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Wall loss dependence on strained FBG sensors’ 
simulated response 

Jean-Pierre Atanas 
 

Abstract— Pressure vessels including pressurized pipes in the oil and gas industry are all subject to sustained load cracking and material 
wall loss. Constantly monitoring material wall losses at early stages is essential to the oil and gas industry. In this paper, a model of 
pressure wall thinning using combined FBG (Fiber Bragg Grating) sensors is presented. The simplistic model design make use of three 
FBG sensors, two dedicated to axial and hoop strain measurements, while the other sensor served for temperature compensation. Stress 
and strain simulations obtained for 1 to 5 MPa inner pipe pressures are used to identify the positions in elbows corresponding to maximum 
wall loss. Simulation of FBG’s optical spectrum reflectivity shows a wavelength shift directly related to the thickness of the pipe material. 

Index Terms— COMSOL Multphysics, FBG sensor, Fluid Flow, Fnite Element Analysis, Reflectivity Spectrum, Stress Analysis, Wall Loss 

——————————      —————————— 

1 INTRODUCTION                                                                     
ipes and pressure vessels have been used extensively for 
decades to transport and store liquids and gases at high 
pressure. PWT (Pressure Wall Thinning) in pressure ves-

sels or in any piping system can be produced in various mech-
anisms. Highly corrosive fluid carrying acid gas or petrochem-
icals produces in time wall thinning in carbon steel piping 
systems in oil and gas refineries and other industrial plants 
due to Flow Accelerated Corrosion (FAC) [1]. Many research-
ers have studied maximum allowable pressure by Finite Ele-
ment Analysis (FEA) of several steel pipes, where a pipeline 
rehabilitation concept and reported rehabilitation of corroded 
pipes has been reported by putting steel back into pipelines 
[2], [3], [4], [5], [6]. When pipes or pipeline corrosion defect 
occurs, wall thinning or specifically a certain percentage of the 
inner wall thickness is lost and larger strains appear in the 
defective region under the constant pressure within the pipe 
[7]. Internal pressure in pipes induces longitudinal, radial and 
circumferential stresses. Also, an important criterion in pipe 
and vessel analysis is radial growth, or dilation, under internal 
pressure. Recently, after the discovery of fiber Bragg grating 
strain sensors, many researches forwarded their efforts to fiber 
optic design in several applications such as airspace, aircraft, 
civil structure, oil and gas industry and in many areas in engi-
neering. Actually, when temperature and pressure sensing is 
critical, distributed temperature sensing with fiber optics is 
essential in many industries. Fiber optic sensing uses the fiber 
optic cable itself, where gratings are applied, to monitor tem-
perature and strain across the entire length of the pipe. An 
important solution in such conditions would be all optic based 
micro-sensors for their immunity to electromagnetic interfer-
ence, for the property of their material, for their ability to 
maintain highly safe operations in hazardous and flammable 

environment [8], for their low power activation and  low oper-
ation cost and finally for their relatively high sensitivity and 
reliability. In the following sections, stress and strain analysis 
of pressure for straight pipes and elbows are presented. Finite 
element analysis is applied to elbows to derive Von Misses 
stress distribution and compare it with the analytical expres-
sion. A model based on a detection unit, made of the three 
sensors, where two of them are reserved for strain measure-
ments and are positioned in two orthogonal directions while 
the third is used for temperature compensation, is being de-
signed. Coupled-mode theory is being applied to obtain the 
spectral dependence of the fiber with varying effective index 
and different fiber grating lengths. Simulation response of the 
wavelength shift in reflectivity spectra, for both axial and cir-
cumferential directions, is shown and from which the expres-
sion of wall thickness is derived. 

