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Abstract 

Many concrete structures contain internal post-tensioned steel structural 
members that are subject to fracturing and corrosion. The major problem 
with conventional tension measurement techniques is that they use indi-
rect and non-quantitative methods to determine whether there has been a 
loss of tension. This work developed an acoustics-based technology and 
method for making quantitative tension measurements of an embedded, 
tensioned steel member. The theory and model were verified in the labora-
tory using a variety of steel rods as test specimens. Field tests of the 
method were conducted at three Corps of Engineers dams. Measurements 
of the longitudinal and shear velocity were done on rods up to 50 ft long. 
Not all rods of this length were able to be measured and the quality and 
consistency of the signal varied. There were fewer problems measuring the 
longitudinal velocity than shear velocity. While the tension predictions 
worked in the laboratory tests, the tension could not be accurately calcu-
lated for any of the field sites because researchers could not obtain the lon-
gitudinal or shear velocities in an unstressed state, or precise measure-
ments of the longitudinal and shear velocities due to the unknown precise 
length of the rods in the tensioned state. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

Many concrete structures contain internal post-tensioned steel structural 
members that are subject to fracturing and corrosion. In large concrete 
structures such as locks and dams, corrosion of these steel components 
can lead to loss of tension and consequent severe problems, such as crack-
ing of the concrete or fracturing of the steel. Although conventional ten-
sion measurement techniques exist to test internal post-tensioned steel 
structural members for loss of tension, the major problem with these tech-
niques is that they use indirect and non-quantitative methods to deter-
mine whether there has been a loss of tension. 

This work developed an acoustics-based technology and method for making 
quantitative tension measurements of an embedded, tensioned steel member. 
Acoustic waves are uniquely suited to this analytical task. They are nonde-
structive, they can travel long distances in engineered structures, and they 
can thoroughly interrogate a structure’s integrity. Acoustic wave analysis can 
serve two critical purpose: they can determine bulk material properties, such 
as tension; and they can detect small defects, such as fractures and pores. An 
additional benefit is that acoustic measurements can be performed very 
quickly, usually in real time, although post-processing may be required. 

1.2 Objectives 

The objective of this work was to 

1. Investigate the theoretical basis for bulk tension measurements 
2. Develop an acoustic propagation model that will support the development 

of a nondestructive evaluation (NDE) technology that can quantitatively 
measure tension in structural steel reinforcing members 

3. Test that theory and model in the laboratory using simple steel rods as test 
specimens 

4. Investigate a technology application that addresses the problem of deter-
mining tension in concrete-embedded and post-tensioned reinforcement 
rods used in large Civil Works hydraulic structures. 
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1.3 Approach 

The objectives of this work were accomplished in the following steps: 

1. A theoretical model was developed to relate the stress in a post-tensioned 
rod to a function of longitudinal and shear acoustic velocity. 

2. The prediction of the theory was tested in a laboratory setting by placing 
rods in tension while the longitudinal and shear acoustic velocities were 
measured. 

3. The acoustic velocities of post-tensioned rods were measured at dams in 
the field and an analysis was performed. 

4. Results were analyzed, conclusions formulated, and recommendations for 
further work proposed. 
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2 Tension Measurement Theory 

A material’s ultrasonic properties are fundamental to the understanding of 
wave behavior. There is much literature describing the theory and applica-
tions of ultrasonic waves (Auld 1990, Ensminger 1973, Filipczynski et al. 
1966, and Krautkramer and Krautkramer 1990). Ultrasonic waves can prop-
agate as both longitudinal and shear waves. Figure 1 shows the two different 
propagation modes. For longitudinal waves, the direction of particle motion 
is the same as the direction of propagation. For shear waves, the direction of 
particle motion is perpendicular to the direction of propagation. Longitudi-
nal waves can exist in all media; shear waves exist only in solids. In steel, 
shear waves move about half the speed of longitudinal waves. Also, the 
shear wave is 4 to 10 times more attenuated than the longitudinal wave. 

Figure 1.  Illustration of acoustic wave propagation. 
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Carlyle et al.* describe in detail the derivation and development of the 
acoustic measurement technique. The equations describing linear elastic 
deformation and ultrasonic wave velocity provide the basis for an equation 
describing how to determine Poisson’s ratio inside a homogeneous mate-
rial using pure ultrasonic measurements. The elastic deformation quanti-
ties include the P-wave or longitudinal modulus, shear modulus, and Pois-
son’s ratio. The longitudinal modulus, M, relates the axial stress to the ax-
ial strain when the stress is applied in a uniaxial state: 

 𝜎𝜎𝑧𝑧𝑧𝑧 = 𝑀𝑀𝜀𝜀𝑧𝑧𝑧𝑧 (1) 

where σzz and εzz are the stress and strain, respectively, in the axial direc-
tion. The longitudinal velocity, Vl, is related to the longitudinal modulus 
and the shear velocity, Vs, is related to the shear modulus, G, through the 
following equations: 

 𝑀𝑀 = 𝜌𝜌𝑉𝑉𝑙𝑙2 (2) 

 𝐺𝐺 = 𝜌𝜌𝑉𝑉𝑠𝑠2 (3) 

where ρ is the density of the material. Possion’s ratio, υ, as a function of 
longitudinal and shear modulus can be written as: 

 𝑣𝑣 = 𝑀𝑀−2𝐺𝐺
2(𝑀𝑀−𝐺𝐺)

 (4) 

Equations 1-4 can be combined to give Poisson’s ratio as a function of the 
longitudinal and shear velocities: 

 𝑣𝑣 = 𝑉𝑉𝑙𝑙
2−2𝑉𝑉𝑠𝑠2

2(𝑉𝑉𝑙𝑙
2−𝑉𝑉𝑠𝑠2)

 (5) 

 
* Carlyle, J. M., V. Hock, M. McInerney, and S. Morefield. 2004a. Mathematical Tension / Corrosion Pre-

diction Models for Tainter Gate Tendon Rods. Final Report to the U.S. Army Corps of Engineers, Con-
tract DACW42-03-P-0289. Champaign, IL: U.S. Army Engineer Research and Development Center, Con-
struction Engineering Research Laboratory (ERDC-CERL); 2004b. Nondestructive Testing for Service 
Life Prediction of Reinforced Concrete Structures. Final Report to the U.S. Army Corps of Engineers, 
Champaign, IL: U.S. Army Engineer Research and Development Center, Construction Engineering Re-
search Laboratory (ERDC-CERL). 
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Equation 5 allows one to measure the dynamic Poisson’s ratio as a func-
tion of acoustic velocities in a non-destructive manner. This equation is of-
ten used in geology to help determine stresses, but was not found to be ap-
plicable in determining the stress level in post-tensioned trunnion rods in-
vestigated in this work. 

