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Abstract - In today’s competitive environment, where costs, schedules and quality govern the market, modularization has become the 
most important trend in engineering. The advantage of modular project is better quality control, simpler construction at site, flexibility in 
scheduling and many other benefits. Modular concept is commonly used for fabrication of floating and offshore platforms for undersea oil 
and natural gas extraction, but in this paper we will be discussing about the land based facilities. Process equipment, process unit and pipe 
rack modules are generally constructed in facilities called Module yards (Mod Yard), which are equipped with special facilities. The 
fabricated modules are then transported from Modular yard to the construction site via different modes like sea, road or rail. During sea 
transportation modular piping experiences various motions due to ship acceleration, wind velocity, and deck deflecting action and 
deflection of structural steel due to sea waves. This calls for researching deeper into further aspects of piping behavior during sea 
transportation. 
Transportation analysis helps in ensuring that the pipe work and its components are not overstressed and thereby preventing practical 
damage to the connected equipments as far as possible. This paper’s intent is to understand the requirement of sea transportation analysis 
for large bore piping system for a safer design during transportation. 

Index Terms - Modularization, Transportation analysis, Sea transportation, Barge transportation, Need for Transportation Analysis, Ocean 
Transportation, Piping Stress Analysis 

  ——————————      —————————— 

1 INTRODUCTION                                                                     
ransportation analysis refers to examination of vari-
ous conditions cargo or module would experience 
during transit from one location to another.  

For sea transportation analysis, an engineer needs to 
apply transit acceleration values along with the wind and 
structural displacements due to ship acceleration based on 
the past years of sea wave data received from the naval 
architect. These conditions shall be considered for check-
ing maximum displacement stress range, fatigue stress, 
occasional stress, nozzle evaluation and piping reaction 
loads on support structure.  

The objective of transportation analysis is to ensure the 
integrity of piping system and connected equipment noz-
zle, so that pre-installed pipes are transported safely and 
secured the correct location as required for construction. 

 

2 FACTORS AFFECTING SEA TRANSPORTATION 
 
2.1  Loading Due to Ship Acceleration 

Sea transportation loading are based on the extreme 
conditions of sea considering the seasonal storm received 
from marine architect department and calculated relative 
ship motions.  

During transportation, relative motion between the 
ship and the water surface creates ship motions. A ship 
with steady forward speed in irregular short-crested sea 
will oscillate in six degrees of freedom divided into three 
types of linear motion and three types of rotational mo-
tion. Refer Fig 1. 

 
Fig. 1 - Type of Ship Movement [4b] 

 
Ship movement can be summarized as per the table-1 

given below. 
 

Table 1 - Ship Movement 
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These Linear and Rotational motions of ship with the 
wave action are applied on the module in the form of ac-
celerations. The acceleration values depend on the shape 
of the surface or sub-surface ship, its beam, the position of 
the center of gravity and center of buoyancy and other 
parameters which determine the behavior of ships during 
transportation at sea. 

During the Transportation, piping system will experi-
ence acceleration due to different types of wave condition 
influenced by the wind and arrangement of structures on 
the ships. 

There are four primary wave conditions which a ship 
can experience during its travel. They are Head sea, Beam 
Sea, Following Sea, and Quartering Sea. These wave con-
ditions are playing major role in Ship/piping acceleration. 
Refer Fig 2 for type of wave conditions.  

A mass of wave’s direction flowing directly towards 
ship is called head sea. This set of opposite waves will 
push the ship backside.   

When the direction of the waves is exactly perpendicu-
lar to the ship travel direction is called Beam Sea. Because 
of Beam Sea, Ship experiences rolling motion.  

A following sea is exactly opposite to head sea.  
When heading straight downwind, with waves head-

ing exactly in the same direction as your ship, is known as 
a following sea. 

A Quartering sea is a wave condition in which the 
wave is going to strike the ship at an angle of about 45 
degrees to ship’s heading direction. 

