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A B S T R A C T   

The total strain induced by forces in a structure, known as absolute strain, provides crucial information about 
structural integrity. The unexpected variations in absolute strain can compromise the overall safety of the 
structural system. In this paper, a baseline-free absolute strain estimation technique is developed based on the 
acoustoelastic effect of ultrasonic guided wave for in-service cylindrical structures. To generate and sense ul
trasonic guided waves, two macro-fiber composite (MFC) transducers were installed on the surfaces of cylindrical 
structures subjected to tensile force. Additionally, a strain gauge was used to measure the relative strain 
generated after installing the MFC transducers and the strain gauge. The absolute strain was estimated using the 
velocity of the ultrasonic guided waves and the relative strain, without the need for calibration tests and baseline 
data obtained from known absolute strain levels. The effectiveness of the developed technique was experi
mentally examined using blind data obtained from a hollow steel cylinder and an aluminum mooring cable from 
a submerged floating tunnel model.   

1. Introduction 

Cylindrical structures, such as hollow cylinders, mooring cables, 
rods, and PT tendons, are force-carrying members that play a critical 
role in maintaining the performance of structural systems [1,2]. Abso
lute strain, which refers to the total strain induced by forces in the 
current cylindrical structure, is an important structural engineering 
parameter for assessing the integrity and failure of a structural system 
[3]. Absolute strain changes mainly due to external impacts, natural 
disasters, and operating loads. Excessive increments of absolute strain in 
a cylindrical structure can result in performance deterioration and 
catastrophic failure of the structural system. Therefore, the estimation of 
absolute strain in cylindrical structures is essential to ensure the safety 
and performance of the structural system. 

Several techniques have been developed to estimate absolute strain 
in cylindrical structures. Kerrouche et al. [4] installed a fiber Bragg 
grating (FBG) sensor on the surface of a carbon rod and correlated the 
reflected wavelength variation with absolute strain. FBG sensors have 
several advantages, such as immunity to electromagnetic noise, light 
weight, and long signal transmission distance. However, since FBG 
sensors require baseline data obtained before applying a force to esti
mate absolute strain, it is impossible to estimate absolute strain in- 
service cylindrical structures. Du and Gou [5] estimated the absolute 

strain of a cable by comparing two images taken with a charge-coupled 
device camera (CCDC) before and after applying a force. However, the 
practical application of this technique is limited because it requires 
capturing an image before applying any force. Gulgec et al. developed a 
deep-learning-based absolute strain estimation method using accelera
tion data [6]. However, this method requires a calibration test to train 
the deep-learning model, where the input is the acceleration data, and 
the output is absolute strain. A passive wireless antenna sensor was 
developed to estimate absolute strain based on the shift in the electro
magnetic resonance frequency of the antenna [7]. Strain gauges are 
mainly used to estimate absolute strain using the relationship between 
strain and electrical resistance [8]. However, antenna sensors and strain 
gauges without baseline data can only measure the relative strain 
generated additionally after installing the sensors when applied to the 
in-service cylindrical structures. 

Ultrasonic techniques have been used to estimate absolute strain 
based on the acoustoelastic effect, which states that the velocity of ul
trasonic guided waves has a linear relationship with the absolute strain 
within the elastic range. These techniques can achieve a long-distance 
wave propagation and high reliability, and the ultrasonic transducers 
are low cost, small size, and lightweight. Toyama and Takatsubo 
experimentally investigated the linear relationship between ultrasonic 
guided wave velocity and absolute strain in CFRP laminates under 
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tensile force [9]. Furthermore, this technique has been applied to stress 
estimation as well as absolute strain [10–12]. However, conventional 
ultrasonic techniques require calibration tests or baseline data to 
establish the relationship between the velocity of the ultrasonic guided 
waves and absolute strain or stress. 

