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Abstract. In petroleum industries, especially in refineries installations, hundreds of miles of 
pipes are installed to transfer row and refined material (fluid and gas) from a point to anoth-
er of the plant, connecting all the components involved in the transformation process (tanks, 
distillations columns, furnaces, etc..).Recent seismic events showed a quite high vulnerability 
of these structures, where damage ranges from the simple failure of joints to the failure of 
supporting structures. For these reasons, initially the seismic analysis and component design 
of refinery piping systems is here analysed. A review of the current approaches imposed by 
European (EN13480:3) and American (ASME B31.3) standards is illustrated by using a 
proper case study of a piping system on a pipe-rack. The analysis permitted to identify the 
limits of the design standards and to identify the critical aspects of the problem, i.e., dynamic 
interaction between pipes and rack, correct definition of the response factor, strain versus 
stress approach. Finally, the preliminary phases of an experimental investigation on flanged 
joints are also illustrated.  
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1 INTRODUCTION 
The piping systems typically found in a refinery complex contain various components and 

support structures and operate in a broad range of working environments. Some common 
components usually used in piping systems include straight pipes, elbows, Tee-Joints, various 
valves, flanged joints, pressure vessels, tanks, strainers and reducers. Depending on the nature 
of the working fluids, piping systems are designed to work over a wide range of temperature 
and pressure. A typical piping system is presented in Figure 1.  

A pipe-way is the space allocated for routing several parallel adjacent pipelines within 
process plants. A pipe rack is the structure employed for supporting the pipelines and carrying 
electrical and instrument trays. The pipe rack is usually made of steel or concrete frames, on 
top of which the pipeline rests.  

Pipe racks are necessary for arranging the process and service pipelines throughout the 
plant, and they are used in secondary ways; principally to provide a protected location for 
auxiliary equipment, pumps, utility stations, manifolds, and firefighting and first-aid stations. 
Lighting and other fixtures can be fitted to the pipe rack columns. Air-cooled heat exchangers 
are often supported above pipe racks for economy of plot space. 

 

         
 

Figure 1  Typical piping layout                                 Figure 2 : Breakage of a piping flanged connection 
 
Recent seismic events showed a quite high vulnerability of these structures, where damage 

ranges from the simple failure of joints to the failure of supporting structures [1],[2],[3],[4]. 
For example, the failure of a bolted flange connection is shown in Figure 2. 

Consequences can be characterized by several degrees of severity, depending on the ma-
terial delivered by pipes. For dangerous liquids or gases, even a simple failure of a joint can 
represent the trigger of a significant accidental chain, with severe consequences both for the 
environment and human lives. Unfortunately, few contributions in the literature are available, 
in order to clarify the seismic requirements that piping systems have to comply with. In addi-
tion, aspects like action and structural modelling have not yet been treated in a satisfactorily 
manner. Moreover, current American and European standards do not contain enough rules 
and details for a proper seismic analysis and design of piping systems. 

Along these lines, some problems relevant to seismic analysis criteria of piping systems are 
addressed in this paper. In a greater detail, several aspects that characterise the problem are 
treated: 1) modelling of pipes and pipe-racks; 2) selection of the analysis method; 3) defini-
tion of the seismic action; 4) dynamic analysis of the system; 5) stress analysis of pipes; 6) 
definition of the ultimate capacity of pipes and joints between pipes.  

To this end a representative case study of an actual piping system was analysed. The re-
quirements of American and European codes were compared and important aspects were hig-
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hlighted, like: a) dynamic coupling between pipes and pipe-rack, often erroneously neglected; 
b) definition of proper restraint conditions between pipes and support structures and between 
adjacent piping systems; c) evaluation of the ultimate capacity of pipes and joints necessary 
for a correct design of a structure, as suggested by modern approaches like Performance-
based Engineering.  

About the aforementioned item c) an experimental campaign is currently undertaken at the 
University of Trento in order to characterise the cyclic behaviour of flanged joints between 
pipes, particularly important to avoid leakage of dangerous substances during a severe seismic 
event. Preliminary information about the testing activity is illustrated and commented. 

 
 

2 EUROPEAN AND AMERICAN STANDARS FOR THE SEISMIC DESIGN OF 
PIPING SYSTEMS   

Nowadays, both European and American codes are available for the design of piping sys-
tems under seismic events. The main European contributions is chiefly represented by the 
standard EN13480, dedicated to metalling piping systems [5]. The Eurocode 8 - part 4, the 
European seismic code for industrial components, is also devoted to pipelines, but only of 
above-ground type, which differs from metallic piping system for many aspects, and then use-
less.  

American experience on piping system is very rich, especially in terms of design standar-
dization and seismic design calculation, and the long list of standards and codes available it is 
a clear demonstration of it. The main standard is represented by ASME B31.3 [6], but many 
other contributions and guidelines are also available [7],[8]. 

The seismic analysis of a piping system involves several basic steps that allow defining the 
proper seismic action, the suitable numerical model and analysis method and the verification 
format to be used. The European (EN13480:3-2002) and the American standards (ASME 
B31.3-2006) for piping systems differ for several of these aspects. Thus, in order to under-
stand these differences and the consequences on the seismic response evaluation, in the fol-
lowing both European and American standards are applied to a representative case study.  

It is necessary to stress that the American Standard does not contain explicit indications on 
the seismic analysis of piping systems, but rather refers to the American standard for seismic 
analysis of structure ASCE7-05, which includes all the required prescriptions. On the contrary 
the European Standard contains an entire Annex (A) dedicated to the dynamic and seismic 
analysis of piping systems, but does not contains explicit quantification of the seismic action. 
At this end the Eurocode 8 (prEN1998:1 2004) should be used. 
 

3 DESCRIPTION OF A CASE STUDY 
The piping system here analysed belongs to a refinery, whose plant view is shown in Fig.3. 

The supporting steel structure is composed by seven transverse moment resisting frames 
placed every 6 m, realized with commercial HEA/B steel profiles. In the longitudinal direc-
tion it behaves like a truss structure, which is reinforced with 6 braces (see Fig. 4, Fig.5). Ho-
rizontal bracings are also installed to avoid excessive relative displacements between the pipe 
supports.  

