULTS
Frame Model

As analysis results, the combined stress obtained by each method for each member is shown in Fig. 4.
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Fig. 4 Combined stress of each member and each method

Regarding X-direction loading, for columns, the combined stress obtained by time history response analysis
was the largest, followed by the response spectrum method and the modified seismic coefficient method.
On the other hand, for longitudinal girder and vertical brace, the combined stress obtained by the modified
seismic coefficient method was the largest, followed by time history response analysis and response
spectrum method. Furthermore, for transversal girder, the combined stress obtained by time history
response analysis was the largest in both the upper and the lower, followed by the response spectrum method
and the modified seismic coefficient method. Regarding the components of seismic waves, the combined
stresses were found to be greater when the East-West direction was used than when the North-South
direction was used, except for the combined stresses of the columns obtained by time history response
analysis and the combined stresses of the lower girders obtained by response spectrum method.

Regarding Y-direction loading, for columns, the combined stress obtained by time history response analysis
was the largest, followed by the modified seismic coefficient method and the response spectrum method.
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On the other hand, for longitudinal girder, the combined stress obtained by the response spectrum method

was the largest, followed by time history response analysis and modified seismic coefficient method. For

the transversal girder, the lower one had the greatest combined stress using the response spectrum method,

while the upper one had the smallest combined stress using the response spectrum method. Regarding the

components of seismic waves, almost all the combined stresses were found to be greater when the North-
South direction was used than when the East-West direction was used.

Differences among the analysis methods are not significant in Y-direction loading because its first mode of
swaying is dominant and modelled appropriately in all analysis methods.

With regard to X-direction loading, one anomaly from the reality in the frame model is that pipes are mass
elements on individual gate-shaped frame but not continuous in X-direction. This would make some plus
or minus effects in the time-history non-linear frame model analysis due to lack of simultaneous swaying
mode of the pipes.

The modified seismic coefficient method is a simplified static analysis method only considering the first
mode of vibration that could results in large variations. The time history response analysis is the most
accurate method of the three in the sense that special patterns of spikes in the input wave are reflected into
the result. The relative difference in the member stress between the time history response analysis and the
response spectrum method are small (coefficient of variation of 4%-11%) and both analysis methods are
considered appropriate for the practical design. Since the accuracy level of the model is enhanced when
introducing the assembly FE model, the time history response analysis is discussed hereinafter.

Advanced Finite Element Model of Assembly

All the parameters regarding the steel materials, all conditions of the analysis such as boundary conditions,
damping constants are the same as the previous paper for SMiRT-27. Analyses are conducted by assuming
the elastic region. Results are explained in the next chapter by comparing with the frame model.

Time step of the time history response analysis is 0.01 second for Y-direction in the 0 — 7.9 sec period, and
it is shortened to 0.005 second in the subsequent 7.9 — 10 sec period. While for X-direction, the time step
is initially 0.01 second in 0 — 3 sec period and is shortened down to 0.001 second in the later period until
the 5 second, in order to converge the computation as time derivative of the signal increases.

Eigenvalue analysis conducted in the assembly FE model and the frame model in the previous SMiIRT-27
(Matsukawa et al. (2024)) is presented again in Table 5. The eigenmodes 1 thru 4 listed are regarded as 1%
and 2" eigenmodes in terms of both X and Y directions, and all eigenfrequencies calculated from the
assembly FE model are slightly smaller than those calculated by the frame model.

Table 5 Natural frequency, mode

mode Advance FE model Frame model
No. frequency period Mode shape frequency period Mode shape
(H2) (sec) (H2) (sec)
1 1.88 0.531  TRN-X,ROT-Y, ROT-Z 2.07 0.484 TRN-X
2 2.29 0.437 TRN-Y, ROT-X 2.37 0.422 TRN-Y
3 2.32 0.431 TRN-Y, ROT-X 2.41 0.415 TRN-Y, ROT-Z
4 2.85 0.350 TRN-X, ROT-Y 2.87 0.349 TRN-X

Note: “TRN-X" stands for “transition in X direction”, and “ROT-Y”’ stands for “rotation around Y axis”
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DISCUSSIONS

Comparison of the global response between frame model and assembly model

Fig. 5 shows the time history displacement at top of column of the midframe calculated by the frame and
the assembly models. It is noted from c) and d) that the dominant frequency of the response vibration is at
around 2 Hz in X-direction and around 2.4 Hz in Y-direction. As shown in Table 5, the primary natural
frequency in X-direction, mode No.1 of the assembly model is 1.88 Hz, and the primary natural frequency
in Y-direction, mode No.2 is 2.29 Hz. Also, those of the frame model is 2.07 Hz and 2.37 Hz, respectively,
and both are slightly higher than those of the assembly model. It is confirmed that the structure is swaying
in 1% natural vibration modes in both X and Y directions but not exactly reflecting the frequency
characteristics of the input earthquake (see Fig. 3). It is also noted that when comparing the assembly model
and frame model, the dominant swaying frequency is shorter (period is longer) for the assembly model.