Conventional absolute strain estimation techniques for field appli
cations require calibration tests or baseline data obtained from a known 
absolute strain levels. To address this limitation, in this study, a 
baseline-free technique was developed for estimating absolute strain of 
in-service cylindrical structures based on the acoustoelastic effect of 
ultrasonic guided wave. The linear relationship between the velocity of 
ultrasonic guided waves and absolute strain in cylindrical structures was 
derived and experimentally validated using a steel hollow cylinder. Two 
Macro Fiber Composites (MFC) transducers and one strain gauge are 
installed on the cylindrical structure subjected to tensile force to obtain 
the ultrasonic guided wave and the relative strain, respectively. The 
absolute strain was estimated from the ultrasonic guided wave and the 
relative strain measured after installing the sensors without the need for 
calibration tests and baseline data. The performance of the developed 
technique was evaluated using the steel hollow cylinder and an 
aluminum mooring cable from a submerged floating tunnel (SFT) model. 
The developed technique is unique in that (1) the linear relationship 
between the ultrasonic guided wave velocity and absolute strain is 
newly derived and experimentally verified, (2) the absolute strain is 
estimated without the need for calibration tests and baseline data, (3) 
the developed technique is experimentally validated in laboratory and 
ocean engineering basin, and (4) the developed technique is applicable 
to in-service cylindrical structures where the MFC transducers and the 
strain gauge are not initially installed before applying force. 

This paper is organized as follows. Section 2 describes the derivation 
of the linear relationship between the ultrasonic guided wave velocity 
and absolute strain, as well as the procedure for estimating absolute 
strain without calibration tests and baseline data. Section 3 presents the 
validation of the derived linear relationship and the estimation of ab
solute strain in a steel hollow cylinder specimen under two different 
tensile force cases. Section 4, discusses the field applicability of the 
developed technique using the SFT model in an ocean engineering basin. 
Finally, a summary and conclusions are provided in Section 5. 

2. Development of a baseline-free absolute strain estimation 
technique 

2.1. Derivation of linear relationship between ultrasonic guided wave 
velocity and absolute strain 

When an ultrasonic signal is applied to a cylindrical structure, cy
lindrical Lamb waves are generated and divided into longitudinal (L 
(0,β)), torsional (T(0,β)), and flexural (F(α, β)) modes based on wave 
propagation motion [13]. Here, α and β are the circumferential order 
and mode number, respectively (α = 1,2,3,…, β=1,2,3,…). Previous 
studies have reported that, among the three cylindrical Lamb wave 
modes, the L(0,1) velocity is the most sensitive to absolute strain vari
ation and converges to the bar velocity when the frequency of the ul
trasonic input signal approaches 0 kHz [14,15]. Therefore, the absolute 
strain estimation is performed using the L(0,1) mode. In addition, a low- 
frequency signal was used as the ultrasonic input signal in this paper, 
and it is assumed that the L(0,1) mode velocity is the same as the bar 
velocity. For instance, applying an ultrasonic input signal of 15 kHz to a 
hollow cylinder with an inner diameter of 5 mm, an outer diameter of 
13 mm, an elastic modulus of 68.9 GPa, a density of 2.7 g/cm3, and a 
Poisson’s ratio of 0.33 results in L(0,1) mode velocity of 5050 m/sec 
[16]. In addition, the bar velocity in the hollow cylinder is 5052 m/sec. 
The relative error between the two velocities is approximately 0.04%. 
This calculation suggests that the difference between the velocities of 
the bar and the L(0,1) mode can be neglected. The L(0,1) mode velocity 
is defined as [14]: 

c =

̅̅̅̅
E
ρ

√

(1)  

where c is the L(0,1) mode velocity, E is the initial elastic modulus, and ρ 
is the initial density of the cylindrical structure in unperturbed state (i.e., 
without any applied force). When a tensile force is applied to the cy
lindrical structure in the x-direction, it induces absolute strain, which 
results in the variation of the elastic modulus and density, consequently 
alterating the L(0,1) mode velocity. 