Although this equation was found to not successfully predict tension, an-
other method may be employed where stress is related to second- and 
third-order elastic constants. The second-order constants are called 
Lamé’s parameters or Lamé’s constants and are a parameterization of the 
elastic moduli for homogeneous isotropic materials. Other elastic moduli 
can be expressed in terms of these constants. The third-order constants 
were introduced by Murnaghan (1937) and extended the linear elastic the-
ory to include finite deformation in elastic isotropic materials. The longitu-
dinal and shear acoustic velocities can be related to strain through the fol-
lowing equations involving Lamé’s constants and the third-order elastic 
constants (Bray and Stanley 1997): 

 𝜌𝜌𝑜𝑜𝑉𝑉𝑙𝑙2 = 𝜆𝜆 + 2𝜇𝜇 + (2𝑙𝑙 + 𝜆𝜆)𝛼𝛼 + (4𝑚𝑚 + 4𝜆𝜆 + 10𝜇𝜇)𝑒𝑒1 (6) 

 𝜌𝜌𝑜𝑜𝑉𝑉𝑠𝑠2 = 𝜇𝜇 + (𝑚𝑚 + 𝜆𝜆)𝛼𝛼 + 4𝜇𝜇𝑒𝑒1 + 2𝜇𝜇𝑒𝑒2 − 1
2𝑛𝑛𝑒𝑒3 (7) 

where 

 ρo is the density in the unstressed state 
 Vl is the longitudinal velocity 
 Vs is the shear velocity 
 λ and µ are the second-order Lamé’s constants 
m, l, and n are third-order elastic constants 
 e1 is the strain in the direction of the applied tension 
 α is the sum of the three principal strains given by: 

 𝛼𝛼 = 𝑒𝑒1 + 𝑒𝑒2 + 𝑒𝑒3 (8) 

For a state of uniaxial stress where e1 = ε, e2 = -υε, e3 = -υε, the longitudi-
nal and shear velocities may be expressed as: 

 𝜌𝜌𝑜𝑜𝑉𝑉𝑙𝑙2 = 𝜆𝜆 + 2𝜇𝜇 + [4(𝜆𝜆 + 2𝜇𝜇) + 2(𝜇𝜇 + 2𝑚𝑚) + 2𝜐𝜐𝜐𝜐(1 + 2𝑙𝑙 𝜆𝜆)]𝜀𝜀⁄  (9) 
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 𝜌𝜌𝑜𝑜𝑉𝑉𝑠𝑠2 = 𝜇𝜇 + [4𝜇𝜇 + 𝑚𝑚(1 − 2𝜐𝜐) + 1
2𝑛𝑛𝑛𝑛]𝜀𝜀 (10) 

where Equation 9 used the following expression: 

 𝜐𝜐 = 𝜆𝜆
2(𝜆𝜆+𝜇𝜇)

 (11) 

The relative variation of the longitudinal and shear velocities with strain 
can be found using Equations 9 and 10 and are related to the acoustoelas-
tic constants Ll and Ls according to: 

 1
𝑉𝑉𝑙𝑙0

𝑑𝑑𝑉𝑉𝑙𝑙
𝑑𝑑𝜀𝜀
�
𝑉𝑉𝑙𝑙0

= 2 +
(𝜇𝜇+2𝑚𝑚)+𝜐𝜐𝜐𝜐�1+2𝑙𝑙𝜆𝜆 �

𝜆𝜆+2𝜇𝜇
= 𝐿𝐿𝑙𝑙 (12) 

 1
𝑉𝑉𝑠𝑠0

𝑑𝑑𝑉𝑉𝑠𝑠
𝑑𝑑𝑑𝑑
�
𝑉𝑉𝑠𝑠0

= 2 + 𝑚𝑚
2(𝜆𝜆+𝜇𝜇) + 𝜐𝜐𝑛𝑛

4𝜇𝜇
= 𝐿𝐿𝑠𝑠 (13) 

where dVl/dε and dVs/dε were evaluated at the unstressed longitudinal 
and shear velocities given by Vl0 and Vs0, respectively. This approximation 
is valid because the ultrasonic velocities do not change much over the en-
tire elastic range. These equations can be solved for the differential strain, 
dε, which can be used in conjunction with Hooke’s law, σ = Eε, where E is 
Young’s modulus, to find the change in stress, dσ, related to the longitudi-
nal and shear velocities: 

 𝑑𝑑𝑑𝑑 = 𝐸𝐸
𝐿𝐿𝑙𝑙
�𝑑𝑑𝑉𝑉𝑙𝑙
𝑉𝑉𝑙𝑙0
� (14) 

 𝑑𝑑𝑑𝑑 = 𝐸𝐸
𝐿𝐿𝑠𝑠
�𝑑𝑑𝑉𝑉𝑠𝑠
𝑉𝑉𝑠𝑠0
� (15) 

Thus, one only needs certain material constants to determine, either 
through measurement or modeling, the initial and change in longitudinal 
or shear wave velocity. 
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3 Ultrasonic Simulation and Measurement 

3.1 Ultrasonic simulation 

A modeling and ray-tracing software package, Imagine3D,* was used to 
model a 19-in. long plain steel rod measuring 1.25 in. diameter. This seem-
ingly simple object actually involves a great deal of complexity due to beam 
divergence and mode conversion.† Figure 2 shows the experimental setup 
and the acoustic wave propagation simulation of the rod. The transducer is 
mounted on the left end of the rod. The acoustic energy travels down the rod, 
reflects off the right end of the rod, and travels back to the transducer. The ul-
trasonic beam from the transducer diverges (i.e., spreads) as it travels. 

The lower plot in Figure 2 shows the beam divergence in which the blue 
rays emitting from the transducer have a clear conical shape. As the beam 
interacts with the longitudinal surface of the rod, it reflects and mode-con-
verts in accordance with Snell's Law.‡ The reflected ultrasonic rays are 
shown in green. Because of the number of rays involved, the reflected 
beam seems to fill the rod, but in reality each ray is traveling at an angle to 
the surface of the rod. Mode conversion is also taking place when the sur-
face reflection occurs, and although the software simulation is producing 
rays that correspond to shear waves, they are not seen in the chosen simu-
lation view. 

Figure 3 shows the results of the beam divergence and mode conversion 
taking place inside the test rod when the simulator sums all of the received 
echoes. The rod is 19-in. long so, as expected, a strong echo appears at 19 
in. from the transducer. This is produced by the longitudinal wave travel-
ing straight down the rod, reflecting off the far end of the rod, and echoing 
back to the transducer. 

 
* Note that the Microsoft Windows version of Imagine3D was discontinued by Impulse, Inc. after this mod-

eling project was completed. 
† Conversion from a longitudinal to a shear wave and vice versa. 
‡ According to Snell’s Law, the wave also refracts into the adjacent medium. If the adjacent medium is air, 

almost 100% (99.9964%) of the wave will reflect back. If the adjacent medium is water, 87.83% is re-
flected. If the medium is concrete, only 36.60% will reflect. In our simple model, the adjacent medium is air 
so we are neglecting any loss of energy due to refraction of the wave at the longitudinal surface. 
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Figure 2.  Ultrasonic instrument showing received signal from transducer mounted on left end 
of rod (top); simulation of signal propagation within the rod (bottom). 

 

Figure 3.  Simulation of echoes in sample rod (top) and actual screen shot from ultrasonic 
instrument display (bottom). 
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Note that other echoes appear after 19 in. These are caused by mode con-
version of the original longitudinal ultrasonic beam into shear waves as 
the diverging beam interacts with the longitudinal surface of the rod. Since 
shear waves travel in steel about half as fast as longitudinal waves, when 
they arrive back at the transducer, they will lag behind the faster longitudi-
nal waves. The agreement between the simulation and the result obtained 
from the measurement is very good. 

In addition to placing all the echoes at the proper distance, the modeling 
software also did a good job of calculating the expected amplitude for the 
echoes. The only significant disagreement between the result obtained 
from the measurement and simulation appears in the echo at 20 in. The 
measurement recorded a stronger echo than predicted by the simulation. 
All the other echoes, from about 21 to 28 in., agree well between measure-
ment and simulation. 

3.2 Tension measurements using ultrasound 

The key to computing tension in a component is to obtain the necessary ul-
trasonic measurements with a high degree of accuracy. There are two ways 
to do this: (1) modeling software can be used to compute unknown values 
from measured values; (2) all values can be measured directly. 