The piping system presents a typical piping layout with pipes having different diameters. 
To simplify the analysis, only the structural contribution of 8’’ pipes has been considered, 
whose layout is shown in Fig. 6. The remaining pipes are considered only as weight. Several 
flanged elbows are present within the pipe-rack and at both the ends of the piping system. 
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vior would not be a strong limitation if a correct value of the behavior factor were adopted. 
Some comments on this aspect will be provided afterwards. 

Another important aspect, often related to the assumption on the numerical model is the 
analysis method to be adopted. This ranges from the very simple equivalent static method to 
the time-History analysis. But, this aspect will be treated in the next section. 
A key point in modelling a piping system is the possibility to neglect the interaction (static 
and dynamic) between the pipes and the supporting structure. EN13480 does not provide any 
indication about it, whereas ASME B31.3, by means of ASCE-07, prescribes a crude rule 
based on the ratio WR between the weights of pipes and supporting structure. In particular, if          
WR < 25% the interaction can be excluded and the piping system can be considered as a non-
building structure, loaded by a seismic action coming from the supporting structure at pipes 
level.  

This rule has been recently analysed by several authors. For example in [9] the rule has 
been analyzed using time-history analysis. From the results and discussion the author con-
cluded that in some cases this decoupling rule could produce gross errors in the evaluation of 
the dynamic behavior of piping systems. In particular, it seems that in dynamic assessment of 
such systems, in addition to the primary-secondary system weight ratio criteria, attention 
should be paid to other aspects as “end conditions of pipes”, “relative stiffness of supporting 
structure to piping system” and “relative stiffness of pipes to pipe-supports”, even though on-
ly partial conclusions where reached by the authors, that suggested more investigations on this 
matter. In the literature many works have been dedicated to the problem of dynamic coupling 
between primary and secondary systems [10],[11],[12], but the results are difficult to be ex-
tended to the case of piping systems for several reasons, but mainly because in case of piping 
systems the secondary system is composed by more sub-systems (pipes with different diame-
ters, different end conditions, different supports, etc..). Therefore, assumption of a single sec-
ondary system could lead to gross errors in response prediction of piping systems.   

 
(1) elastic calculation shall be used although some part might be exhibit plastic deformations (p. 4.1),  (2) SSE=safe shutdown earthquake, 
DBE= Occasional operation condition, (3) FF=Flexibility Factor, SIF= Stress Intensification Factor, (4) G=ground motion spectra, IS=In-
structure spectra. 

Code Model 
type 

Analysis  Seismic 
condition 

Dynamic 
interaction 

Relative 
motion 

Pipe modelling 

EN13480:3 Elastic (1) Equivalent Static 
Modal (G,IS4) 
Time-History 

SSE (2) 
OBE 

NO YES Beam elements 
(FF and SIF) 

ASME 
B31.3 

Elastic Static 
Modal 
Time-History 

SSE YES/NO YES Beam elements 
(FF and SIF)(3) 

Table 1 – Code prescriptions for numerical modelling as well as seismic conditions 

Concerning the case study, applying the weight ratio rule, dynamic interaction has been 
considered, because WR > 25%. Moreover, for comparison, this rule has also been considered 
in applying the European standard. In order to evaluate the effectiveness of the weight rule, 
the behavior of the piping system without pipe-rack has also been analysed. 

The pipes are usually connected to the pipe-rack by mechanical supports, often flexible. 
They are usually designed to accommodate thermal and pressure effects, avoiding excessive 
stress in the pipes. Unfortunately, no indications on how to model them are provided by Eu-
ropean and American standards. Nevertheless, this is an important aspect that have to be 
treated with particular attention because can cause changes in dynamic behavior of the system. 



 

 

Dissipat
more da

The 
transver
and usin
between

Anot
model f
element
using b
both Eu
of inerti
fect, the
beam th
very sim

In pr
for this 
an expli
of 5 MP

Alter
appropr
reasons 
been car
lar beha
dard fit
more re

A las
because
cessary 
accurate
no indic
literatur
of the p

tive suppor
amping and 
analysed ca
rse direction
ng fix restr
n pipe and p
ther relevan
for pipes an
ts with hollo
eam elemen

uropean and
ia of the pip
e Stress Inte
heory. The v
milar. 
resence of h
effect the f

icit expressi
Pa this facto
rnatively, it
riate to acco

this model
rried out (F

avior of both
ttings, like t
efined one w

Figure 7 – B

st but not le
e a piping s

a limited p
ely adopted
cations are 
re, the corre
iping system

Fabrizio

rts can be u
reduce the 

ase present 
n (Y), leavi
raints condi
pipe-rack ha
nt aspect ab
nd fittings (
ow section 
nts, but mo

d American 
pe is reduce
ensification
value of k a

high pressur
flexibility fa
ion of the p

or halves the
t is possible
ount for ov
l has been u

Fig. 8). We c
h the model
the one her

will be show

Beam FEM for

ess importa
system is re
part of the s
d to simulate

provided b
ect boundary
m but the co

o Paolacci, M

used instead
response of
a quite stif

ing free the
tions in ver
ave been un
bout model
elbows, tee
are used for

odifying the
codes defin
ed. In addit

n Factor (SI
and SIF calc

re condition
factor k is re
pressure redu
e flexibility
e to use she
valization of
used for the
can anticipa
ls and the re
re analyzed

wn. 

r an elbow 

ant aspect re
ealized by h
structure. C
e the remain
by the Euro
y conditions
orrect choic

Md. Shahin Rez

7

d of traditio
f the pipes.
ff support s
e relative di
rtical direct

nrestrained.
lling of pip
e-joints, noz
r straight pi
 stiffness fo

ne a flexibil
tion, to take
IF) is used t
culated acc

n the stiffne
educed. Un
ucing factor
.  
ell elements
f the sectio
e case study
ate that the n
eliability of

d. Therefore

 