Subject point (column top of midframe)
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Fig. 5 Comparison of the time history displacement at top of column between frame and assembly models
Comparison of the brace member force between frame model and assembly model

In the advanced FE model analysis, Von Mises stress is calculated, which can be converted to the member
forces. At the element far from the joints, the stress components are aligned with the local coordinates; for
example, at the centre of the brace, the local axial force calculated by the frame model, can be reasonably
compared with the axial force that obtained by the Von Mises stress times the section area of the member.
Fig. 6 shows axial forces in the braces calculated accordingly by the assembly FE model compared with
the frame model results. The input seismic waves are also shown in this figure.
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Fig. 6 Comparison of the axial forces of in vertical brace between frame and assembly models

Time-transient response axial forces in the brace by both the assembly model and the frame model appear
almost identical to the time-transient displacements shown in Fig 5. In X-direction, this time series response
force calculated by the assembly model has higher amplitudes with longer periods than that calculated by
the frame model. As shown through Fig 5 and 6, the assembly FE model analysis can describe global
movement and member forces in the structure comparative to the frame model analysis, and it can also
analyse the details at the same time, for example at joints, as explained next.

Stress behaviour of bolts with assembly model

The maximum Von Mises stress when the seismic wave motion applied in X-direction for the structural
face consisting of 3 members, a) vertical column, b) horizontal beam, and c) brace are shown in Fig. 7.
Three (3) connecting joints of those 3 members are assembled with web plate of the member, gusset plate,
high tensile bolts and nuts, and total 10 bolts that compose the structural face. The maximum Von Mises
stress occurs in each bolt can be calculated individually and are summarized in the tables in the figure.

L gPo ®
bolt No. |max stress (MPa)
@ 1006.2 @
@ 761.7 ‘ bolt No. |max stress (MPa)
@ 937.9
@ 910.2
@ 936.2
@ 1004.2
%
Locations of 3 joints
bolt No. |max stress (MPa)
® 841.8
® 828.3
@ 826.2
® 853.5

Fig. 7 Maximum Von Mises stress at joints and bolts consisting of the triangle structural face with brace
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For the bolt (©, in which the maximum Von Mises stress was recorded, magnified view of the maximum

stress profile is shown in Fig. 8. The stress profile of the plates is noted not continuous but changed abruptly
at the edge lines (red circles), which are characteristics obtained by the parts assembled model.

Figure on the right is topside view

¥

rofile at bolt No.9 (MPa)

=

Fig. 8 Maximum Von Mises stress p

Fig. 9 shows time-history of Von Mises stress at a), bolt centre and b), bolt end outer perimeter (points
shown in Fig. 8). For the bolt centre a), the main stress component is considered to be tensile stress in the
bolt axis initially drawn by the bolt pretention, and stress increases and fluctuates when lateral seismic force
generates shear stress in the later period. For the bolt end outer perimeter b), the Von Mises stress is higher
due to the bending stress component at the perimeter initially, and the same trend in the stress is observed
in the later period. As the maximum of bolt No.9, 1006.2 MPa, shown in Fig. 7, is recorded at this edge
node, and exceeds the yield stress of the bolt of around 900 MPa, mechanical conditions around point b)
might be close to yielding at seismic acceleration spikes.
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Fig. 9 Time-history Von Mises stress of the bolt No.9

As it is demonstrated here, the FE analysis can express the local stress concentration even close to the
yielding for every parts which are characteristic to the assembly model. In the conventional frame analysis
model, the structural face consisting of braces in the pipe axis direction are modelled with the assumption
that the member joints are PIN (rotation free), therefore local stress of the parts composing the joint cannot
be evaluated. The authors have experienced several surveys of industrial plants after large earthquakes and
it was frequently observed that bolts at the brace joint failed and cut, which are considered weak points of
the structure. More precise damage prediction and evaluation at earthquake would become possible by
adopting the assembly model.
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CONCLUSION

Seismic design methods commonly applied are investigated by the frame model and non-linear time history
response analysis is taken for the comparative study of the assembly FE model.

The 3-span pipe rack model built by the assembly FE modelling method, i.e. FIESTA, that was used for the
authors’ previous paper in SMiRT-27, is studied for time history seismic response analysis in the transverse
direction (Y-direction) for the period of 7 seconds, and in the longitudinal direction (X-direction) for 5
seconds.

Characteristics of the longitudinal framing is the centre structural face consisting of braces and flexible
joints. Those joints are ideally modelled as PIN (rotation free) in the frame model but in reality, those are
composed of pretensioned bolts, nuts and plates. Stress conditions of those assembled parts can only be
expressed by the assembly FE model, some of which imply as follows.

- As results of the analysis, time-transient response axial force in the brace by the assembly model has
higher amplitudes with longer periods than those calculated by the frame model.

- Characteristics of the assembly FE model is that stress conditions of every parts are calculated
accurately. For example, stress conditions of ten (10) bolt-nut pairs forming the triangle structural face
with the brace are calculated and also expressed time-transiently, and a phenomenon such that the
maximum Von Mises stress at a perimeter node reaches close to the yielding stress, can be identified.

Since flexible joints connecting braces have been frequently suffered from damages and failures after large
earthquakes, findings of the seismic analysis of the assembly model focussing on the X-direction loading
case are quite informative, while the conventional frame model with oversimplified PIN and FIX
connection cannot calculate. Although there are drawbacks in computation time, the analysis methodology
utilizing this advanced FE assembly model would be the tool to describe dynamic structural behaviour in
detail at earthquakes.
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