First, the variation in the elastic modulus induced by absolute strain 
is investigated. The elastic modulus between two nonbonding atoms was 
described using the Lennard-Jones potential, which is given by the 
following equation [17,18]: 
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(2)  

where Es
i is the perturbed elastic modulus along the i-direction (i = x,y,

z), ∊ is the depth of the potential well, rm is the interatomic distance 
without any tensile force, and ri is the perturbed interatomic distance 
along the i-direction when the tensile force is applied along the x-di
rection. When ri is equal to rm, the initial elastic modulus is 72∊/rm

2. 
Dividing Equation (2) by the initial elastic modulus gives: 
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(3)  

where rm/ri can be written as 1/( 1+εi) [19], and εi is the absolute strain 
induced by the tensile force along the i-direction. By performing a Taylor 
expansion, the right-hand term in Equation (3) can be expressed as 
follows: 
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]

= 1 − 21εi + 185.5ε2
i − 1073.3εi

3 +⋯ (4) 

By retaining the first and second terms of the right-hand term in 
Equation (4), Equation (3) can be approximated as: 

Es
i

E
= 1 − 21εi (5) 

Next, the variation in density induced by the absolute strain is 
investigated. The initial density of the cylindrical structure is defined as 
follows: 

ρ =
m
V

(6)  

where m and V are the initial mass and the initial volume of the cylin
drical structure in the unperturbed state, respectively. m is constant even 
when the absolute strain occurs. The perturbed volume of the cylindrical 
structure can be expressed as: 

Vs = lx(1 + εx)ly
(
1 + εy

)
lz(1 + εz) = V(1 + εx)(1 − νµεx)

2 (7)  

where Vs is the perturbed volume,ν is the Poisson’s ratio, li is the initial 
length of the cylindrical structure along the i-direction, and εy and εz are 
computed as − νεx. The perturbed density is defined by substituting 
Equation (7) into Equation (6): 

ρs =
m
Vs =

m
V(1 + εx)(1 − νεx)

2 =
ρ

(1 + εx)(1 − νεx)
2 (8) 

Substituting Equations (5) and (8) into Equation (1) yields the 
following epression: 

cs
i =

̅̅̅̅̅
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√
(9)  

where cs
i is the L(0,1) mode velocity propagating in the i-direction when 
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the absolute strain in the x-direction induced by the tensile force is εx. In 
this study, strain estimation was performed using cs

x because it is the 
most sensitive to absolute strain among cs

x, cs
y, and cs

z [1]. Based on 
Equation (9), cs

x can be expressed as: 

cs
x = c(1 − νεx)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 + εx)(1 − 21εx)

√
(10) 

By performing a Taylor expansion, the right-hand term in Equation 
(10) can be expressed as follows: 

c(1 − νεx)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 + εx)(1 − 21εx)

√
= c

[
1 − (ν + 10)εx + (10ν − 60.5)ε2

x + ⋯
]

(11) 

By retaining the first and second terms of Equation (11), Equation 
(10) can be approximated as: 

cs
x = c[1 − (ν + 10)εx ] (12)  

Equation (12) shows that cs
x has a linear relationship with εx and de

creases as εx increases. 

2.2. Baseline-free absolute strain estimation 

Fig. 1 shows a schematic of the sensor installation used to obtain the 
L(0,1) mode and relative strain. Two MFC transducers and one strain 
gauge were installed on the surface of the cylindrical structure at an 
unknown strain (εU

x ) induced by an initial tensile force in the x-direction. 
The L (0,1) mode wave is generated by the excitation MFC, whereas its 
propagation in the x-direction is detected using the sensing MFC. The 
strain gauge is used to measure the relative strain (εR

x ) generated in the x- 
direction after installing the sensors. 