The tension measurement model consists of theoretical equations together 
with an accurate ultrasonic echo model. A material’s bulk stress, σ, is cal-
culated in terms of ultrasonic quantities. These equations permit us to 
measure the tension in an embedded steel rod, such as a tainter gate an-
chor rod, by measuring ultrasonic properties. The physical changes pro-
duced by tension in a rod can be determined using the isotropic version of 
Hooke's Law: 

 zz

zz
ε

σ=E
 (16) 

Stress, σ, is force (tension) divided by area, while strain, ε, is change in 
length divided by the original length. The following equation shows the re-
lationship for the length change that results from a given tension in a rod: 
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 EA
LFL =∆

 (17) 

where: 

 F = applied force 
 L = original length of the rod 
 A = circular area of the rod 
 E = Young’s modulus. 

The change in length for various applied loads to a 19-in. long x 1.25 in. di-
ameter steel rod is calculated using Equation 17 and listed in Table 1. 

Table 1.  Calculated load-induced length change in a 19 x 1.25 in. (diameter) steel rod. 

Load (lb) Length Change (in.) 

100 pounds 0.000525 in. 
500 pounds 0.002627 in. 
1000 pounds 0.005253 in. 
5000 pounds 0.026267 in. 
10000 pounds 0.052534 in. 

From the data in Table 1, the modeling software can be used to predict the 
exact position of the ultrasonic echoes that will result when the length of 
the example rod is increased by these lengths. Thus, the effect of tension 
on ultrasound echoes in the steel bar can be observed. This accomplishes 
two things; it permits us to see: (1) the magnitude change of any given ten-
sion state and (2) the effect of tension on any particular echo. The first 
point is important because it allows us to determine the precision with 
which the ultrasonic velocity measurements will need to be conducted. 

The echoes shown in Figure 4 are produced in the modeling software by 
specifying the wave modes that can exist in the rod. The first echo, at 19 
in., is the result of a longitudinal wave propagating down the length of the 
rod and another longitudinal wave reflecting off the far end and returning 
to the transducer. This can be seen clearly in the top and bottom plots of 
Figure 4, in which the blue rays are the longitudinal wave propagating 
down the length of the rod and the green rays correspond to this longitudi-
nal wave, reflecting off the far end and returning to the transducer. There 
are no shear waves in the first echo because the shear waves are created by 
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mode conversion of the reflecting longitudinal wave, and because they 
travel at about half the velocity of the longitudinal waves. 

Figure 4.  Model of 19 x 1.25 in. (diameter) steel rod showing how first echo (green rays) and 
second echo (magenta) form (top); model showing how the first echo (green rays) and third 

echo (gray rays) form (bottom). 

 

The second, third, and higher echoes consist of a mix of longitudinal waves 
and shear waves. The top plot of Figure 4 also shows how the second echo 
is created. A longitudinal wave (blue) propagates down the rod, a reflected 
longitudinal wave (green) reflects off the far end, and a reflected shear 
wave (dark purple) is created when the reflected longitudinal wave mode-
converts at the longitudinal surface of the rod. Another reflected longitudi-
nal wave (magenta) is created when this shear wave mode-converts on the 
opposite surface of the rod. This last longitudinal wave returns to the 
transducer to create echo 2. This event can be expressed with the following 
equation for the time of echo 2 (te2): 

 l

5

s

4

l

3

l

2
2 v

x
v
x

v
x

v
xte +++=

 (18) 

where vl and vs are the longitudinal and the shear wave velocities, respec-
tively, and x2, x3, x4, and x5 are the path lengths for their respective rays in 
the rod. 

The bottom plot of Figure 4 shows how the third echo is created. A longitu-
dinal wave (blue) propagates down the rod and a reflected longitudinal 
wave (green) reflects off the far end. A reflected shear wave (dark purple) 
is created when the reflected longitudinal wave mode-converts at the lon-
gitudinal surface of the rod, and another reflected shear wave (magenta) is 
created when the first reflected shear wave reflects off the opposite side of 
the rod. Finally, a reflected longitudinal wave (gray) is created when this 
second shear wave mode-converts on the opposite side of the rod. This last 
longitudinal wave returns to the transducer to create echo 3. This can be 
expressed with the following equation for the time of echo 3, te3: 
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 l

7

s

6

s

4

l

3

l

2
3 v

x
v
x

v
x

v
x

v
xte ++++=

 (19) 

where vl and vs are the longitudinal and the shear wave velocity, respec-
tively, and x2, x3, x4, x6, and x7 are the path lengths for their respective rays 
in the rod. Note that x2, x3, and x4 are common to echoes 2 and 3. 

An equation for the velocity of the shear wave as a function of the velocity 
of the longitudinal wave and the echoes in the rod is obtained by subtract-
ing Equation 18 from Equation 19: 

 ))((
)(

75e2e3l

6l
s xxttv

xvv −+−×
×=

 (20) 

The modeling software can compute the values of the four path lengths x4, 
x5, x6, and x7. The software can also provide the times of the two required 
echoes, te2 and te3. These computed quantities, in combination with the 
measured value of the longitudinal wave velocity, vl, are all that is needed 
to obtain the last desired quantity, vs. To obtain the change in tension in 
the rod, one uses Equations 14 and 15 and the measured longitudinal ve-
locity, vl, and the computed shear velocity, vs. 

The modeling software can be used to determine values of other parame-
ters that are unknown or difficult to measure. 

3.3 Verification testing 

Laboratory verification was conducted using plain steel rods that were 
about 90-in. long and had 1.25-in diameters. The rods were placed under 
tension in a load frame. The setup permitted free access to the rod ends for 
ultrasonic transducer placement. The velocities of the longitudinal and 
shear waves were measured at various tensions using individual transducers 
in conjunction with an ultrasonic flaw detector. In these experiments, good 
agreement was obtained between direct tension measurement and the ten-
sion calculated from acoustic measurements. Figure 5 shows the experi-
mental setup; Figure 6 shows the transducers, flaw detector, and voltmeter 
for measuring the strain. 
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Figure 5.  Pictures of the experimental setup for measuring tension and longitudinal and 
shear velocities. 

 

Figure 6.  Pictures of the (upper left) transducers, (lower left) digital voltmeter used to readout 
the strain from the strain gauge, and (right) the flaw detector used in the experiments. 
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Rods of five different steel types were tested including: 12L14, 1018, 1144, 
A36, and DYWIDAG THREADBAR* at a transducer frequency of 1 MHz 
and 2.25 MHz. At least three runs were performed for each rod and fre-
quency. Each rod and was placed in the load frame and a nut was threaded 
on both ends of the rod. A manual pump (BVA Hand Pump [10000 PSI], 
BVA Single Acting, Hollow Hole Cylinder [HC6003T]) was used to apply 
load to both ends of the rod resulting in tension. For each rod and at both 
transducer frequencies, longitudinal velocity, shear velocity, load, dis-
placement, and strain were measured at about 10 stress levels from zero 
stress up to near the yield stress. The experiment was surrounded by a 
protective cage to prevent injury if the rod failed. 

The stress was calculated according to Hook’s law using the measured strain 
from the applied strain gauges. The strain was measured using a strain 
gauge (Micro Measurements Group, Precision Strain Gauge, CEA-06-
250UW-350), which was placed about 2.5 ft from one end of the rod, and 
read out with a digital voltmeter (2120B Strain Gauge Conditioner, Hewlett 
Packard 3455 A Digital Voltmeter). The longitudinal and shear velocities 
were measured using either a 1 MHz or 2.25 MHz transducer (NDT Interna-
tional [BC-72, BC-72 S, BC-71, and BC-71 S]), which was held to the rod with 
the proper ultrasonic couplant. The time of flight was measured using an ul-
trasonic flaw detector (Sonatest 380 M) and then the length of the rod was 
divided by one half of the time of flight to obtain the appropriate wave ve-
locity. Figure 7 shows the results of the longitudinal and shear velocity plot-
ted as a function of stress. The longitudinal velocity was observed to de-
crease with increasing stress while the shear velocity was observed to re-
main about the same or to slightly decrease with increasing stress. 