 

egards the b
hundreds of 
Consequentl
ning part of 
pean and A
s may cause

ce depends o

za and Oreste 

onal ones in

systems, mo
isplacement
tion. Moreo

ping system
zzles, etc..).
pes (Fig.7).
or the effec
lity factor (k
e into accou
to increase 
ording to E

ess of the pi
nfortunately,
r. For the an

s to model 
on and stiffe
y and a com
numerical s
f modified b
e, in what f

Figure 8

boundary c
f miles of p
ly proper bo
f the structur
American st
e important 
on the singl

S. Bursi 

n order to in

odelled as e
ts in longitu
over, as usu

ms is the ad
 At this reg
. The fitting
ct of geome
k >1) using
unt the stres
the stress c

EN13480 an

ipe could in
, only ASM
nalyzed cas

fittings [13
fening press
mparison wi
simulations 
beam eleme
follows only

8 – Shell FEM

onditions o
ipes, the an
oundary con
re. Also for
tandards. A
modificatio

le case [9]. 

ntroduce ar

elastic sprin
udinal direc
ual, all the r

doption of a
gards, usual
gs are also m
etry. At this
g which the 
ss concentra
calculated u
nd ASME B

ncrease. To 
ME B313.3 p

e and for a 

3]. This app
sure effect. 
ith beam m
have shown

ent, at least 
y the result

M for an elbow

of the pipes.
nalysis invo
nditions ha

r this delicat
As already s

ons of the d

rtificially 

ng in the 
ction (X) 
rotations 

a proper 
lly beam 
modelled 
s regards 
moment 
ation ef-

using the 
B31.3 are 

account 
provides 
pressure 

proach is 
For this 

model has 
n a simi-
for stan-
ts of the 

 
w  

. In fact, 
olves ne-
ave to be 
te aspect 
hown in 

dynamics 



 

Beca
has bee
only hin
 

The 
purpose

 

 

4.2 Seis

Both
datory f

 
• Mo
• Dif

cen
 
The 

the pipe
the supp
to the di

ause one of 
n decided t
nges. In this

model of th
e software M

smic action

h European 
for the pipes

ovements du
fferential m
nt pipe-racks

first type of
e mass. The
porting stru
isplacement

Fabrizio

f the aim of
to limit the 
s respect, on

Fig. 9

he piping sy
MIDAS Gen

Fig

s and analy

and Americ
s: 

ue to inertia
movement of

s) 

f analysis is
e second one
ucture or bel
t effect rath

o Paolacci, M

f this work 
possible ca

ne can look 

9 – Boundary 

ystem and t
n [14]. It is 

gure 10 – The 

ysis method

can standar

a effects  
f the suppor

s essentially
e is due to t
longing to a

her than acce

Md. Shahin Rez

8

is to comp
ases adoptin
at Fig. 9. 

condition in o

the support 
shown in Fi

FE model of t

ds 

rds assume 

rts (within 

y related to 
the relative 
adjacent stru
eleration ef

za and Oreste 

pare Europe
ng as restrai

one if the pipe

structure h
ig. 10. 

the piping sys

the followi

the support

the effects 
movements
uctures. Oft

ffects.  

S. Bursi 

ean and Am
int conditio

e ends 

as been rea

stem 

ng two type

ting structur

of the abso
s between tw
ften the relev

Trasversal p
Simulated b
conditions 

merican stan
ons of the p

alized in the

es of analy

re or betwe

lute acceler
wo supports
vant effects

pipe  
by restrain 

ndards, it 
ipe ends 

 

e general 

 

sis man-

een adja-

ration on 
s, within 
s are due 



 

 

Conc
tifying b
ture, he
multi-su

The 
celerogr
structur

 
Design 

The 
by the s
ty of the
ing to 
importa

For 
adopted
havior f
type stru
that may
quite di
The cur
½ and 
coupling
the leve
cases its
In order
been he
of Tab. 

The 
sponse 
analysis
tion, or 

 
 

In Ta
the mod
realizing
11 and 
differen

cerning the 
both the eff

ere also con
upport excit
seismic act
rams (natur
re” spectra o

response sp
design spec

seismic code
e supporting
be employ

ance factor. 
what regar

d is equal to
factor q dep
ucture this a
y often be c
fferent.  

rrent Americ
4 respectiv
g between t
el of dynam
s influence 
r to compar
ere adopted 
2. It is show
spectral res
of the syst

s are typical
by applying

ab.3 the ma
dal analysis
g structural
12 the vibra

nt especially

Fabrizio

case study,
fects. On th
nsidered, al
tation would
tion for pipe
ral records o
or “filtered r

pectrum me
ctra are the 
es in terms 
g structure 

yed, and th
  

rds the sup
o 5%, as sug
pends on th
aspect has b
considered 

can and Eur
vely (Tab 2
the rack (pr

mic coupling
cannot be e

re the result
defined acc

wn in Fig. 1
ponse of th
em. Moreo
lly obtained
g the so-cal

Figure 11

ain dynamic
 on the enti

l coupling b
ation modes
y in terms o

o Paolacci, M

 the entire m
he contrary 
llows identi
d be used. 
e-racks is u
or synthetic
response sp

thod 
main repre
of hazard c
and pipes (r

he level of

pport struct
ggested by E
he type of s
been well id
as non-buil

ropean seism
2). This ch
imary syste
g between p

excluded a p
ts of EN134
cording to p

13. 
e modal osc
ver, the res

d by the squ
led 100-30 

1  First two vib

c characteri
ire system a
between the 
s of the rack
of excited m

Md. Shahin Rez

9

model here 
the model 
ifying only

usually repre
c accelerogr
pectra” are u

sentation of
onditions o
response or
f structure 

ture, hazard
Eurocode 8 
structure us
dentified an
ding structu

mic codes p
hoice proba
em) and the 
pipes and r

priori [9].  
480 and AS
prEN1998:

cillators and
sultant forc
uare root sum
rule.  

 
bration modes

 
stics of the 
allows high
several fra

k with and w
mass. For ex

za and Oreste 

considered 
without con

y the inertia

esented by 
rams). For t
used.  