The procedure for the baseline-free absolute strain estimation is as 
follows. First, the L(0,1) mode is obtained after installing the sensors at 
εU

x . The L(0,1) mode velocity can be expressed as: 

cs
xU = c

[
1 − (ν + 10)εU

x

]
(13)  

where cs
xU is the measured L(0,1) mode velocity at εU

x . The L(0,1) mode 
velocity is computed using the following equation: 

cs
x =

dx

tx
(14)  

where dx and tx are the propagation distance and arrival time of the L 
(0,1) mode, respectively. The arrival time is measured using the peak- 
point method [20]. Subsequently, the L(0,1) mode is obtained when 
εR

x is induced by the variation in the tensile force after the MFC trans
ducers and strain gauge have been already installed. The velocity of the 
additionally obtained L(0,1) mode can be expressed as: 

cs
xR = c

[
1 − (ν + 10)

(
εU

x + εR
x

) ]
(15)  

where cs
xR is the L(0,1) mode velocity at εU

x + εR
x . Here, εR

x is obtained 
using the strain gauge. The velocity ratio of the L(0,1) mode measured at 
two absolute strain levels is given by: 

cs
xR

cs
xU

=
1 − (ν + 10)

(
εU

x + εR
x

)

1 − (ν + 10)εU
x

(16) 

By rearranging Equation (16), εU is obtained as follows: 

εU
x =

1
ν + 10

+
εR

x
cs

xR
cs

xU
− 1

(17) 

Finally, the absolute strain εx is estimated by adding εU
x , which is 

computed from Equation (17), and εR
x , which is measured with the strain 

gauge, as follows: 

εx = εU
x + εR

x (18) 

When additional data become available, an averaged εU
x estimation 

from all the data can be used to reduce the estimation error of the true 
εU

x . 

3. Experimental validation using steel hollow cylinder in 
laboratory 

3.1. Experimental setup 

A hollow steel cylinder, made of SS400 steel alloy, was fabricated 
with an outer diameter of 13 mm and an inner diameter of 5 mm. The 
geometries and dimensions of the specimen are presented in Fig. 2 (a). 
Two 16 mm × 16 mm MFC transducers of the M0714-P2 type, manu
factured by the Smart Material Corporation, were installed on the sur
face of the specimen to generate and obtain the L(0,1) mode. To obtain 
the reference (ground truth) absolute strain, reference unknown strain, 
and relative strain, a resistance-type strain gauge (FLA-1–11-1LJC) 
manufactured by Techni Measure was used. The specimen was subjected 
to various tensile force using an Instron 8801 hydraulic loading ma
chine, as depicted in Fig. 2 (b). 

For data acquisition, a National Instruments (NI) system was used 
consisting of an arbitrary waveform generator (AWG, NI PXI-5421) with 
14-bit resolution, a two-channel digitizer (DIG, NI PXIe-5160) with 10- 
bit resolution, and a control unit (NI PXIe-8840), as depicted in Fig. 3. 
The AWG produced an ultrasonic input signal (three-cycle tone burst) 
while the DIG recorded the corresponding ultrasonic response, as shown 
in Fig. 3. The duration of the ultrasonic response was 2 ms and the 
sampling frequency of the DIG was 2.5 GHz. The frequency of the ul
trasonic input signal was set to 15 kHz, taking into account that the L 
(0,1) mode velocity converged to the bar velocity. To improve the 
signal-to-noise ratio, the ultrasonic response were obtained 100 times 
and averaged in the time domain. The reference absolute strain, refer
ence unknown strain, and relative strain were obtained using a strain 
input module (NI-9237) with a sampling rate of 100 kHz. 

3.2. Validation of linear relationship derived between L(0,1) mode 
velocity and absolute strain 

The derived linear relationship between the L(0,1) mode velocity 
(cs

x) and absolute strain (εx) was validated using the data obtained from 

Fig. 1. Schematic of the sensors installed to obtain the L(0,1) mode and the relative strain.  
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Fig. 2. Experimental setup for experimental validation using the hollow cylinder specimen in laboratory: (a) geometry and dimensions of the specimen, and (b) 
specimen installed in hydraulic loading machine (Instron 8801). 

Fig. 3. Data acquisition system for absolute strain estimation.  

