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PREFACE

The research in this report was supported by NCHRP-IDEA Grant No. 54 (Dr. Inam Jawed
project director); it includes development of the methodology to predict the current stress-strain
response of materials such as mortar and concrete which have undergone mechanical loading and
environmental effects. The procedure is based on the integration of a nondestructive (Lamb wave)
technique and the disturbed state concept (DSC) for constitutive modeling of engineering
materials.

At this time. the results are based on one-dimensional mechanical testing and Lamb wave
measurements on four compositions of mortar (as the simulation for concrete). The results are
promising and show that the Lamb wave technique can be used with the DSC to predict the
current stress-strain response, and also to develop procedures for the prediction of remaining life.
Future research is nceded to further validate the approach with multidimensional testing of
concrete, and to design the field equipment to determine the remaining life of concrete (and other

materials) in infrastructure systems,
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ABSTRACT

This report describes the experimental and analytical results for the development of a
methodology for predicting the stress-strain response of simulated concrete (mortar) in
infrastructure. Lamb wave analysis is used to predict material properties of mortar specimens,
which are used in the initial research as a substitute for concrete. The mortar specimens are tested
to measure their stress-strain response under uni-axial compression. The results of the
nondestructive and mechanical stress-strain testing are correlated to develop the model based on
the Disturbed State Concept (DSC), a unified approach for modeling material behavior. This
model can allow evaluation of the deformation moduli, strength and degradation (damage) at a
given state during the life of the material. This information can be used to design rehabilitation
strategies. It can also lead to the development of new computer based equipment that can be used
in the field for defining the remaining life. At this time, the research involved one-dimensional
testing. The proposed methodology can, however, be extended and improved by conducting two-

and three-dimensional testing of concrete specimens, along with laboratory and field validations.

INTRODUCTION

The deformation and strength properties of structural materials such as concrete, metals, and
asphalt in engineering structures modify (usually deteriorate) due to fatigue, wear and tear under
applied loads and-environmental effects (temperature, chemical attack, weather, etc.). As a
consequence, it may happen that after a certain period of service life, the structure requires
evaluation of its current condition, and as necessary, design of rehabilitation based on the
deformation moduli and strength left during the service life.

A number of field measurement techniques have been used to make an evaluation of the

condition of a structure. Nondestructive techniques [1-7] are among the most commonly used.



These methods usually allow for the computation of elastic properties such as Young’s Modulus
from nondestructive testing (NDT) properties. However, most available techniques do not
provide information on the existing state of stress that can allow calculation of reduced values of
moduli, and the remaining strength. Since both the deformation and strength properties are
needed in the design for rehabilitation, it is desirable to develop a methodology that can permit
evaluation of the entire stress-strain response including deformation and strength components

corresponding to the current condition.

REVIEW OF PREVIOUS RESEARCH

In the inspection of metal materials and structures, NDT is an accepted practice. Ultrasonic
and radiographic techniques have been used for some time to locate damage in the material, and
there are recognized national and international standards on their use [5]. On the other hand,
NDT of concrete is technologically far behind NDT of steel because of the complications
involved with particle size, inhomogeneity, and fabrication. Steel and other metals are formed at
plants, which adhere to controlled standards of production, whereas concrete is largely placed and
cured in the field using relatively unskilled labor.

One of the most popular and significant applications of NDT has been to find flaws and
determine the size and shape of flaws inside of a material, This is typically done for metals
(specifically welds in pipes/pressure vessels) to determine if manufacturing or fabrication
processes are done satisfactorily. It is proposed here, that this methodology can be extended on a
more global scale such that many flaws are detected by a single test over a significant length of
the material. In typical flaw detection, the wavelength used may be quite small compared to the
size of the flaw. This works well because the wave is reflected by the material-flaw interface (or
the surface of the flaw). On a global scale, however, short wavelengths will be scattered by these

flaws, and the resulting signal can be noisy and inconsistent. A wavelength, which is large



compared to the flaw size, is required to determine the overall effect of flaws in the material. In
this way, microscopic flaws, such as micro-cracks, or small voids due to particle motion (slip and
rotation) can be quantified. For example, flaw density or amount of damage may be determined
and assigned a value. Since a material develops flaws (micro-cracks or voids) as it is loaded, and
the damage (or disturbance) is a function of the amount of flawed (or broken) material, it follows
that the disturbance can be determined from Lamb wave testing.

One difficulty of NDT and especially of NDT for concrete is the attenuation of the measured
wave. Lamb waves and other guided waves do not attenuate as quickly as bulk waves, giving
better and more consistent results over a distance in the material. In addition, it has been shown
that bulk waves are not affected greatly by changes in stress-strain properties [8], whereas the
current research shows that Lamb wave characteristics can be altered greatly by small changes in
these properties.