f a seismic 
f the site, th

r behavior fa
reliability 

d condition
and 3 for st

sed for the p
d quantified
ure (ASCE-

provide a q f
ably derives

pipes (seco
rack can be

SME B31.3 
1, and mod

d then comb
es and disp
m of square

s of the pipe-r

system are
hlighting the
ames of the 
without the 
xample, the 

S. Bursi 

(pipe + pip
nsidering th
a effect of 

design resp
the analysis

action and 
he level of d
factor), the r

to impose,

ns apart, th
teel structur
pipe-rack. W
d, for struct
-07:2005), t

factor for st
s from the 
ondary syste
e neglected.

the same el
dified using 

bined to obt
placements 
e of the resp

rack model 

e shown. As
e important 
pipe-rack. F
pipes is sho
period of th

pe-rack) allo
he supportin
the pipes, 

ponse spectr
s of pipes on

usually are
dissipation c
right level o
, identified

he damping 
res, wherea
While for b
tures like pi
the problem

teel racks eq
hypothesis

em). In fact
 But in oth

lastic spectr
the behavio

tain the resu
from bi-dir

ponse in eac

s mentioned
role of the 

For exampl
own. They a
he first mod

ow iden-
ng struc-
unless a 

ra or ac-
nly, “In-

e defined 
capabili-
of damp-
d by the 

usually 
s the be-

building-
pe-racks, 

m may be 

qual to 3 
s of no-
, usually 

her some 

rum, has 
or factor 

ultant re-
rectional 
ch direc-

 

d before, 
pipes in 
e in Fig. 
are quite 
de of the 



 

rack wit
showing

All t
element
previou

 
 

EN
AS

 
Case 

TD-PR (*)

TD-
PRP(*) 

LD-
PRP(*) 

(*) TD-PR=

 
 
In-struc

The 
floors o
their ex
amplific
pressed 

th and witho
g the coupli
the results h
ts. The resu

us ones, show

Code 

N13480:3 (EC
ME B31.3 

f (Hz) T
 

 2.17 0
2.15 0

2.81 0

=Transversal dire

cture spectra
in-structure

of the pipe-r
xplicit expre
cation facto
by EN1348

Fabrizio

out pipes is
ing effect of
here presen

ults using th
wing their r

Figure 12  Fir

Behavio
R  (pip

8) 
3

Tab. 2 – 

Mode 1 
T(sec) MPS

 
0.459 28
0.456 67

0.355 53

ection – Pipe-rack

Table 3 – 

a 
e spectra all
rack, in whi
essions. Th
or AF show
80 (EC8) an

o Paolacci, M

 very simila
f the transve

nted have be
he simpler b
reliability. 

rst three vibra

or factor 
pe-rack) 

r

4 
 ¼ 

Behaviour fac

S(%) f (Hz
  

8.29 2.33
7.61 2.33

.27 5.15

k, TD-PPR=Trans

First three vib

low a seism
ich the pipe

hey are defi
wn in Fig. 
nd ASME B

Md. Shahin Rez

10

ar, whereas 
erse frames
een carried 

beam eleme

 

 
ation modes of

 

response facto
(pipe)

Not indicat
6÷12 

ctor, damping

Mode 2
z) T(sec)

 
3 0.456 
3 0.429 

5 0.194 

s. dir. – Pipe-rack

bration modes

mic action to
e is placed. 
ined as the 
14. The ex

B31.3 (ASC

za and Oreste 

the excited
due to the p
out for the

nts (here no

f the pipe plus

or Rp  Da

ted 

 and Importan

2 
MPS(%) 

 
47.62 
8.96 

36.35 

k+pipes, TD-PR=

s of the entire 

o be defined
Both Europ
spectrum a

xpression o
E-07) differ

S. Bursi 

d mass is hig
pipes. 
e elbows m
ot presented

s pipe-rack mo

amping 
(%) 

5 
5 

nce Factor 

M
f (Hz) T

 
2.93 0
2.93 0

--- 

=Longitudinal dir.

piping system

d for the sin
pean and A
acceleration

of the ampl
r for the pre

gher in the f

modelled usi
d) are quite 

odel 

Importance 

1.5 
1.5 

Mode 3 
T(sec) MPS

  
0.440 5.6
0.353 7.6

--- --

. – Pipe-rack+pip

m 

ngle pipe at
American co
n multiplied
lification fa
esence of th

first case,   

ing shell 
close to 

 

F. 

S(%) 

68 
64 

-- 

pes 

t several 
des give 
d by the 
actor ex-
he period 



Fabrizio Paolacci, Md. Shahin Reza and Oreste S. Bursi 
 

 11

ratio Ta/T1, presents only in the seismic European Standard which takes into account the dy-
namic interaction between pipes (Ta) and pipe-rack (T1). (see tab. 4). 

 
 
 

Figure 13 Eurocode 8-1 free-field elastic spectrum 
(Soil D) 

Figure 14 Amplification factor of in-structure spectra v/s 
Ta/T1 

 
In case of piping, because is generally avoided any yielding phenomenon in the pipes, the 

dissipation capability is generally restricted only to the supporting structure and the relative 
response modification factor depends on its structural configuration. In some cases dissipation 
phenomena may have place also in the pipes and a specific behavior factor have to be defined 
if the elastic analysis with response spectra is used. 

The behavior factor provided by the codes, especially by the American one, seems to be 
overestimated. For example, ASCE-07 prescribes the use of a behavior factor 6 or 12 accord-
ing to the deformability of the material used. In some cases this hypothesis may not be totally 
true. 

For example Okeil and Tung in 1996 [15] using an idealized piping system have suggested 
a closed-form formula that provides the reduction factor q as function of the ductility of the 
support structure, μ, and the ratio f of the piping frequency and the frequency of the seismic 
action. The reduction q increases with the ductility, μ. Moreover, the stiffer is the piping sys-
tem (low values of f) the higher is q. In any case q is never greater than 3-4. These results are 
in contrast with the provisions of ASCE-07. 
 