Fig. 4. Representative ultrasonic responses: (a) variation of L(0,1) and T(0,1) modes under varying tensile load, and (b) close-up of L(0,1) mode in (a).  
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the hollow cylinder specimen. The specimen was subjected to various 
tensile force levels in the x-direction, the ultrasonic responses are 
measured at each tensile force levels. Representative ultrasonic re
sponses obtained from 2, 10, and 20 kN tensile force levels are shown in 
Fig. 4. Both L(0,1) and T(0,1) modes are clearly present in Fig. 4 (a). 
Fig. 4 (b) enlarges the L(0,1) mode wave packet and shows the decrease 
of cs

x as the tensile force increases. The resulting cs
x values according to 

the εx variation were obtained, as shown in Fig. 5. εx was obtained using 
the strain gauge installed when the tensile force is zero. The experi
mental values of the linear function between cs

x and εx was obtained 
using linear regression analysis. The result of the linear regression 
analysis was quantitatively evaluated using the R2 value, indicating a 
strong linearity (R2 = 0.9942). The theoretical values of the linear 
function between cs

x and εx in the hollow cylinder specimen, with the 
elastic modulus of 206 GPa, density of 7.85 g/cm3, and Poisson’s ratio of 
0.3, were calculated using Eqs. (1) and (12), respectively. The experi
mental and theoretical values of the linear functions are listed in Table 1, 
which shows excellent agreement between the experimental and theo
retical values. Therefore, a linear relationship between the L(0,1) mode 
velocity and absolute strain was successfully derived. 

3.3. Baseline-free absolute strain estimation results 

The performance of the developed absolute estimation technique 
was evaluated under two different tensile force cases. In the first case, 
tensile forces ranging from 2 kN to 20 kN were applied to the hollow 
cylinder specimen in 2 kN increments. Conversely, in the second case, 
the tensile force was varied from 20 to 2 kN in increments of 2 kN. In the 
first and second cases, the MFC transducers and strain gauges were 
installed on the specimens at 2 and 20 kN, respectively. First, cs

xU was 
measured at εU

x induced by the initial tensile force (2 kN in the first case 
and 20 kN in the second case). Then, whenever the tensile force 
changed, cs

xR and εR
x measurements were performed ten times at each 

tensile force level. Subsequently, the εU
x value was estimated using 

Eqations (17). Finally, εx was estimated by adding the estimated εU
x to 

the εR
x obtained using the strain gauge. The reference absolute strain and 

reference unknown strain were obtained by measuring the data using a 
strain gauge installed at a tensile force of 0 kN. For a quantitative per
formance evaluation, the maximum error (max. err) and normalized 
root-mean-square error (NRMSE) values were computed using the 
following expressions: 

Max. err = max(|sk − ŝk| ), k = 1, 2,⋯, n (19)  

and 

NRMSE (%) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n
k=1(sk − ŝk )

2
√

s
× 100 (20)  

where sk and ŝk are the reference absolute strains obtained by the strain 
gauge and the absolute strain estimated by the developed technique at 

the k-th measurement, respectively, and s denotes the mean of sk. 
The developed absolute strain estimation technique was applied to 

additional two hollow steel cylinder specimens. Figs. 6 and 7 demon
strate that the absolute error of the unknown strain decreases as more 
data is used for the unknown strain (εU

x ) estimation, as discussed in 
Section 2.2. The absolute error is obtained by calculating the absolute 
value of the difference between the reference and estimated unknown 
strains. Equation (17) is derived assuming linear elastic behavior of the 
specimen material. However, because the initial tensile force of the 
second case is 20 kN, which is near the yield strength of the specimen 
(27.7 kN), the plasticity comes to play and the accuracy of Equation (17) 
deteriorates in the second case. So, the absolute strain estimation error 
of the second case was larger than the first case. The average values of 
Max. err and NRMSE for absolute strain estimation were 4.90e-5 and 
4.04%, respectively. These findings indicate that the developed tech
nique can effectively estimate the absolute strain. Notably, unlike the 
conventional absolute strain estimation technique, the developed tech
nique can successfully estimate the absolute strain without calibration 
test and baseline data obtained from a known absolute strain levels. 