 

 
Fig. 2 - Type of wave conditions 

 
Surge, Sway and heave accelerations are used for final-

izing the ship behavior at C.O.R of ship according to GL 
Noble Denton. These acceleration values are provided by 
Maritime Administration & Maritime Safety Committee 
and it varies for different routes. It shall be re-calculated 
for local acceleration (which is called as Cargo forces) at 
piping location using corresponding code. Refer fig 3. 

These accelerations are calculated using the loading 
factor equations. The loading factor is a calculated num-
ber given in terms of gravitational and dynamic accelera-
tion which, then multiplied by the mass of a structure or 
equipment, determines the design load of such structure 
or equipment in the longitudinal, transverse, and vertical 
directions as a result of the accelerations of gravity and 

ship motion. Loading factors are dependent on the magni-
tude and frequency of ship motions, ship altitude, and 
location in the ship of the structure or equipment under 
consideration. [2] 

 

 
Fig. 3 - Cargo/Barge forces calculation at piping COG 

 
To define surge, sway, and heave resultants, the equa-

tions are used as per table-2. 
 

Table - 2 : Equations to calculate surge, sway & heave 
resultants [2] 

 

...Equation (1) 

 

...Equation (2) 
 

...Equation (3) 
where, θ = maximum pitch angle (radians) 
Φ = maximum roll angle (radians) 
A ( ) = Loading factor in x, y or z direction 
Tp = Pitch period (seconds) 
Tr = Roll period (seconds) 
h = heave acceleration (meter per square second) 
s = surge acceleration (meter per square second) 
X = Longitudinal distance from centre of gravity (meters) 
Y = Transverse distance from centre of gravity (meters) 
Z = vertical distance above centre of gravity (meters) 
g = acceleration due to gravity (9.807 meter per square second) 
and in equation (3) for Az, + sign relates to downward force and - 

sign relates to upward force 
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2.2 Loading Due to Ship (Hull) Deflection 
Hogging and sagging describe the shape of a beam or 

similar long object when loading is applied. Hogging de-
scribes a beam which curves upwards in the middle, and 
sagging describes a beam which curves downwards. [4e] 

For ships, hogging occurs when the peak of a wave is 
amidships, causing the hull to bend so the ends of 
the keel are lower than the middle. Similarly, sagging oc-
curs when the trough of a wave is amidships, causing the 
hull to deflect so the ends of the keel are higher than the 
middle. [4f] 

The stresses produced in the piping systems due to 
impact of Hog and Sag deflection should be within the 
allowable values as per applicable piping codes. 

Naval architects usually provides the ship deflection 
data and the specific hog and sag values are to be used at 
support locations for the corresponding piping system 
with respect to module column spacing and location. 

 
 

Fig. 4 - Hogging and Sagging [4c] 
 
Generally, as a good engineering practice, the hog and 

sag values are applied where the module length is greater 
than one-third length of the ship. 
 
2.3 Loading Due to Structural Deflection 

During transportation, the module structures experi-
encing differential displacements/movements on hori-
zontal axis due to hull motion. These differential dis-
placements/movements have to be considered in piping 
support displacements. 

Deflection of structure (D or d) should be limited to 
h/k for sea-transportation, where h is height of structure 
and k is a constant value. In general practice, it is taken as 
300. This (h/k) ratio is used by structural group for mod-
ule displacement calculations as per GL Nobel Denton 
data. We are assuming that the directions for structural 
deflection are proportional to the acceleration of ship. 

 
Fig. 5 - Structural Motion Generating displacements 

 

2.4 Loading Due to Wind 
The availability of Maritime transport information and the 
actual voyage route plays a major role in determining the 
wind speed. 

During transportation, effect of wind has to be taken 
into account for the design of exposed piping system.  The 
loading effect due to wind pressure needs to be consid-
ered to calculate the stresses generated in the piping sys-
tem and the load acting on the structures. 

 

2.5 Fatigue Loading 
Fatigue is the progressive and localized structural 

damage that occurs when a material is subjected to cyclic 
loading. The maximum stress values are less than the ul-
timate tensile stress limit and may be below the yield 
stress limit of the material. Fatigue failure is like brittle 
fractures say sudden and catastrophic failure even in duc-
tile materials. After number of cycles the object becomes 
too weak and finally it fails.  