 
Code Expression note 
ASME B31.3 
(ASCE-07) 

 

Fp Ip
0.4apSDSWp

Rp
AF 

AF 1 2
z
H

 
 

ap=2.5 (Tab. 13.6-1) 
SDS=Maximum spectral acceleration 
Wp=Weight of the pipe 
z=height where the pipe is placed 
H=total height of the pipe-rack 
Ip=Importance factor 
Rp=response factor 

EN13480:3 (EC8)  

Fa Ip
agSWp

Rp
AF 

AF
3 1 z

H

1 1‐ Ta
T1

2 ‐
1
2

 

 

 
ag=Peak Ground Acceleration 
S=soil factor 
Ta=fundamental period of the pipes 
T1=fundamental period of the pipe-rack 
 

Table 4 In-Structure spectra definitions 
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Other authors reached similar conclusions as well. For example in [16] the authors investi-
gated on the dynamic response of a piping system on a rack with gap and with friction. By 
using dynamic harmonic analysis on a simple system they found that in presence of nonlinear-
ity (friction between pipes and rack) the reduction of the acceleration with respect to the elas-
tic case could be of the order of 2-3, value suggested also by the American Lifelines Alliance 
[7] and FEMA 450. 
Instead of using static method employing seismic force of Tab. 4, a dynamic approach is also 
possible, using generated floor response spectra, whose shape is based on typical Soil-
Structure interaction theory. For industrial piping systems few contributions have been found 
in literature [2], [3], [4], [17].  

For the case study of Fig. 4, floor spectra have been generated by using time-history analy-
sis. Fig. 15 shows the floor spectra for one the three accelerograms used in Time-History 
analysis (see next section), from which is clear the filtering effect of the pipe-rack. The max-
imum amplification is now restricted to the range 2-3 Hz, whereas in the ground acceleration 
spectra was placed in the range 2-6 Hz. The labels Frame 1, 3 and 5 correspond to the labels 
of the frames indicated in Fig.10. It is also possible to note the variability of the maximum 
amplification effect within the structure. The maximum acceleration peak is found at frame 3; 
this because more mass is placed there with respect to the other frames.  

Because the natural frequencies of the piping systems are in the range 15-40 Hz the ampli-
fication effect due to the inertia is very limited. In fact, the maximum acceleration applied to 
the pipes corresponds more or less to the maximum acceleration at floor in which the pipes 
are placed, some peaks a part, at frequency 7 and 10 Hz.  
 

Figure 15  - Case study - Spatial variability of the floor 
spectra for the El-Centro earthquake 

Figure 16  - Case study – Mean floor spectra for sev-
eral frames and Envelope Floor Spectrum 

 
A possible representation of floor spectra for the case-study is shown in Fig.16 as envelope 

of the mean spectra at several frames. This allows to account for the spatial variability of the 
action and its frequency content. This has been used to get the response of the pipes analyzed 
individually.  
 
Time history analysis 

A time history seismic input is rarely used for the design or retrofit of piping systems. Of-
ten it is used to generate facility specific response spectra analyses, or as a research tool, to 
study in detail the behavior of a component or system as a function of time. 

Nowadays, the scientific community has widely accepted the use of natural records to re-
produce a real input, for several reasons. For many engineering application, the purpose of 
selection and scaling of real earthquake is to fit the code design spectrum considering the 
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seismological and geological parameters of the specific site. To comply with the seismic 
codes set of accelerograms, regardless its type, should basically match the following criteria:  
 
• minimum of 3 accelerograms should be used; 
• the mean of the zero period spectral response acceleration values (calculated from the indi-

vidual time histories) should not be smaller than the value of ag× S for the site in question 
(S is the soil factor, ag is the Peak Ground Acceleration); 

• in the range of periods between 0.2 T1 and 2 T1, where T1 is the fundamental period of the 
structure in the direction where the accelerogram will be applied, no value of the mean 5% 
damping elastic spectrum, calculated from all time histories, should be <90% of the cor-
responding value of the 5% damping elastic response spectrum. 

 
To help engineers in selecting a proper set of records, some tools have been proposed in 

the literature. The most recent is REXEL proposed by Iervolino et al [18].  
More rarely artificial or synthetic accelerograms are used. The first ones are generated to 

match a target response spectrum, the second ones form from seismological source models 
and accounting for path and site effects. For artificial signals, even though, it is possible to 
obtain acceleration time series that are almost completely compatible with the elastic design 
spectrum, the generated accelerograms often have an excessive number of cycles of strong 
motion, and consequently have unrealistically high-energy content. For this reason are less 
used than natural records. Moreover, to generate synthetic accelerograms there is a need for a 
definition of a specific earthquake scenario in terms of magnitude, rupture mechanism in ad-
dition to geological conditions and location of the site. Generally, most of this information is 
not often available, particularly when using seismic design codes. This representation of a 
seismic input is rarely used. 

According to the above considerations it has been decided, at least for this preliminary 
analysis, to use natural records and to select only three accelerograms compatible with the 
spectra of Fig. 13. For the case study the vertical component has been considered as negligible, 
so only bi-directional motion has been adopted.  
The three records were taken from Pacific Earthquake Engineering Research center database 
(http://peer.berkeley.edu), using the following hazard and compatibility conditions (Tab. 5). 
In Tab. 6 the characteristics of all the selected accelerograms are shown. Fig. 17 and 18 show 
the elastic spectrum of two records.  
 

Magnitude 
Mw 

Soil conditions Distance 
(Km) 

PGA 
(g) 

Lower bound Upper bound 

6÷7 D 0÷20 0.24 -10% +30% 

Table 5 – Hazard and compatibility conditions for natural record selection 

 
Event Data Mag. Dist. 