2 STRESS ANALYSIS OF THIN WALLED PIPES 
2.1 Stress and strain  
Pressure vessels must be able to withstand high internal pres-
sure. An analysis study for stress and strain is considered for 
open ends vessels or pipes. Hoop or circumferential stress and 
the resulting strain are respectively given by (1) and (2), where 
P is the internal pressure, r the inner radius, E the Young 
Modulus and t the thickness fo the material, 

t
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=θσ  (1) 
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Pr
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Axial stress is given by (3) 
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Thinned-wall situations correspond to the condition where the 
radius is much greater than ten times pipe’s wall thickness. 
Also, the radial stress is negligible compared to hoop and axial 
stresses. The maximum hoop stress in pipelines around the 
world is 72% S giving a design factor (φ = hoop 
stress/allowable stress = 0.72), where S is the allowable stress. 
Note that most pipeline codes allow overpressure of typically 
10% over this maximum allowable stress; therefore, a pipeline 
at 72% S can experience an overpressure up to 79% S. The de-
sign factor φ is a safety factor and allows for variability in ma-
terials, variability in construction practices, uncertainties in 
loading conditions, uncertainties in service conditions. Ac-
cording to ASME B31.3 code committee [9], the revised Equa-
tion for deriving the nominal wall thickness of pipe reads as 
follows: 

CA+Pr=t
mωϕσ

  (4) 

Where the weld joint (ω) applies only at temperature above 
510 degrees Celsius and is based on the effect of creep and σm 
is the minimum yield stress. In our study, temperature would 
be far less than the presumed one, hence, (ω = 1) unless oth-
erwise indicated. CA denotes the sum of allowance of thread-
ing, of corrosion and of grooving. The ASME code B31.4 and 
ASME code B31.8 [10], [11] for liquid and gas transportation, 
respectively, underlines different limits on allowable longitu-
dinal stresses for restrained and unrestrained piping. Buried 
pipes or similarly restrained portions under load are exposed 
to substantial axial restraint, which naturally are different 
from unrestrained or above ground portions. In the following, 
no additional loads are considered on the pipe except those 
related to internal pressure. The obtained stress and strain 
equations are reduced to (5) for axial stress, and (6) for hoop 
stress respectively. 
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Fig. 1 and 2 illustrate the surface plot of the Axial and Hoop 
strain versus temperature change and operational pressure for 
50 mm carbon steel wall thickness and 0.534 m inner radius 
(42-inch pipe diameter).  It is clearely shown that hoop strain 
is greater, for any given temperature and pressure than axial 
strain. These calculations were done with Matlab® and for a 
straight line section of the pipe. Also, hoop strain for elbows 
was derived and expressed as in (7), 
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Where R is the radius of curvature of the bend long tangent 
which is about 1.5 times the nominal pipe size according to 
ASME B16.9, r is the inner radius of the pipe’s cross section, 
and θ is the angle around it.  

Fig. 3 shows a cross sectional hoop strain for elbow versus 
internal pressure and temperature change. Highest strain is 
found at the inner side of the bend, hence at θ = 270 degrees 
from the reference direction previously defined. The zero-
angle corresponds to the positive direction of the z axis repre-

sented in fig. 4. Finite Element Analysis with COMSOL 
Multphysics, for a single phase highly turbulent flow with the 
Reynolds number being around Re ≅ 5×105, was applied to the 
elbow to calculate Von Mises stress distribution at internal gas 
pressure of 1MPa, where the gas considered is assumed air for 
simplicity. Simulations employ the SST, k-ω turbulence model 
as in [14], [15]. The flow velocity at the inlet, as averaged over 
the pipe cross section, is assumed to be Uavg = 20 m/sec. 
 

 
Fig. 1: Axial strain versus inner pressure and temperature change. 

 

 
Fig. 2: Hoop strain versus inner pressure and temperature change. 

 

 
Fig. 3: Hoop strain for elbow versus inner pressure and tempera-
ture change. The angle 0 corresponds to the bottom side of the el-
bow and reported in radians. 