For these reasons, Lamb wave technique has been chosen as the tool with which to measure
the internal damage in the mortar material. By varying the angle and frequency of the incident
wave, different Lamb modes can be generated; these different modes may be more sensitive to
different types of flaws leading to a more complete detection of internal damage.

Whitcomb et. al. [9] performed a series of acoustic tests and concluded that ultrasonic waves
with frequency up to 510 kHz will propagate through 10 cm of concrete 0.8 cm aggregate size,
while a larger aggregate concrete requires a lower frequency to propagate the same distance. It is
generally accepted that low frequency waves are required to propagate through granular materials
because high freq.uency (short wavelength) waves are scattered by the aggregate matrix
interfaces. The mortar of the experiment conducted here has a maximum aggregate size of about
0.40 cm, and therefore 500 kHz transducers were used. The wavelength of a 500 kHz wave

traveling at 2 km/s is 0.40 cm.



NEW CONTRIBUTIONS

The notion that Lamb wave testing can be used to evaluate damage in concrete is a relatively
new concept [10-13]. Although NDT has been used for many years, the current research is
different in two major aspects. First, the experimental setup excites specific Lamb modes by
controlling frequency and striking angle, and second, the research focuses on combining and
integrating the NDT results with a powerful constitutive model to predict the current deterioration
or damage state of the material. Previous methods (referenced above) involve evaluation only of
elastic (stiffness) moduli and are not capable of providing realistic evaluation of the current
condition including degree of failure, plastic deformation and degradation.

The objective of the research has been to develop a new and unique procedure for defining
the entire stress-strain (pre and post peak) response during the life of structural materials, like
concrete, based on results of NDT. In this manner, both the deformation and strength properties
can be evaluated. The procedure developed herein integrétes nondestructive (Lamb wave)
techniques and the Disturbed State Concept (DSC) for constitutive modeling of materials; it is
called the NDT-DSC method. The DSC is formulated and integrated with NDT for the
characterization of the current state of the material; details of the DSC are given later.
Measurements such as dispersion curves and attenuation for different frequencies are obtained
from the Lamb wave technique. The mechanical properties such as the state of stress and elastic
modulus are obtained from uni-axial compression tests on specimens of mortar. The
nondestructive and mechanical data is correlated to develop the methodology for predicting the
current state of the material.

The DSC is fundamental and mechanistic, and at the same time, it can be simplified for
practical applications [14]. For instance, the DSC is hierarchical and as a result, various previous
models such as elastic, elasto-plastic, elasto-visco-plastic, and continuum damage are available as

special cases, depending on the specific material and user need.



Figure 1 shows a schematic of the stress-strain response of a material that is affected by
mechanical forces and environmental effects. The elastic modulus, which represents the slope,
E', of the unloading response is often used to compute deformation. The maximum or peak
stress, ¢”, is often a basis for the strength used in design.

A brittle material like mortar or concrete under loading may experience microcracking
sometime before the peak is reached. Increasing load may cause further microcracking. The
microcracks form, grow, and coalesce to become distinct fractures leading to initiation of failure.
At a point in the material of an engineering structure during its service life, the state of stress can
be anywhere between the initial and failure states. The objective is to develop a method that can
permit evaluation of the current condition (elastic modulus, peak stress, etc.) of the material from
NDT measurements.

The DSC method allows for the evaluation of the current or observed state of stress (¢*) on
the basis of the knowledge of the material’s initial (relative intact — RI) and ultimate (fully
adjusted — FA) states. The current response is obtained by using the interpolation and coupling
function, called the disturbance function. Hence, if the disturbance is defined from the NDT, the
current stress, 6°, and also the current modulus, E° can be obtained, (Fig. 1). Details of the NDT,
DSC and the procedure for predicting the stress-strain response are given later in the Material
Model section.

This exploratory research can lead to the development of field equipment in which the Lamb
wave measurements are input into the DSC model that is installed on a computerized set-up.
Then the design parameters for the current state prediction can be obtained directly from the field

equipment.

EXPERIMENTAL STUDY

Quasi-static (loading, unloading, reloading) tests were conducted on mortar specimens to



determine stress-strain response and elastic properties. Mortar is used in this initial research és a
substitute for concrete. Four sets of samples were tested both nondestructively and mechanically.
Sample sets I, 11, and III are used to develop the framework and determine parameters for the
material model. The test sample set IV is used for an independent verification of the model; it
was not used to determine any of the parameters for the model. In order to simulate the
disturbance (damage), which would result from years of environmental and mechanical loading,
each set is made from different mortar mixtures (Table 1) with different strengths. Each sample

set contains five samples.