Hull motion and deflection are the causes for fatigue 
failure in ships. And this fatigue failure/fatigue life calcu-
lation is based on cumulative damage theory also known 
as Palmgren-Miner rule. 

 
Table - 3 : Equation of minor rule [4d] 

 

...Equation (4) 
where 
ni = the number of applied cycles at ith level of stress 
Ni = the number of cycles for failure at ith level of stress 
C = the damage fraction of life consumed by exposure to the cycles at 
the different stress levels. 
i = number of level for various stress values 
k = any natural number 
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Palmgren-Miner rule assumes that total damage 
caused by the number of stress cycle equal to summa-
tion of damages caused by individual stress cycle. Also 
assumes that stress cycles with alternating stress above 
the endurance limit inflicts a measurable permanent 
damage. Equation of minor rule is given in table-3. 

In general, the failure of piping system occurs when 
the damage fraction reaches 1. 

3 CASE STUDY 
3.1 Description 

The piping system considered for study is a 14” STD 
schedule carbon steel pipe. It is connected to vendor 
package at one location which is to be considered con-
nected while transportation and on the other end, it is 
connected to a header on pipe rack. In order to simplify 
the analysis, thermal displacements at node P110 are in-
cluded in the system. The node P110 will be free during 
transportation as the connected piping is not part of mod-
ule. The piping system has a maximum design tempera-
ture of 110 degree C, operating temperature of 62 degree 
C and minimum design temperature of -40 degree C. It 
has a design pressure of 2 MPa and operating pressure of 
1.69 MPa. The piping system under consideration is being 
fabricated at a site in South Korea and then, it will be 
transported via Caspian Sea. And finally, it will be erected 
at the construction site in Kazakhstan. Bentley Autopipe 
has been used as the software for the purpose of model-
ling and analysis of the piping system. Please refer the Fig 
6 for the system considered. 

 
 

 
 
 

 

 

 
Fig. 6 - Piping system considered 

 

3.2 Static Analysis 
The piping system satisfies ASME B31.3 (2012) code 

requirements for operational analysis with the optimum 
number of supports as per Fig 7. 
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Fig. 7 - Piping system qualifying in operational analysis with ade-
quate supports 

3.3 Sea Transportation Analysis 
It is assumed that the modular piping system is placed 

and transported parallel to the Ship axis (X direction in 
Auto pipe) and the longitudinal axis of the module is per-
pendicular to the ship axis (Z direction in Auto pipe).  The 
relative hog and sag values along with wind and sea ac-
celeration are calculated based on the module location 
from COR of ship and are applied on the piping system. 
The values for acceleration used are taken from the Ma-
rine Department. Also the line is considered empty with 
zero corrosion allowance and taking temperature as am-
bient (0 degree C for this case) and pressure values as at-
mospheric pressure (i.e. 0 MPa). 

Refer Fig 8 for the hog and sag values considered. 
Refer Fig 9a for hog and sag values applied in 

Autopipe and Fig 9b for allowable loads and moments 
applied at vendor tie-in point during transportation. 

 

 
Fig. 8 - Hog & Sag Displacements considered for piping during sea 

transportation 
 

 

 
Fig. 9a - Hog & Sag displacement values applied to piping system 

during sea transportation 
 

 
Fig. 9b - Allowable Loads and moments applied at vendor tie-in point 

during transportation 
 
Refer Fig 10 for wind profile applied in Autopipe. 
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Fig. 10 - Wind Profile applied to piping during Transportation 
 
The structural deflections are not considered in this 

case. Also, the sea acceleration values due to Head seas 
have been ignored as they are very low and will not have 
any major impact. 

Refer Fig 11 for sea acceleration values applied in 
Autopipe. 