(Km) 
Filter (Hz) name 

Imperial Valley  19/05/1940 7.2 13.0 0.20 El-Centro 
Northridge 15/01/1994 6.7 27.6 0.14 Santa Monica 
San Fernando 02/09/1971 6.6 24.0 0.50 Old Ridge 

Table 6 - List of the three selected natural records 

After the identification of the accelerograms, the direct integration of the equation of mo-
tion or the integration of the single modal oscillators (time-history modal analysis) can be per-
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formed. This latter is used when a limited non-linearity is present in the structure during the 
seismic event. Most frequently a direct integration scheme is used.  
 

Figure 17 – Elastic spectrum of the El-Centro earth-
quake 

Figure 18 – Elastic spectrum of the San-Fernando 
earthquake 

 
Differential movement effects  

No specific indications are provided by the codes for the differential movement between 
two supports or between adjacent structures. Only ASCE-07 provides a simplified criterion 
based on the elastic analysis of the pipe-rack. Chapter 13.3.2.1 suggests evaluating the relative 
displacements between two connection points within the structure and at the same level using 
the differential movement for each vibration modes combined using appropriate modal com-
bination procedures. 

Unlike the cases of differential movements between adjacent pipe-racks connected by 
pipes, this effect on pipes within the structure is usually neglected. As observed above, the 
complete model, pipes + pipe-rack, allows to automatically accounting for this effect.  

4.3 Calculation of the seismic response of the case study 
The seismic analysis results of the analysed piping system using both static and dynamic 

methods previously described are illustrated herein. 
For each analysis method the results in terms of moments are provided. In particular the max-
imum local moments My and Mz are provided for the straight pipes at each bay (1 to 7) and 
for the more critical elbows indicated in Fig. 10 with red circles (points A and B) 

In Fig. 19 is shown, for the design conditions (PGA=0.24g, q=4, ξ=3%) the seismic re-
sponse of the entire structure in terms of moments, shear and axial force for soil condition B 
and E, obtained using response spectrum analysis. 

The maximum moment in the steel columns is about 220 kNm, very far from the ultimate 
moment of the steel elements. Similar results have been obtained by using T-H analysis. 
Therefore the support structure can be considered safe against the ultimate limit state. The soil 
conditions have also a limited effect both in the rack and in the pipes.  

For the above observation, in what follows only the soil condition D, relative to the design 
conditions of the case study, have been considered. 

In Tab. 7 the result of the seismic analysis of the case study of Fig. 1, in terms of bending 
moment in the pipes are shown. They have carried out at the several bays of the steel frame 
and at top floor and have obtained using all the aforementioned methods. In particular the 
values of damping (5%), behavior factor (q=4) and Importance factor (Ip=1.5) provides by the 
EN13480:3 standard and prEN1998:1 code have been used. 



 

 

First
spectra 
relative 
ing the r
 
 

Fig

 
The u

structur
in the fi
modes i

The 
ments. T
to the re
the resp
sis will 
 

Sta
structu

Dyna
structu

Dyna
sponse
Dynam
Histor

 

4.4 Pipi

One 
some lim
usually 

ly, a marke
is noticed. 
displaceme

response sp

ure 19  - Resp

use of dyna
re spectra ar
irst case, w
is used. But
time-histor
This is due 
esponse a re
ponse spectr
be dedicate

Method 

atic analysis: 
ure spectra m
amic analysis
ure spectra m
amic analysis
e spectrum m
mic method: 
ry analysis (e

ing stress a

of the fund
mits of the 
two workin

Fabrizio

ed underest
This is pro

ent effects b
pectrum met

ponse Spectru

amic analys
re used. Thi
hereas, in th
t substantial
y analysis 
to the absen
eduction fac
rum analysi
ed to this asp

Ba

In-
method 
s: In-

method 
s: Re-

method 
Time-

elastic) 

Table 7 – R

analysis and

damental st
pipe stress

ng condition

o Paolacci, M

imation of 
obably due t
between the
thod the ben

um Analysis: M
ag=0.2

sis instead o
s is due pro
he second c
lly they prov
on the elas
nce of non-
ctor of 4, th
is and q=4, 
pect, model

ay/Moment 

Mz 
My 
Mz 
My 
Mz 
My 
Mz 
My 

Results relevan

d checks 

teps for the
s or strain, f
ns are consi

Md. Shahin Rez

15

the bending
to the limite
e different s
nding mome

 
Moment distri
24g, q=4 and 

of the static
obably to the
case, the dis
vide similar
stic system 
linear behav

he results be
they should
lling the ana

1 2

2.88 2.4
1.56 1.5
2.10 2.3
2.20 2.1
5.30 5.5
2.80 2.6

13.50 14.6
7.30 6.6

 
nt to the seism

e qualificati
for a given 
dered: 

za and Oreste 

g moment 
ed mass of 
support poin
ents have in

bution for the
Soil D. 

 one produc
e uniform d
stributions r
r results. 
produced g
vior of the 

ecomes not 
d be conside
alyzed struc

2 3 

40 2.52 
56 1.20 
30 2.30 
10 2.10 
50 5.50 
60 3.60 
60 14.10 

65 4.45 

mic analysis of

ion of a pip
working co

S. Bursi 

in the pipe
the pipes, w

nts of the p
n mean doub

e Eurocode 8-1

ces slight d
distribution 
related to th

greater valu
structure. B
far to the re
ered reasona
cture in the 

4 5

2.64 2.7
1.32 1.4
3.10 3.3
2.20 1.9
3.50 2.9
3.20 2.2
5.05 6.2
4.65 3.0

f the case stud

pe system i
ondition. Fo

s using in-s
which ampl
ipes. In fac
ble values.  

1 Spectra with

differences w
of the seism
he several v

ues of bend
Because by a
esults obtain
able. Furthe
non-linear r

5 6 

76 2.76 
44 1.20 
30 3.00 
90 1.90 
90 4.80 
20 0.70 
25 14.15 
05 1.70 

dy 

s the fulfill
or a seismic

structure 
lifies the 

ct, by us-

 

h ξ=3%, 

when in-
mic force 
vibration 

ding mo-
applying 
ned with 
er analy-
range. 