To compare these experimental results to the theory given by Equations 12 
and 13, the longitudinal and shear velocities were normalized and plotted 
as a function of strain shown in Figure 8 and in Appendix B. These curves 
all followed a linear trend as the theory predicted. A linear curve was fit to 
these plots to extract the parameters Ll and Ls, which are given by the av-
erage slopes of the fits for each type of steel rod measured. 

 
* DYWIDAG THREADBAR® is a steel bar marketed by DSI (DYWIDAG Systems International). THREAD-

BAR® are hot rolled and proof stressed alloy steel conforming to ASTM A722 CAN/CSA (G279-M1982). 
The bars have a continuous rolled-in pattern of thread-like deformations along their entire length. The 
strength of the DYWIDAG anchorages and couplers exceeds the requirements of ACI 318 and the PTI 
Acceptance Standards for Post-Tensioning Systems. 
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Figure 7.  Plots of the measured longitudinal and shear velocities as a function of applied 
stress for three independent trial runs of steel 1018 using a 2.25 MHz transducer. The 

dashed line in (a) is the theoretically derived fitting function. 

 

The range of the Ll parameter for the steel rods tested was ‒1.54 to ‒2.73, which 
falls partly in the range of literature values for commonly used steels of ‒2.10 to 
‒2.45 (Bray 2000). The range of the Ls parameter of the rods tested was ‒0.71 
to 0.2. The value of the Ls parameter was comparable to the noise/error level of 
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the experimental setup and was not considered suitable for data fitting. Only 
the Ll value was used to compare to the experimental data. 

For 1018 steel with a 2.25 MHz transducer, the values for the parameters Ll 
and Ls were ‒2.11 and –0.08, respectively. The Ll parameter can be used in 
conjunction with Equation 14 (𝑑𝑑𝑑𝑑 = 𝐸𝐸

𝐿𝐿𝑙𝑙
�𝑑𝑑𝑉𝑉𝑙𝑙
𝑉𝑉𝑙𝑙0
�) to predict the stress value for a 

given change in longitudinal velocity. There are two other quantities that 
must be known for a prediction of the stress value in the rod. Both Young’s 
modulus and the original or unstressed longitudinal velocity must be 
known. Most steels have a Young’s modulus of about 3x107 psi. Young’s 
modulus for 1018 steel is 2.97x107 psi* and the average value of the meas-
ured longitudinal velocities in the unstressed state for this experiment was 
225,438 in/s. Thus the equation that predicts stress as a function of change 
in longitudinal velocity for 1018 steel is: σ = -62.4(dVl), where σ is in psi and 
dVl is in in/s and referenced to the unstressed state. This fitting function is 
plotted in Figure 8(a) and is an excellent fit to the three experimental meas-
urements. For this model to be an accurate prediction of the actual stress 
level in the rods, the longitudinal velocities must be measured with great 
precision. The variation in the data was lower for the 2.25 MHz transducers 
than for the 1 MHz transducers as can be seen in Figures B-1 and B-2 of Ap-
pendix B. It is thus recommended that measurements of the ultrasonic pa-
rameters takes place at 2.25 MHz and higher frequencies be explored. 

3.4 Corrosion Prediction using Ultrasound 

In addition to tension, the Imagine3D software was used to simulate the 
addition of a small corrosion pit to the steel rod. We simulated a corrosion 
pit by removing an ellipsoid of material from the top of the steel rod. (Note 
that this is the same as assuming that the ellipsoid is filled with air.) The 
ellipsoid extended 0.1 in. into the rod, had a diameter across the ultrasonic 
beam of 0.1 in., and had a diameter along the ultrasonic beam of 0.25 in. 
Appendix A presents this analysis. This modeling effort was conducted 
strictly as a proof of concept; no verification via laboratory measurements 
or field testing was performed. 

 
* AZO Materials - AISI 1018 Mild/Low Carbon Steel, http://www.azom.com/article.aspx?ArticleID=6115. 

http://www.azom.com/article.aspx?ArticleID=6115
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Figure 8.  Plots of the scaled longitudinal and shear velocities as a function of strain for 
independent trial runs of steel 1018 using a 2.25 MHz transducer. Each set of data is fit to a 

linear curve and the average slope, given by <m> is recorded. 
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4 Field Testing Acoustic Nondestructive 
Technique 

Field tests of the acoustic NDT technique have been completed at three 
U.S. Army Corps of Engineers dams, one each in Georgia, Oklahoma, and 
Illinois. Measurements of the ultrasonic velocities were taken on trunnion 
anchorage anchor rods. Trunnion anchorages are large concrete blocks 
that anchor the tainter gate trunnions to the dam. (The trunnions are the 
giant pivots to which the tainter gates are attached.) The concrete anchor-
ages are bolted to the dam with large steel rods that extend through the 
anchorages into the piers of the dam. 

Figure 9 shows a photograph of tainter gates and trunnion anchorages at 
one of the test locations. In this picture, the anchor rods are located be-
hind the pairs of vertical rectangular steel enclosures about halfway up 
from the water line. 

Figure 10 shows the design of these tainter anchorages, which is described 
in Engineer Manual (EM) 1110-2-2702 (HQUSACE 2000). This design was 
mandated by Headquarters, U.S. Army Corps of Engineers in the 1960s 
and has been adopted by other government agencies and by industry. It of-
fered advantages over conventional steel beam-and-girder designs, but a 
significant problem is that the anchor tendons (i.e., rods) are inaccessible 
for expedient inspection and repair. 

A complete post-tensioned anchorage system includes tendons (bars/rods 
or strands), anchorage devices or bearing plates, ducts, end caps, grout 
tubes, couplers, anchorage zones, and a corrosion protection system. Fig-
ure 11 shows these components. 

Ducts encase the tendons to separate them from the surrounding pier and 
abutment concrete and allow tensioning after the concrete has cured. The 
ducts also protect anchors during placement of concrete and act as part of 
the corrosion-prevention system. The tendons are post-tensioned, follow-
ing installation of the concrete anchorages. 
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Figure 9.  Typical tainter gates and trunnions. 

 

Figure 10.  Trunnion anchorage design. 

 
Source: EM 1110-2-2702 (HQUSACE 2000). 



 

 

ER
D

C/C
ER

L TR
-21-20 

20 

   

Figure 11.  Typical post-tensioned anchorage system. 

 
Source: EM 1110-2-2702 (HQUSACE 2000). 
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The corrosion-prevention system for tendons consists of tendon ducts, 
duct fittings, connections between ducts and anchorages, grout tubes, end 
caps, and filler. The filler material can be either grease or grout. The filler 
material encapsulates the tendon to prevent corrosion, and is injected af-
ter tensioning. 

Over the past few years, several tendon (rod) failures have been noted. Fig-
ure 12 (left) shows several failed rods, one that has penetrated a cover and 
two that have dimpled the covers from the inside upon fracturing. These 
covers are one barrier to inspecting the rods. They are large and made of 
heavy gauge steel, and are secured with many bolts or sometimes even pe-
ripherally welded to the anchorage. There are no designed inspection 
hatches, although some have been retrofitted during recent maintenance. 
As can be seen in Figure 9, these covers are located where access is diffi-
cult. 

Figure 12.  Failed anchor rod penetrating cover, showing one dimple in each cover indicating failed 
rods that did not penetrate (left); cover removed exposing anchor rods prior to testing (right). 