4. Experimental validation using submerged floating tunnel in 
ocean engineering basin 

4.1. Experimental setup 

To evaluate the applicability of the developed technique in the field, 
a baseline-free absolute strain estimation was performed using an 8- 
meter-long SFT model. The SFT model comprised eight bolt-connected 
tubes, eight mooring cables, and a steel frame, as depicted in Fig. 8 
(a). Each tube was one meter long and had a uniform cross-section with 
an outer diameter of 14 cm and an inner diameter of 13 cm. The mooring 
cables were made of aluminum 6061-T6 alloy and had an outer diameter 
of 13 mm and an inner diameter of 6 mm. One end of each mooring cable 
was connected to the tube, and the other end was connected to the steel 
frame using metal ring buckles. The steel frame was fixed to the ground 
using anchor bolts. The SFT model was submerged in an ocean engi
neering basin measuring 12 m long, 10 m wide, and 2 m deep, as 
illustrated in Fig. 8 (b). 

Absolute strain estimation was performed for mooring cables 1, 2, 3, 
and 4 out of eight mooring cables, as shown in Fig. 8 (a). To obtain the L 
(0,1) mode and relative strain, two MFC transducers and one strain 
gauge were installed on the surfaces of the four mooring cables, as 
depicted in Fig. 8 (c). The data acquisition parameters such as the sensor 
type, frequency of the ultrasonic input signal, duration of the obtained 
ultrasonic response, and sampling frequency were the same as those in 
Section 3.1. To prevent failure, the sensors were waterproofed using a 
DOW CORNING RTV-3145. After waterproofing, water was poured into 
the ocean engineering basin to ensure that the SFT model was immersed 
and floating. 

4.2. Baseline-free absolute strain estimation results 

The MFC transducers and strain guage were assumed to be installed 
on the specimen at water level 0, as shown Fig. 9 (a). The L(0,1) mode Fig. 5. Linear regression analysis between cs

x and εx.  

Table 1 
Experimental and theoretical values of the linear function between cs

x and εx.   

Experimental value Theoretical value Relative error*** 

Slope (a)* 52899.9 52766.9 0.25 % 
y intercept (b)** 5121 5123 0.04 % 

*a in the linear function cs
x = aεx + b. 

**b in the linear function cs
x = aεx + b. 

*** Relative error = (|Theoretical value − Experimental value|)*100/Theoret
ical value.  

O. Kwon et al.                                                                                                                                                                                                                                   



Engineering Structures 291 (2023) 116439

6

and relative strain were measured at each water levels. The absolute 
strain variation induced by buoyancy and wave loading was estimated 
using only the L(0,1) mode and relative strain obtained after the sensors 
were installed. The reference absolute strain was obtained by measuring 
the data using a strain gauge before pouring water into the ocean en
gineering basin. Representative ultrasonic responses measured from 
mooring cable 1 under 0 and 4 water levels are shown in Fig. 9 (b) and 

(c). Fig. 9 (c) enlarges the L(0,1) mode wave packet and shows the 
decrease of cs

x as the water level increases similar to Fig. 4. 
To investigate the accuracy of the absolute strain estimation, the 

max. err and NRMSE values were used, similar to the previous validation 
tests described in Section 3.3. The estimation results for the absolute 
strain variation induced by buoyancy are shown in Fig. 10 (a), (b), (c), 
and (d). The developed technique estimated the absolute strain with a 

Fig. 6. Unknown strain and absolute strain estimation results for the first case (increasing tensile force): (a) specimen 1, and (b) specimen 2.  