7 

2.88 
1.44 
2.30 
1.00 
5.80 
3.80 

12.32 
3.85 

lment of 
c action, 



Fabrizio Paolacci, Md. Shahin Reza and Oreste S. Bursi 

 16

 
• Operating condition or design basis earthquake condition: (OBE) is that earthquake 

which, considering the regional, local geology and seismology, could be reasonably 
expected to affect the site during the operating life of the plant. It is the earthquake 
during which the operating conditions of the plant can be still assured. 

• Safe shutdown earthquake condition:  (SSE) is the maximum ground motion for which 
some critical components of the plant must be designed to remain functional. 

 
In order to evaluate the safety level stress-based or strain-based approach can be used. The 

first approach intends to evaluate the maximum stress in the pipes and the calculation is usual-
ly based on elastic analysis of the structure.  

While stress based approach for pipelines is acceptable for a material with a well defined 
yield point and with a well defined yield ductility and strength, this design criteria becomes 
invalid when the stress in pipelines exceeds the limit under some displacement control loads, 
such as earthquakes and landslides [19]. In this case, strain based approach provides the de-
sign rule where the strain in the pipeline is allowed to exceed the specified yield strain pro-
vided that the safe operation can be ensured under displacement load. This method allows 
selected extensions to the stress-based design possibilities to take advantage of steel’s well-
known ability to deform plastically, but remain a stable structure. Codes and Standards are 
available for the strain based design approach, see [19] for reference. With the strain-based 
approach maximum strain in the pipes is calculated and compared with specified strain-limits 
related to limit states usually identified with buckling or ovalization of the pipes. Unfortunate-
ly, this approach needs of the calculation of the seismic response in the non-linear range. This 
is one of the reasons because the stress approach in more used.  

Only EN13480 contains explicit indications for calculating the pipe stresses limits, consi-
dering both the above conditions (OBE and SSE), whereas ASME B31.3 indicates only occa-
sional load conditions that can be identified as OBE condition.  

For the verification of the pipes against earthquake, the allowable stress approach is usual-
ly adopted and will be also adopted in the following. 
 
Load combinations and stress calculation 

The response to seismic and other loads (sustained, thermal, pressure, etc..), have to be 
combined. European and American code prescribe similar combinations. In this respect the 
seismic load prescribed by the seismic codes (prEN1998:1 and ASCE-07) can be considered 
as an exceptional seismic action. Under this condition, usually Load and Resistance Factor 
design (LRFD) approach is adopted. If the allowable stress approach is used, the seismic ac-
tion has to be reduced, as usual, of a certain safety factor, typically 1.4 (see ASCE-07).  

Because the allowable stress approach is wildly diffused in piping design in the following 
section will be used for the calculation of the stresses and the verification of the safety level. 
In doing this, the ASCE-07 combination formula will be adopted. 

ASME B31.3 does not provide an explicit equation for calculating the longitudinal stress, 
whereas EN13480 provides at point 12.3.3 the formula to evaluate the longitudinal stresses 
due to sustained, occasional and exceptional loads (e.g. the earthquake). This comes from the 
beam theory and includes internal pressure P and the resultant moments due to the sustained 
loads (MA) and the earthquake (MB): 
 

Z
MMSFI.

t
pD BA +

×+= 750
4

σ
 (1)
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where SIF is the stress intensification factor.  
Because ASME B31.1 provides a similar expression of the stress, in the following this will be 
also adopted for ASME B31.3.  
ASME B31.3 at point 319.4.4 indicates the way to calculate the resultant moments, similar to 
that of EN13480:3. In particular: 
 

( ) ( )22
zzyyR MSIFMSIFM ×+×=

 (2) 
 
This definition has also been adopted for calculating the resultant moments using EN13480.  
The resultant moment and the maximum stress in the pipes using the results of spectrum anal-
ysis have been calculated for both European and American standards. In particular, the maxi-
mum stress obtained is lower than 71 MPa in the straight pipes (bay 7) and 135 MPa in the 
elbows (B). The stress level here calculated is greater than that determined using in-structure 
spectra. In any case the stresses are limited and the piping system can be considered as over-
designed. 
Studies have shown that the present standards for piping system design under seismic loads 
are over conservative and modifications have been proposed to relax this over conservatism 
[20],[21]. For example, [21] has applied the present codes to calculate the stress limit on pip-
ing systems and experimental results showed significant discrepancy from the real behavior. 
This aspect will be treated in further studies. 
 
Definition of the allowable stress 
EN13480 includes par. 12.3.3., which is dedicated to the definition of the allowable stress cal-
culation. They are defined according to the conditions previously recalled: Operating Basic 
Earthquake (OBE) and Safe Shutdown Earthquake (SSE). The basic inequality to be respected 
is: 
 

hkf≤σ  (3) 
 
where  
 
σ = maximum stress in the pipes due to the sustained and seismic loads. 
k = 1.2 for design basic earthquake  
k = 1.8 for safe shutdown earthquake 
fh = is the basic allowable stress given by code 
 
ASME B31.3 does not provide explicit differentiation between OBE and SSE but refers to a 
Design Earthquake that can be identified with the OBE. It is prescribed that the maximum 
stress cannot be greater than 1.33 times the basic allowable stress for pipes, indicated in the 
Appendix A of the same code. 
 

Code OBE SSE 
EN13480 165.60 248.40 

ASME B31.3 183.50 --- 
 

Table 8– Pipes allowable stress (MPa) for the analysed case study 
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Tab. 8 illustrates the capacity of the pipes evaluated using both OBE and SSE seismic condi-
tion. The comparison capacity and demand show that the verification is satisfied with a differ-
ent capacity/demand ratio ρ. In particular, for EN13480 ρ=1.39 whereas for ASME B31.3 is 
equal to 1.36. This values of ρ show, at least in the analyzed case, a slight difference between 
the two codes in the evaluation of the safety level.  
The above calculations confirm that using allowable stress approach and then comparing the 
capacity with the demand (OBE), the system is highly overdesigned. The attempt of some re-
searchers to modified the equation (1) [21],[22] is not enough fully exploit the plastic proper-
ties of pipes. In this sense the strain-based approach is more promising, especially if the 
Performance-Based approach would be used to design new pipelines or to assess the seismic 
behavior of existing ones. This is the reason that has induced to explore the plastic behavior of 
pipes and pipe-joints using the way of experimental investigation. This activity has been just 
started and in the following section some details of on-going tests on flanged joints will be 
provided.  
 