 

Figure 12 (right) shows the ends of the rods where the cover has been re-
moved for anchor rod maintenance and testing. 

The first field test was conducted at Keystone Dam in Oklahoma. This dam 
has an atypical design as both ends of the rods are exposed. A gallery runs 
through the dam, providing access to the lower ends of the rods. The rods 
are also secured with threaded nuts so they can be easily retensioned. 
Grease is used as filler in the tendon ducts. 

Twenty rods (out of 56 total) on a single pier were randomly selected for 
testing. All rods were 50 ft long. All rod ends were smoothed on the inside of 
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the dam. On the outside, only 10 ends were smoothed, leaving 10 with 
rough, flame-cut ends. Consequently, 10 rods had good ultrasonic reflectors 
on the far end (testing was done from the inside) and 10 had poor far-end 
ultrasonic reflectors. Testing showed that longitudinal ultrasound propa-
gated through only six of the 20 rods (five were smooth on both ends, while 
one was smooth on only one end). Shear ultrasound propagated through 
only one rod (which was smooth on both ends). It is not known why the two 
modes of ultrasound propagated through only one of the rods. 

Previous laboratory experiments on a failed 36-ft rod removed from another 
dam showed there should have been enough signal strength (with a thresh-
old in excess of 46 dB) to interrogate a 50 ft rod. The system was calibrated 
using that rod. Some signal improvements were obtained onsite by careful 
polishing of the rod ends. Possible explanations for the increased attenua-
tion are that the composition of these rods is slightly different from the test 
rod, and that the signal was dispersing into the filler material in contact 
with the rods. The laboratory rod tests were performed in air. 

The second field test was conducted at West Point Dam in Georgia (Figures 
9 and 12). On one pier, 38 rods measuring 38 to 48 ft were tested. The filler 
material was grease. Both longitudinal and shear ultrasonic signals were ob-
tained for all rods. The measured longitudinal and shear velocities are rec-
orded for Block E West and Block E East in Tables 2 and 3, respectively. 

Table 2.  Longitudinal and shear velocity in Block E West. 

Row 

Rod Col. A Rod Col. B Rod Col. C 

Vl (in/s) Vs (in/s) Vl (in/s) Vs (in/s) Vl (in/s) Vs (in/s) 

1 237,262 128,822 236,448 128,959 235,746 129,236 

2 236,840 128,781 236,891 129,292 236,281 128,892 

3 235,942 128,737 236,097 128,723 235,515 128,675 

4 235,773 129,233 236,583 128,944 235,071 128,758 

5 237,294 128,862 235,562 128,758 235,784 129,286 

6 236,721 128,880 236,849 128,870 236,226 129,236 

7 236,794 128,925 236,188 128,746 236,955 128,877 

8 236,205 128,827 236,220 128,862 236,400 128,898 

9 237,653 128,984 236,978 128,953 236,785 128,847 

10 238,531 129,024 237,627 128,977 238,161 128,910 
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Table 3.  Longitudinal and shear velocity in Block E East. 

Row 

Rod Col. A Rod Col. B 

Vl (in/s) Vs (in/s) Vl (in/s) Vs (in/s) 

1 235,123 128,251 236,343 128,337 

2 234,257 128,020 234,837 128,182 

3 236,525 128,328 236,741 128,189 

4 235,855 128,396 Broken Broken 

There was a variance in the velocity measurements. The average measured 
value was 236,407 in/s for longitudinal velocity and 128,797 in/s for shear 
velocity. The standard deviation of the measured values is 882 in/s and 
316 in/s, respectively. One would expect the rods to change tension uni-
formly and without such extreme variance in the ultrasonic velocities. We 
have high confidence in our measurements and attribute this larger than 
expected variation to the uncertainty in the length of the rods since the rod 
lengths were taken from engineering drawings that reported to lengths in 
¼-in. segments suggesting an uncertainty of about ⅛ in. Unlike the Okla-
homa test, the acoustic signals were easily detectable. The difficulties in 
the Oklahoma test were because of shear wave attenuation. (The attenua-
tion of the shear wave is four to 10 times greater than that of the longitudi-
nal wave.) We were able to obtain longitudinal and shear wave measure-
ments on all 37 rods but obtaining a shear measurement was difficult for a 
few of the 48 ft rods. This led us to conclude that our current instrumenta-
tion and transducers are suitable for use on rods up to 45 ft in length. 

The third field test was conducted at Kaskaskia Lock and Dam in Illinois 
(Figure 13). Figure 14 shows the rod ends. Of the 112 rods in the sample, 
42 measured 42 ft long, 42 were 46 ft, and 28 were 50 ft. All rods had di-
ameters of 1.25 in. and the filler material was grout. 
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Figure 13.  Site of third field test, Kaskaskia Lock and Dam, Illinois. 

 

Figure 14.  Rod ends at Kaskaskia Lock and Dam (left); broken rod (right). 

 

Ultrasonic data were obtained for 111 of the 112 tendon rods (rod P3W-A3 
was broken). Unfortunately, the increased wave attenuation due to absorp-
tion by grout prevented shear wave measurements for all rod lengths. 
However, longitudinal wave measurements indicated that no rods were 
broken internally. All length measurements using the longitudinal wave 
agreed very closely with as-built lengths. We can also infer that rod tension 
when the grout set has remained the same. The rods are being held firmly 
in place by the grout, as indicated by the broken rod that remains and can-
not be extracted. Appendix C includes the longitudinal velocities for all 
rods measured. The average longitudinal velocity was 239,755 in/s and the 
standard deviation was 772 in/s, excluding the broken rod. 
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There was also a large variation of longitudinal wave attenuation among 
the rods. For example, a longitudinal measurement was obtained from rod 
P1E-D3 using a 2.25 MHz sensor driven at 400 V, which had 24% echo 
height using 110 dB of receiver gain. On another rod (P1E-D2, which was 
right next to P1E-D3), the same sensor, again driven at 400 V, gave an 
88% echo height using 96 dB of receiver gain (Figure 15). 

Figures 15 and 16 each show both the simplicity and difficulty of making 
field measurements. These figures contain screen captures from the ultra-
sonic detector instruments during data collection at the Illinois location. 

The screen capture and table on the left in both Figures 15 and 16 were 
produced by a normal echo from a “normally” behaving 50-ft rod (P1E-D2) 
using a 0.75-in. diameter 2.25 MHz sensor. (This sensor was used for all 
longitudinal mode testing.) Receiver gain is 96 dB. Note that the height of 
the echo is 88% of full screen height and the bottom axis is not noisy. The 
red line is the gate,* with a level of 30% of screen height. The distance the 
wave traveled to the end of the rod is 618.400 in. (51.5 ft). 

Figure 15.  “Normal” rod with 2.25 MHz sensor (left); “abnormal” rod with 2.25 MHz sensor 
(right). 

 

 
* The value of the peak must be greater than the gate level and within the distance interval for the instrument 

to display the distance (horizontal axis) and the amplitude (vertical axis) values of the peak. 
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Figure 16.  “Normal” rod with 2.25 MHz sensor (left); “normal” rod with 1.0 MHz sensor 
(right). 