 

 
Fig.11 - Sea Acceleration applied to piping during Transportation 
 
The magnitude of stress generated in the piping system 

is very high during acceleration and exceeds the allowable 
value of 183.4 MPa [1] (as per ASME B31.3 2012) by 16%. In 
addition to this, the loads and moments at the vendor tie-
in point are also high and these should be limited within 
the vendor allowable. Refer Fig 12. 
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Fig. 12 - Failure of piping in stresses as well as allowable at vendor 

tie-in 
 
In order to qualify the system, additional temporary 

restraints are required during the transportation stress 
analysis phase. The transportation analysis is carried out 
again and the piping system is found to be within the safe 
limit. Refer Fig 13. 

 

 
 

 

Fig. 13 - Piping system qualified by providing additional temporary 
supports during transportation 

 
The additional temporary restraints must be removed 

post transportation, when the module is being installed at 
final location before start-up of the plant, to prevent the 
failure of system during normal operating condition. 

3.4 Interpretation 

It can be seen from the case study that the piping sys-
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tem was not safe during sea transportation and certain 
measures were required to ensure the safety of the system 
and connecting equipment. As it is the responsibility of 
the piping stress engineer to prevent instability of the pip-
ing system during sea transportation, therefore, carrying 
out proper transportation analysis will ensure the safety 
of the system. 

4 ILLUSTRATIONS FOR PIPING DAMAGES WHILE 
TRANSPORTATION 

The piping gets damaged in various ways during 
transportation. The misalignment of equipment nozzle, 
dislocation of pipes, damage to valves and flanges, de-
flected pipes, damage to structural steel due to clash with 
pipes etc. are few types of damages that are caused dur-
ing sea transportation.  

Refer Fig 14 for some of the ways in which the piping 
gets damaged during sea transportation due to lack of 
supports. 

 

 

 

 

 
Fig. 14 - Damage to piping due to lack of proper transportation sup-

ports 

5 CONCLUSION 
Based on the case study, it can be concluded that carry-

ing out transportation analysis for large bore piping not 
only safe guards the piping system but also enables engi-
neers to determine the required shipping restraints. These 
restraints help in controlling the deflection of piping and 
to resist the effect of the accelerations and structure / 
equipment imposed displacements on the piping due to 
shipping. The analysis also helps in computing the signif-
icant shipping loads which can be used by structural 
group for steel design. 

Transportation analysis also ensures that the pre-
installed pipes are secured at the correct location and min-
imizes the misalignment between two modules post 
transportation. Transportation analysis helps to determine 
whether the connection between piping and equipment 
are safe and if not, then the disconnections can be recom-
mended in order to avoid any damages to equipment or 
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ships. 
Temporary supports used during transportation must 

be designed for fatigue characteristics, adequate strength 
to resist the dynamic loading. Temporary Supports 
should be painted with bright fluorescent color coding for 
easy identification and removal at job-site. 

Transportation analysis also helps in determining 
whether the engineered items such as spring hangers, 
struts, bellow etc. shall be in locked position or shipped 
loose during transportation. 

The absence of transportation analysis does not guaran-
tee the safety of the shipped module and generally incur 
extensive strapping of piping system. The extensive 
strapping results in wastage of time, cost and man-hours.  

As industry moves towards cost-effective and schedule 
driven projects, carrying out transportation stress analysis 
ensures the safety of the modules during sea transporta-
tion. 
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7 UNITS & ABBREVIATIONS 
• COR - CENTRE OF ROTATION 
• COG - CENTRE OF GRAVITY 
• STD - STANDARD 
• C - CELSIUS 
• MPa - MEGA PASCAL 
• ASME - AMERICAN SOCIETY OF ME-

CHANICAL ENGINEERS 
• Fig - FIGURE 
• degree/s2 - DEGREE PER SQUARE SE-

CONDS 
• m - METER 
• mm - MILLIMETER 
• m/s2 - METER PER SQUARE SECONDS 
• g - ACCELERATION DUE TO GRAVITY 
• N - NEWTON 
• N/mm2 - NEWTON PER SQUARE MILLI-

METER 
• N.m - NEWTON METER 
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