 
 
No change in temperature was assumed between the inside 

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 7, Issue 6, June-2016                                                                                                     239 
ISSN 2229-5518 

IJSER © 2016 
http://www.ijser.org  

out of the elbow. Results are shown in Fig. 4 where maximum 
strain obtained at the inner bend is about 0.15 micro strains 
only compared to 0.5 micro strains derived from the analytical 
expression in (7). This difference arises from turbulence ef-
fects, gas properties and caracteristics of the fluid (density and 
visciosity) that were not taken into consideration in the empir-
ical equation (7) where the pressure unrealistically is assumed 
constant along the cross section of the elbow. 
 

 
Fig. 4: COMSOL Multiphysics FEA simulation of the Von Mises 
stress in N/m2. 

 

2.2 Simulation of the reflectivity spectrum 
Coupled-mode theory has been used to obtain quantitative 
information about the diffraction efficiency and spectral de-
pendence of fiber gratings. In this paper, coupled first-order 
ordinary differential equations for single-mode Bragg reflec-
tion grating were solved. Details of the theory are well ex-
plained in [12], [13]. Normalized reflectivity spectra of the 
Bragg propagating wavelength λ = 1550 nm through the fiber 
optics with varying grating length L and index variation δn, 
were derived. A cosine apodization function has been also 
applied to reduce the side lobes of the reflected wave in the 
reflectivity spectrum so as to suppress any effect related to 
misdetection of the main Bragg wavelength peak. Fig. 5 shows 
simulation results for different length of the fiber grating, L = 
5 mm, L = 10 mm and L = 20 mm, where the index of the core 
is nco = 1.447 and that of the cladding is nclad = 1.445.  

 
Fig. 5: Reflectivity spectrum verus length of gratings with fixed in-
dex change of 1e-4. 

The calculated effective index was neff = 1.4455. In all the fol-
lowing sections, a grating length of L = 10 mm is assumed. It is 
clearly shown that the intensity of the Bragg wavelength in the 
reflectivity spectrum increases with the grating length L. This 

is to be expected, since more reflecting waves for large grating 
lengths will contribute more to the intensity of the reflected 
Bragg wavelength. However, due to some experimental con-
straints, the grating length are restricted to be length-specific 
such as other parameters could be varied such as the index 
change δn to compensate for the intensity decrease of the re-
flected Bragg wavelength. Fig. 6 shows simulation of the re-
flected Bragg signal for fiber grating length of L = 10 mm, 
while the index change δn takes respective values of 0.5e-4, 1e-
4 and 2e-4.  

 
Fig. 6: Reflectivity spectrum for fixed length L=10 mm and variable 
index change. 

 
It is shown that the intensity of the reflected wavelength in-
creases with δn that is achieved by high Germanium doping of 
the fiber’s core. Reflectivity spectra, in both Fig. 5 and 6 show 
side lobes around the propagating wavelength λ = 1550 nm. A 
way to reduce the energy spread around the main peak is to 
apply a cosine apodization function where fringes will be dis-
tributed periodically instead of an equal distribution around 
the center of the grating. The effect will be reduction of power 
loss at side lobes in the reflectivity spectra. Mathematically, a 
cosine apodization function has been applied and will be used 
throughout the simulation of reflectivity spectra. 

2.3 Simulation of strain inducing wavelength shift 
The Bragg wavelength of a grating is a function of the effective 
index of the guided mode neff and period of index modulation 
Λ. Normalized reflectivity obtained from coupled-mode theo-
ry could also be written as, 

222
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Where L is the grating length, κ is the direct coupling coeffi-
cient, χ is the detuning parameter and χ/κ is the detuning ra-
tio. The detuning parameter for Bragg grating of period Λ is 

Λ
−Ω=

πχ  (9) 

Where the fiber core propagation is Ω = (2π ncore) / λ and con-
stant at the considered wavelength. The shifted Bragg wave-
length produced by the imposed strain and the temperature 
change is given by: 
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TP BeBB ∆++∆−=∆ )()1( µαλελλ  (10) 
Where ∆λB, Pe and ∆λ are respectively: Bragg wavelength shift, 
strain optic constant and axial strain change along fiber axis. 
The strain optic constant is written as: 
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2
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Fig. 7 shows Bragg wavelength shift of 3.3 nm in the simula-
tion of the reflectivity spectrum at 2000 micro strain.  