 

An echo from an “abnormally” responding 50-ft rod (P1E-D3) using the 
standard 0.75 in. diameter 2.25-MHz sensor with a higher gain of 110 dB is 
shown on the right in Figure 15. The change in decibels from the normal 
situation is ‒25.3 dB, or just 5.4% the strength of the normal signal from 
the standard sensor on a normal rod. There is noise along the bottom axis 
due to the high gain. The red line is the gate level, set to 20% of screen 
height. The level was reduced to measure the lower echo height. The spe-
cific reason for the high ultrasonic wave attenuation in this rod is not 
known. However, it may indicate that a larger surface area of the rod, com-
pared to the other rods, is in direct contact with the grout. Snell’s Law pre-
dicts that a large percentage of the wave (63.4% for concrete, which has a 
base composition similar to grout) is refracted into the grout and absorbed 
due to the grout’s higher attenuation coefficient. The more of the rod’s sur-
face that is in direct contact with the grout, the more the waves are re-
fracted into the grout and absorbed, leading to the appearance of in-
creased wave attenuation in the rod. Therefore, the attenuation in the rod 
is most probably directly related to the amount of grout in direct contact 
with the rod. The increased attenuation of the waves is another indication 
that the rods are firmly held in the grout. 

The screen capture and table on the right of Figure 16 are from the “nor-
mally” behaving 50-ft long rod (P1E-D2) using a 1.0 in. diameter 1.0-MHz 
sensor. Note that a much higher gain (110 dB) compared to the 2.25-MHz 
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sensor was required to obtain an acceptable signal; the height of the echo 
is 71% of full screen height; and there is noise along the bottom axis. The 
gate is still set at a level of 30% of screen height. The change in decibels of 
the peak from the normal situation is ‒15.9 dB.* This means the peak sig-
nal strength using the 1.0 MHz sensor is 0.16† (16%), the peak signal 
strength of the 2.25 MHz sensor. Ultrasonic theory says that attenuation 
decreases with decreasing frequency. It is unknown why, on this rod, a 
lower-frequency signal is attenuated more than a higher-frequency signal. 

There are many possible difficulties with ultrasonically measuring the ten-
sion of anchor rods in situ. The greatest is the attenuation of the acoustic 
signals, especially that of the shear wave. Additional wave propagation 
problems are reflection, refraction, beam spread, and coupling of the sig-
nal to the rod from the transducer. Unfortunately, these difficulties result 
entirely due to the physics of the problem and are very difficult to over-
come. The measurement will also be dependent on the medium surround-
ing the rod, e.g., air, grease, or grout. 

To compute the tension in the rods, according to Equations 14 and 15, the 
longitudinal or shear velocity must be known in the unstressed state and 
in the stressed state. In the field, these measurements are difficult to per-
form because, to compute the acoustic velocity, the actual length of the rod 
must be divided by the time of flight measured by the flaw detector. In the 
field, the length of the rod cannot be measured to the precision required to 
calculate the unknown value of the tension. An alternative approach to the 
measurement of tension is presented below. 

Equations 14 and 15 can be rewritten in terms of the time of flight. This 
approach removes the length dependence of the rods, which is reasonable 
because the length of the rods does not change over time except for tem-
perature effects, which are minor variabilities. The new equations for ten-
sion become: 

 𝑑𝑑𝑑𝑑 = − 𝐸𝐸
𝐿𝐿𝑙𝑙
�𝑑𝑑𝑡𝑡𝑙𝑙
𝑡𝑡𝑙𝑙0
� (21) 

 
* ( )( )[ ]1015.9 96 110 20 log 88/71− = − + ×  

† 15.9 / 200.16 10−=     
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 𝑑𝑑𝑑𝑑 = − 𝐸𝐸
𝐿𝐿𝑠𝑠
�𝑑𝑑𝑡𝑡𝑠𝑠
𝑡𝑡𝑠𝑠0
� (22) 

where, dtl and dts are the change in longitudinal and shear transit time, re-
spectively and tl0 and ts0 are the longitudinal and shear transit time, re-
spectively, in the unstressed state. 

As the rods are installed and tensioned, the value of the stress is measured 
to ensure tensioning to the appropriate value (typically near the yield 
stress). After the rods are installed and tensioned, the ends of the rods are 
typically cut for appropriate sizing. For better signal transmission, espe-
cially for longer rods, both ends of the rod should be smoothed. Once in 
this final state, the longitudinal and shear time of flights should be meas-
ured at the known value of tension. Given that the initial post-tensioned 
rod stress and longitudinal or shear time of flights are known, the corre-
sponding time of flight in the unstressed state can be calculated from 
Equations 21 and 22 according to: 

 𝑡𝑡𝑙𝑙0 = 𝑡𝑡𝑙𝑙,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�1−𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐿𝐿𝑙𝑙
𝐸𝐸�

 (23) 

 𝑡𝑡𝑠𝑠0 = 𝑡𝑡𝑠𝑠,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

�1−𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐿𝐿𝑠𝑠
𝐸𝐸 �

 (24) 

where tl,post and ts,post are the time of flights at the post-tensioned stress 
level σpost for longitudinal and shear waves, respectively. 

Over time, the rods will undergo degradation and the stress will change, 
which will result in a change in the time of flight for the longitudinal and 
shear waves. By measuring the longitudinal and shear time of flights and 
combining Equations 23 and 24 with Equations 21 and 22, the prediction 
of the stress in the rods can be found using the following equations: 

 𝜎𝜎(𝑡𝑡𝑙𝑙) = 𝐸𝐸
𝐿𝐿𝑙𝑙
�1 − 𝑡𝑡𝑙𝑙

𝑡𝑡𝑙𝑙,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�1 − 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐿𝐿𝑙𝑙
𝐸𝐸
�� (25) 

 𝜎𝜎(𝑡𝑡𝑠𝑠) = 𝐸𝐸
𝐿𝐿𝑠𝑠
�1 − 𝑡𝑡𝑠𝑠

𝑡𝑡𝑠𝑠,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�1 − 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐿𝐿𝑠𝑠
𝐸𝐸
�� (26) 

where σ(tl) is the stress in the rod as a function of the time of flight for the 
longitudinal wave (tl) and σ(ts) is the stress in the rod as a function of the 
time of flight for the shear wave (ts). 
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It is recommended that Equation 25 be used to predict stress and that 
Equation 26 be used as an alternative when it is not possible to use Equa-
tion 25. This is because the stress shows a stronger dependence on the lon-
gitudinal time of flight versus shear time of flight. Thus, to predict the 
stress in a post-tensioned rod, Equation 25 can be used in conjunction 
with knowledge of the initial post-tensioned stress, initial longitudinal 
time of flight, present longitudinal time of flight, and the material parame-
ters E and Ll. 

If the material parameter Ll is unknown, it must be measured in a labora-
tory setting. This can be done by using a rod that is identical in material to 
the anchoring rods used in the field. The rod should be placed in a load 
frame and the strain and ultrasonic longitudinal velocity should be meas-
ured as a function of stress. The same frequency transducer should be used 
(and preferably the same equipment) as in the field measurements. The 
longitudinal velocity should be normalized to its unstressed value and then 
plotted versus the measured strain. The data should be fit to a straight line 
and the slope should be identified with the parameter Ll according to 
Equation 12. 
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5 Conclusions and Future Work 

5.1 Conclusions 

This work developed a theory and test technique for quantitatively deter-
mining tension in concrete-embedded structural steel members. A theoret-
ical basis was established for bulk tension measurements and an acoustic 
propagation model was developed and implemented using commercially 
available software. The theory and model were verified in the laboratory 
using simple steel rods as test specimens. The technology and method of 
application were awarded a U.S. patent (McInerney et al. 2009). 

Field tests of a new ultrasonic tension measurement method were con-
ducted at three Corps of Engineers dams, located in Oklahoma, Georgia, 
and Illinois. 

At Keystone Dam in Oklahoma, we demonstrated that the technique could 
measure longitudinal and shear velocity in rods up to 50 ft long. For un-
known reasons, the longitudinal wave propagated through only six of the 
20 rods, and the shear wave propagated through only one rod. In retro-
spect, based on the results of the West Point tests, we were probably very 
near the measurement limit of our system. 