Fig. 7. Unknown strain and absolute strain estimation results for the second case (decreasing tensile force): (a) specimen 1, and (b) specimen 2.  
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max. err of 1.30e-6 and an NRMSE of 3.95%. 
The developed technique was used to estimate the absolute strain 

variation induced by wave loading after the SFT model was fully sub
merged in water. The wave loading applied to the SFT model had an 
angular frequency of 1.5 rad/s and an amplitude of 170 mm. The L(0,1) 
mode and relative strain were obtained eight times for mooring cables 1, 
2, 3, and 4 when wave loading was applied to the SFT model. The ab
solute strain estimation was performed using the L(0,1) mode velocity 
and relative strain. The estimation results of the absolute strain variation 
induced by wave loading are shown in Fig. 11. The developed technique 
estimated the absolute strain within a max. err of 2.05e-6 and a NRMSE 
of 5.60%. The developed technique’s field applicability is excellent, 
indicating its usefulness for in-service cylindrical structures where the 
MFC transducers and strain gauge were not initially installed before 
applying tensile force. 

5. Conclusion 

In this study, a baseline-free technique for estimating absolute strain 
of in-service cylindrical structures was developed based on the acous
toelastic effect of ultrasonic guided wave. The linear relationship be
tween ultrasonic guided wave velocity and absolute strain was derived 
and experimentally verified on a steel hollow cylinder. To obtain the 
ultrasonic guided wave and relative strain, two MFC transducers and 
one strain gauge were installed on the surfaces of the cylindrical struc
tures subjected to an initial tensile force. The unknown absolute strain 
was then estimated using the measured ultrasonic guided wave velocity 
and relative strain. To experimentally validate the performance of the 
developed technique, blind data was obtained from a steel hollow cyl
inder under two tensile force cases. The absolute strain estimation 
resulted in an average Max. err of 4.90e-5 and an average NRMSE of 
4.04%. Unlike conventional absolute strain estimation techniques, the 

Fig. 8. Configuration of the 8-m-long SFT model: (a) geometry and dimensions of SFT model, (b) SFT model submerged into ocean engineering basin, and (c) 
installation of MFC transducers and strain gauge. 
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developed technique estimates the absolute strain using only the data 
obtained after installing the sensors, without the need for calibration 
tests or baseline data. 

To evaluate the applicability of the developed technique in the field, 

baseline-free absolute strain estimation was performed for the mooring 
cables of a submerged floating tunnel (SFT) model in an ocean engi
neering basin. By estimating the absolute strain variation due to buoy
ancy and wave loading, the average Max. err was 1.30e-6 with an 

Fig. 9. Measurement of L(0,1) mode and relative strain under varying water levels: (a) water level variation, (b) representative ultrasonic responses measured from 
mooring cable 1 at 0 and 4 water levels, and (c) close-up of L(0,1) mode in (b). 

Fig. 10. Estimation results of absolute strain variation induced by buoyancy: absolute strain estimation for mooring cable (a) 1, (b) 2, (c) 3, and (d) 4.  
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average NRMSE of 3.96%. Thus, the experimental results indicate that 
the developed technique can be applied to in-service cylindrical struc
tures. The developed technique offers several unique features: (1) the 
linear relationship between ultrasonic guided wave velocity and abso
lute strain is newly derived and experimentally verified; (2) the absolute 
strain is estimated without the need for calibration tests and baseline 
data; (3) the developed technique is experimentally validated in labo
ratory and ocean engineering basin; and (4) the developed technique is 
applicable to in-service cylindrical structures where the MFC trans
ducers and the strain gauge are not initially installed before applying 
force. 

The developed baseline-free absolute strain estimation technique 
shows promise for in-service cylindrical structures. However, several 
issues must be addressed prior to actual field application. First, the ul
trasonic guided wave velocity is not only affected by absolute strain but 
also by temperature. Therefore, it is necessary to compensate for the 
effect of temperature during absolute strain estimation. Second, the 
relationship between ultrasonic guided wave velocity and absolute 
strain was derived only for tensile forces, without considering biaxial 
and more complex force conditions. Future work is required to address 
these limitations and make the developed technique better suited for in- 
service cylindrical structures. 
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