 
5 EXPERIMENTAL INVESTIGATIONS 

5.1 Previous experimental tests 
A good number of experimental tests have been performed to characterize piping systems un-
der seismic loading and they are available in literatures, e.g., [20],[21],[22],[23],[24]. It has 
been found that even strong seismic excitation is not severe enough to significantly damage 
piping systems unless there is large differential motion of the anchorage [20], and an extreme-
ly high level of seismic input is required to introduce damage in the components of a piping 
system [21]. Additionally, the use of isolation systems reduces seismic demands to the piping 
systems [22]. Experimental tests, e.g., [20],[23] clearly show that the present design criteria of 
pipeline under seismic loading are overly conservative and modifications are suggested [20].  
Some experimental tests have also been devoted to bolted flange connections in order to as-
sess their behaviour under external loading, e.g., axial and bending loadings [25],[26]. Results 
show that flanges with lower weights, e.g., a compact VERAX VCF flange joint, have the ad-
vantage over the flanges with higher weights, e.g., an ANSI flange joint [25]. 

5.2 Tests to be performed in the University of Trento 
The University of Trento (UniTn) will perform some experimental tests on a number of bolted 
flanged joints (BFJ) in order to investigate the behaviour of the joints (BFJ) under monotonic 
and cyclic loadings. These tests are parts of the research works of a European project, 
INDUSE.  
Instead of using conventional thicker joints, two different thinner joints have been designed 
for the tests due to the fact that thinner joints are expected to exhibit better performance for 
regular seismic events and for relatively lower working pressure. The two designed flanges 
have thicknesses 18 mm (Design 01) and 27 mm (Design 02), respectively and have been de-
signed for a pressure of 15 bar. A matlab code has been developed by UniTn to check the 
joints according to the Eurocode EN 1591-1. One of the joints (Design 02) satisfies the Euro-
code EN 1591-1 while the other (Design 01) does not. UniTn aims at performing these expe-
rimental tests on these thinner flanges in order to characterise their behaviour in real operating 
conditions and to check the validity of the design rules of the Eurocode for the flanged joints. 
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The test set-ups for bending and axial tests are presented in Fig. 22 and 23 respectively while 
the real test specimens are shown in Fig. 24 and 25.  
 

 
Figure 22: Set-up for bending tests: (a) front view; (b) side view. 

 
 

 
 

Figure 23: Set-up for axial tests. 
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es. Therefore, the consequence of considering the structural contribution of the pipes is the 
introduction of a sort of a rigid floor effect that couples the horizontal movements of the 
nodes of the same floor.  For the above-mentioned reasons an extensive analysis on this par-
ticular but important aspect is recommended.  

The in-structure spectra suggested by prEN1998:1 and ASCE-07 differs for a term that de-
pends on the pipe-structure frequency ratio, included only in the European code. This aspect 
is strictly related to the previous observation on the dynamic coupling. The exclusion of the 
dynamic interaction could introduce a high error in the evaluation of the amplification factor 
of in-structure spectra. Because usually the frequency of the piping system is relatively high 
with respect to that of the supporting structure, the amplification effect would be relatively 
low. In any case, to cover all the possible cases, the use of the European formula for in-
structure spectra is highly recommended.  The result of this investigation suggested at point 1, 
should also help to clarify this important aspect toward the direction of simplified but more 
realistic formulas for in-structure action on pipes. 

In the analysis both beam element and shell elements were used to model elbows. The 
comparison showed the reliability of the more simple elements based on the beam theory, at 
least for the simple case of elbows. For more complicated situations, the use of finite shell 
elements should be considered.  

The behavior factor q is usually indicated by standards. In particular the values provided 
for piping systems by ASCE-07 seems to be too high, i.e., q=6-12. This is in contrast with the 
idea of avoiding yielding phenomena in the pipes and to maintain operational conditions also 
in case of strong seismic events. Certainly, the contribution of the supports in providing dissi-
pation capability should be taken into account; however on the basis of several investigations 
found in the literature, this exclude the possibility of having so high values of q. For this rea-
son the next step will be an investigation on the reduction factor q also considering the non-
linear behaviour of pipes. This could be performed using non-linear beam elements for the 
straight pipes, and plastic hinges for the simulation of the elbows in the plastic range. In doing 
so, time-history analysis would be used, even if static non-linear analysis is nowadays very 
diffused, but difficult to be applied to piping systems for the presence of a uniformly distri-
buted mass of pipes.  

The usual way of designing piping systems is based on the allowable stress approach. This 
means that the structure is considered elastic. Consequently only an operating basis earth-
quake condition (OBE) can be taken into account for design. Conversely, the modern ap-
proach to the seismic design of structures is to differentiate serviceability from ultimate limit 
states. This latter condition could be represented, for example, by the Safe Shutdown Earth-
quake (SEE). The problem is that a proper definition of the deformation capability of the 
pipes and fittings (ovalization, etc..) in the plastic range would be necessary, and on this as-
pect the research has not reached solid conclusions. But the advantages would be several and 
first of all the design optimisation. For example in the analysed case, we are very far from the 
moment capacity of the bolted flanges located in the pipeline. This high level of conservatism 
seems to be in contrast with the modern performance based-design approach, for which a cer-
tain level of yielding in the structure is admitted according to a specific performance. For in-
stance, it would be possible to accept in pipes a certain level of yielding on the condition that 
leakage would not occur, and the consequence, for example, to accept a reduction of the 
thickness of the flange. The experimental campaign, briefly described in the paper and that 
will be performed at the University of Trento in order to evaluate the cyclic behavior of 
flanged joints, will provide useful information for the design of the flanged joints in the more 
proper way. Moreover, it should allow one to link the capacity and the demand for several 
limit states. 
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