At West Point Dam in Georgia, we obtained measurements on each of the 
37 rods tested, but the quality and consistency of the signal varied. This led 
to wide variability in the measured longitudinal and shear velocities lead-
ing to the conclusion that the tension in the rods varied greatly. One would 
expect the rods to change tension uniformly and without such an extreme 
variance. We were able to obtain longitudinal and shear wave measure-
ments on all 37 rods, although obtaining a shear measurement was diffi-
cult for a few of the longer (48 ft) rods. This result led us to conclude that 
our current instrumentation and transducers are suitable for use on rods 
up to 45 ft in length. 

At Kaskaskia Lock and Dam in Illinois, ultrasonic data were obtained for 
each of the 111 rods tested. There was a large variation of longitudinal 
wave attenuation among the rods. Unfortunately, as noted in the main 
text, the grout in the tendon conduit prevented shear wave measurements 
for all rods. However, because all length measurements using the longitu-
dinal wave agreed very closely with as-built lengths, we can conclude that 
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none of the 111 rods is broken. We can also infer that the tension that was 
in the rods when the grout set has remained the same. 

While the tension prediction theory was confirmed in the laboratory tests, 
the tension could not be calculated for any of the field sites. This is because 
we were not able to obtain the longitudinal or shear velocities in an un-
stressed state. Precise measurements of the longitudinal and shear veloci-
ties were also not possible due to the lack of knowledge of the precise 
length of the rods in the tensioned state, which is necessary to accurately 
compute longitudinal and shear velocity. The alternative approach sum-
marized in Equations 25 and 26 also could not be used since the un-
stressed time of flights were not available. In the future, it is recommended 
that both the post-tensioned stress and longitudinal time of flight be meas-
ured at installation so that future tension values can be computed using 
Equations 25 and 26 with the additional information provided by the 
measured current longitudinal time of flight. 

When perfected, the benefits of this acoustic NDE tension measurement 
technology will include: 

• rapid, noninvasive tension measurement of embedded steel rods in the 
field 

• ease of measurement where at least one rod end is available, even 
where access is difficult 

• cost reduction by a factor of 10 compared with the present lift-off test-
ing method 

• facilitation of more frequent testing and improved structural evalua-
tion. 

5.2 Future work 

There are several challenges with perfecting this tension measurement 
method for use in the field, mostly involving the propagation of the ultra-
sonic waves and precise determination of rod material and ultrasonic pa-
rameters. This technology is potentially suitable for future field work where 
the acoustic velocities, material parameters, and material dimensions can be 
accurately measured upon installation and post-tensioning of the rods. 

An error analysis should be performed on the measurement and computa-
tion methods; specifically, of how instrument quantization and reading er-
rors, and possible errors in material property values, affect the tension 
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computation. This analysis should also include the required accuracy of 
the measurements and the instruments and conditions required to obtain 
that accuracy. 

Further laboratory studies of wave propagation may be done using the 
ERDC Anchor Rod Test Bed, located at the Engineer Research and Devel-
opment Center, Coastal and Hydraulics Laboratory, Vicksburg, MS. This 
facility accommodates the testing of 70 ft long rods under tension and with 
several different conduit-filler materials. 
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Appendix A: Corrosion Prediction Model 

The Imagine3D software was also used to simulate the addition of a small 
corrosion pit to the 19-in. long by 1.25-in. diameter steel rod that we used 
in the previous model. We simulated a corrosion pit by removing an ellip-
soid of material from the top of the steel rod. (Note that this is the same as 
assuming that the ellipsoid is filled with air.) The ellipsoid extended 0.1 in. 
into the rod, had a diameter across the ultrasonic beam of 0.1 in., and had 
a diameter along the ultrasonic beam of 0.25 in. 

The top plot in Figure A-1 shows the reflections obtained from the ellip-
soid. The green rays coming off of the ellipsoid are longitudinal waves, 
while the purple rays coming off of the ellipsoid are shear waves. It can be 
seen that no ray is heading directly back to the sensor – both the longitudi-
nal waves and the shear waves are heading for the bottom surface of the 
rod, where they will reflect (and mode convert) before they arrive back at 
the sensor. This increased travel distance is what accounts for the first 
echo from the ellipsoid being shown at the 10-in. distance mark on the 
middle plot of Figure A-1, instead of the expected 9 in. 

The fact that there are both longitudinal and shear waves reflecting off the 
ellipsoid suggests that there will be more than one echo arriving at the sen-
sor from the ellipsoid. Indeed, this is true; the middle plot of Figure A-1 
shows that there is another echo at about the 11-in. distance mark, and ad-
ditionally there are echoes shown at the 14-, 15-, 16-, 17-, and 18-in. dis-
tances as well. For reference, the bottom plot of Figure A-1 shows what 
echoes would be expected using the same gain level for a 19-in. long by 
1.25-in. diameter steel rod with no corrosion. 
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Figure A-1.  (Top) Simulation of corrosion pit in 19-in. long by 1.25-in. diameter steel rod. The 
corrosion pit is located on top of the rod at a horizontal distance of 9 in. from the sensor. 

(Middle) Echoes created by the corrosion pit. (Bottom) Echoes obtained from a steel rod with 
no corrosion. 

 

The corrosion prediction model that we have developed is composed of 
Equations A-1, A-2, and A-3 and the accurate ultrasonic reflector modeling 
capabilities of Imagine3D. Equation A-1 provides us with the ability to cal-
culate the reflection coefficient, αr, which predicts how much energy will 
reflect from a patch of corrosion: 

 αr = {(ρ2V2 - ρ1V1) / (ρ2V2 + ρ1V1)}2 = {(Z2 - Z1) / (Z2 + Z1)}2 (A-1) 

where: 

 ρ1 = the density of medium 1 
 ρ2 = the density of medium 2 
 V1 = the speed in medium 1 
 V2 = the speed in medium 2 
 Z1 = the acoustic impedance of medium 1 
 Z2 = the acoustic impedance of medium 2. 

Equation A-2 is Snell's Law, and gives us the ability to determine the angle 
at which a reflected ultrasonic wave will travel, given the speed of sound of 
the wave mode in the medium: 
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 sin α / Vl1 = sin β / Vs1 = sin γ / Vl2 = sin δ / Vs2 (A-2) 

where: 

 Vl1 = the speed of the longitudinal wave in medium 1 
 Vs1 = the speed of the shear wave in medium 1 
 Vl2 = the speed of the longitudinal wave in medium 2 
 Vs2 = the speed of the shear wave in medium 2 
 α = the angle from a perpendicular to the boundary surface to the 

propagation direction of the longitudinal wave in medium 1 
 β = the angle from a perpendicular to the boundary surface to the 

propagation direction of the shear wave in medium 1 
 γ = the angle from a perpendicular to the boundary surface to the 

propagation direction of the longitudinal wave in medium 2 
 δ = the angle from a perpendicular to the boundary surface to the 

propagation direction of the shear wave in medium 2. 

When we are working with long rods, we need to know how the ultrasonic 
beam behaves far from the sensor. Equation A-3 allows us to calculate the 
divergence angle θ, of an ultrasonic beam in the far field: 

 θ = arcsin (k λ / 2 a) (A-3) 

where: 

 a = the radius of the sensor face 
 k = a constant with a value of 0.5 or 0.6 
 λ = the wavelength of the ultrasound. 

Equations A-1, A-2, and A-3 are built into Imagine3D. This simulation 
program thus provides a very convenient method for modeling the effect 
that corrosion will have on ultrasonic signals propagating in any medium 
of any size and shape. 