 
Fig. 7: Main unstrained Bragg wavelength peak vs strained peak 
under 200 micro strains. 

 
The main spectrum is obtained with the following relevant 
parameters: Bragg wavelength ∆λB = 1550 nm, effective index 
neff = 1.4455, grating length L = 10 mm, grating period Λ = 532 
nm, fiber optic index variation δn = 1e-4. A cosine apodization 
function was applied to the fiber with no local grating strength 
introduced. Wavelength shift illustrated in Fig. 8 shows Bragg 
wavelength shift for values of strain up to 3000 micro strain, 
and was obtained with a strain optic tensor components P11 = 
0.113 and P12 = 0.252, a Poisson ratio of ν= 0.87, and thermal 
coefficients of α = 10.8e-6 /°C and µ = 8.6e-8/°C respectively. 
The wall thickness and pipe radius were respectively 50 mm 
and 0.5 m. Fig. 8a and 8b show a linear behavior of the wave-
length shift versus temperature and strain respectively. 

3 WALL LOSS DEPENDENCE OVER STRAINED FBG 
SENSORS 

As outlined in the introduction pipeline’s integrity is influ-
enced by its surrounding environment, the transported oil or 
gas, the original type and state of the coating material as well 
as operational parameters. Cracks and wear in the pipe wall 
can develop from the outside, the inside or even from within 
the material itself. Defects can also develop during manufac-
turing and construction or emerge later during the operational 
life of the pressurized pipes or pipeline. They are marked by 
wall loss and thus a significant reduction in the pipe’s wall 
thickness, hence the importance of measuring the remaining 
thickness of the pipe wall. A relation between pipe thickness 
and induced strain could be derived from the hoop strain 
equation as, 
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−
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Similarly, for hoop strain in elbow, we obtain, 
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Fig. 8a and 8b: Simulated wavelength shift vs strain and tempera-
ture respectively. 

 
Assuming a constant operational pressure of 1 MPa and 20 ℃ 
differential temperatures, the shift in wavelength is a direct 
measure of the wall loss through the above equations, since 
strain is directly proportional to the induced strain. Wall loss 
derived from the hoop strain for both straight pipe and elbow 
is then written respectively as in (14) and (15), 
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By using temperature compensation from the temperature 
sensor measurement α∆T = 0, the previous wall loss expres-
sions will be further reduced. Fig. 9 shows percent wall loss 
versus wavelength shift with temperature compensation and 
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at 1 MPa operational pressure.  
 

 
Fig. 9: Percent wall loss versus wavelength shift for straight section of pipes and 
elbows. 
 
It is clear from both axial and hoop plots that one can derive 
the percent wall loss at any operational conditions of tempera-
ture and pressure. 

5 CONCLUSION 
Hoop and axial strain measurements for straight pipes and 

elbows have been developed with specific FBG sensors. The 
design unit is composed of two orthogonal sensors for strain 
measurements and one for temperature compensation. It was 
shown that strain is highest at the internal side of the bend for 
elbows and decreases with radii of curvature. The obtained 
relation for percent wall loss is used to monitor pipe's thick-
ness through continuous measurement of hoop and axial 
strains. Percent wall loss could be monitored online by direct 
measurement of the wavelength shift in the reflectivity spec-
trum. A limit on the percent wall loss could be specified ac-
cording to ASME codes to trigger repair actions for the defect-
ed parts of the pipe. FBG sensors are also known for their high 
multiplexing capabilities that can be used to monitor long dis-
tances of pipes or pipelines 
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