Figure A-1 shows the result of one such model being carried out. This fig-
ure clearly shows that detecting corrosion in a rod is not an easy task. Here 
a single small corrosion pit generated seven different ultrasonic echoes, 
none of which are at the expected distance of 9 in. Furthermore, five of the 
echoes created by the corrosion pit are located over 4 in. away from the 
main ultrasonic echo from the pit, and they appear to get larger the further 
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away they get from the pit. However, the complexity of Figure A-1 is pre-
cisely the reason why the modeling of corrosion via Imagine3D is poten-
tially such a valuable tool. 

Without modeling the typical development approach that would be fol-
lowed for using ultrasound to find corrosion in buried steel rods would be 
to manufacture full size test specimens. Each of these test specimens 
would contain a single corrosion patch at a single distance, and a specific 
technique would be developed via trial and error using many different sen-
sors to find this one patch of corrosion. 

To obtain an effective inspection of the complete rod where corrosion 
could occur anywhere in any amount would require dozens of these rods 
during the inspection development in a process that would clearly be very 
expensive and time consuming. 

With modeling, however, the development process changes drastically. Us-
ing drafting software such as AutoCAD, different types of corrosion can be 
modeled electronically. For example, corrosion patches could contain pits, 
they could contain cracks, they might be layered (as if they were experienc-
ing exfoliation), they could be empty, they might contain water and iron 
oxide, etc. Each of these simulated patches can then be inserted electroni-
cally into a scale model of the rod (and the rod model could contain 
threads, wedge nuts, welds, etc.) at any desired distance, angular place-
ment or orientation. Sensors of different frequencies and diameters could 
then be used to illuminate the corrosion, and the ultrasonic beams could 
be modified via the use of wedges and ultrasonic lenses to have any num-
ber of interesting and useful characteristics. The best possible inspection 
techniques can be quickly developed from these electronic experiments; 
the modeling could then be confidence-checked by manufacturing only 
one or two full size specimens. The big benefit of the modeling process is 
that it is much more time- and cost-effective than the traditional inspec-
tion development method described in the preceding paragraph. 

Before we reach this promising future, however, it will be necessary to test 
Imagine3D more thoroughly than was possible during the present devel-
opment task. This work checked the accuracy of the Imagine3D modeling 
of echoes produced in a steel rod by actually doing the experiment using a 
real ultrasonic instrument, a real sensor, and a real rod (Figure 3, p 8). 



ERDC/CERL TR-21-20 38 

 

Similarly, it will be necessary to do the same experiment with corrosion lo-
cated somewhere along the surface of the rod. In other words, we will have 
to machine the ellipsoid used in Figure A-1 and use a real ultrasonic in-
strument, a real sensor, and a real rod to see if we obtain the echoes that 
Image3D produced in Figure A-1. 
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Appendix B: Laboratory Experiments with 
Other Rods 

B-1.Plots of the scaled longitudinal velocity as a function of strain for independent trial runs 
with various types of steel rods. Each set of data is fit to a linear curve and the average slope, 

given by <m> is recorded. 
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Figure B-2.  Plots of the scaled shear velocity as a function of strain for independent trial runs 
with the same types of steel rods as is presented in Fig. B-1. Each set of data is fit to a linear 

curve and the average slope, given by <m> is recorded. 
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Appendix C: Kaskaskia Lock and Dam data 

Table C-1.  Longitudinal velocity of rods at the Kaskaskia Lock and Dam. 

 

Rod Vl (in/s) Rod Vl (in/s) Rod Vl (in/s) Rod Vl (in/s)
Rod No. P1W-A1 239423 Rod No. P2W-A1 239423 Rod No. P2E-A2 238982 Rod No. P3W-A3 Broken
Rod No. P1W-B1 239155 Rod No. P2W-B1 240767 Rod No. P2E-B2 240767 Rod No. P3W-B3 240095
Rod No. P1W-C1 239423 Rod No. P2W-C1 240159 Rod No. P2E-C2 240894 Rod No. P3W-C3 240894
Rod No. P1W-D1 238558 Rod No. P2W-D1 240659 Rod No. P2E-D2 239423 Rod No. P3W-D3 238805
Rod No. P1W-E1 240179 Rod No. P2W-E1 240095 Rod No. P2E-E2 240767 Rod No. P3W-E3 239423
Rod No. P1W-F1 238929 Rod No. P2W-F1 238805 Rod No. P2E-F2 239423 Rod No. P3W-F3 238805
Rod No. P1W-G1 240894 Rod No. P2W-G1 240894 Rod No. P2E-G2 240159 Rod No. P3W-G3 240159
Rod No. P1W-H1 240767 Rod No. P2W-H1 240095 Rod No. P2E-H2 238080 Rod No. P3W-H3 238752
Rod No. P1E-A1 239423 Rod No. P2W-A2 239423 Rod No. P2E-A3 240159 Rod No. P3E-A1 240894
Rod No. P1E-B1 238214 Rod No. P2W-B2 240095 Rod No. P2E-B3 239423 Rod No. P3E-B1 240095
Rod No. P1E-C1 240894 Rod No. P2W-C2 240894 Rod No. P2E-C3 240159 Rod No. P3E-C1 239423
Rod No. P1E-D1 238805 Rod No. P2W-D2 238805 Rod No. P2E-D3 238805 Rod No. P3E-D1 240041
Rod No. P1E-E1 238617 Rod No. P2W-E2 240095 Rod No. P2E-E3 240095 Rod No. P3E-E1 240095
Rod No. P1E-F1 238805 Rod No. P2W-F2 239423 Rod No. P2E-F3 239423 Rod No. P3E-F1 239547
Rod No. P1E-G1 239423 Rod No. P2W-G2 240159 Rod No. P2E-G3 240159 Rod No. P3E-G1 242071
Rod No. P1E-H1 239423 Rod No. P2W-H2 240095 Rod No. P2E-H3 240095 Rod No. P3E-H1 239423
Rod No. P1E-A2 240894 Rod No. P2W-A3 239423 Rod No. P3W-A1 241189
Rod No. P1E-B2 238752 Rod No. P2W-B3 239423 Rod No. P3W-B1 239423
Rod No. P1E-C2 240159 Rod No. P2W-C3 240159 Rod No. P3W-C1 240159
Rod No. P1E-D2 238805 Rod No. P2W-D3 238805 Rod No. P3W-D1 238558
Rod No. P1E-E2 238349 Rod No. P2W-E3 240095 Rod No. P3W-E1 238752
Rod No. P1E-F2 238805 Rod No. P2W-F3 239423 Rod No. P3W-F1 238805
Rod No. P1E-G2 239423 Rod No. P2W-G3 240159 Rod No. P3W-G1 240894
Rod No. P1E-H2 239423 Rod No. P2W-H3 240095 Rod No. P3W-H1 239423
Rod No. P1E-A3 240159 Rod No. P2E-A1 240894 Rod No. P3W-A2 240894
Rod No. P1E-B3 239423 Rod No. P2E-B1 239961 Rod No. P3W-B2 240028
Rod No. P1E-C3 240894 Rod No. P2E-C1 239423 Rod No. P3W-C2 240894
Rod No. P1E-D3 240041 Rod No. P2E-D1 239423 Rod No. P3W-D2 238805
Rod No. P1E-E3 238886 Rod No. P2E-E1 239356 Rod No. P3W-E2 239692
Rod No. P1E-F3 239423 Rod No. P2E-F1 240041 Rod No. P3W-F2 239423
Rod No. P1E-G3 240159 Rod No. P2E-G1 240527 Rod No. P3W-G2 240159
Rod No. P1E-H3 239155 Rod No. P2E-H1 240262.8 Rod No. P3W-H2 239356
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