Specimen Preparation

Typical sample dimensions are shown in Figure 2. A block of mortar for each sample set was
poured and allowed to cure outdoors for 48 hours. Then the block was placed in a humidity room
and cured for two weeks. The block was then removed from the curing room and the samples
were cut from it. Two strain gauges were attached to each sample; one in the axial direction, and
one in the lateral direction (only axial was used for Sample set IV because the Poisson’s ratio
does not vary significantly, Table 2). The strain gauges measured 30 mm (~1.25 in) long, and
were glued to the specimens using a fast drying epoxy. The epoxy was allowed to cure for 24 hrs
before any testing was performed; in no case did the strain gauge de-bond from the sample. The

samples were capped with a ceramic called hydrostone to give them a smooth flat hard surface.

Mechanical Test Procedure

All tests were displacement controlled. The test setup is shown schematically in Fig. 3. Each
sample was loaded to peak with unloading at various points (displacement intervals) The loading

continued until the samples could no longer support a nominal load.



Nondestructive Test Procedure

The nondestructive testing was performed with a Wavetek 100 MHz Arbitrary Waveform
Generator (Model 395) controlled by a PC. Transducers were used in an immersed pitch-catch
arrangement. The computer served as both the control and data acquisition devices, Fig. 4. The
Wavetek generated signal was amplified before exciting the transducer, and the received signal
was filtered before entering the computer (A/D converter).

The NDT samples were subjected to Lamb wave frequency sweep testing. The transducers
used had a central frequency of 500 kHz, and a frequency scan was performed in order to plot the
Amplitude vs. Frequency (V(f)) curves. The striking (incident) angle, 0, was held constant at 30°,

Fig. 5. The range of the scan was between 100 kHz and 800 kHz for all samples.

Mechanical Test Results

Details of both mechanical and nondestructive testing are given in Appendix 1. The results
of the mechanical tests are shown in Table 2; some data from sample set III is not shown because
the samples exceeded the capacity of the testing device. The three mixtures cover a wide range of
peak strengths; the average values are reported for each set of samples. The parameters Aand Z
are used in the DSC to define degradation and to predict the stress-strain responses, and will be

discussed in more detail in the Material Model section.

Nondestructive Test Results

Figure 6 shows the V(f) curve for a typical sample; the amplitude or voltage, V, is plotted
against the frequency, f. The computer is used to generate a signal at a frequency interval over
the desired range. For the current research, the frequency interval is 4 kHz, and the range is from

100 kHz to 800 kHz. Three significant parameters are measured from the V(f) curve, the number



of peaks, the maximum peak value and the area under the curve. For the sample shown, the
number of peaks is six, the maximum peak value is approximately 10 V, and the area under the
curve is approximately 2500 V-Hz. The units for the maximum peak value, and the area under

the curve are V and V-Hz respectively, but will be omitted intentionally to avoid confusion. For

simplicity, A is defined as the area under the V(f) curve, which is an indirect measure of the
transmitted energy. The maximum peak value is also an indirect measure of the transmitted
energy, and therefore, the results of these two parameters should be very similar. The transmitted
energy is a function of the attenuation of the material, and is therefore affected by the presence of
micro damage in the material as well as the amplification of the system, and the distance of travel
of the wave in the specimen. Unfortunately, the system amplification would vary from one test
setup to another, and would be difficult to control in the field application of this method. The
third parameter however, the number of peaks, is dependent only on the elastic properties of the
material, and may be a more robust method of predicting the stress-strain response. A more

detailed explanation of this prediction method is given in the Discussion of Test Results section.

Table 2 and Fig. 7 summarize the results of the nondestructive testing; the parameters shown
in Fig. 7 are normalized for comparison (each value is divided by the maximum value). The
average values of the number of peaks, the maximum peak value, and the area under the V(f)

curve, A, are given for each mortar mixture.

Discussion of Test Results

A number of observations can be made from Fig. 7: (1) The number of peaks detected
decreases with an increase in strength of the mortar, (2) the maximum peak value increases with
an increase in strength, and (3) the area under the V(f) curve, A, increases with an increase in

strength.

Since the weaker mixtures are used to simulate the disturbance (damage), the test results



indicate that as the material experiences damaging effects, the number of peaks increases, and the
maximum peak value and A decrease. It follows then, that a value of damage or disturbance, can
be assigned to each mixture such that a correlation can be made between the NDT measurements,
and the disturbance of the specimen. With this correlation defined, it is then possible to
independently predict the peak stress and other parameters for any mixture using the NDT

measurements. The method of correlation and independent prediction are given later.

Lamb Wave Theory in Testing

The theory of Lamb waves states that waves propagating in a flat plate free on both top and
bottom surfaces will propagate at discrete frequency intervals determined by the solutions of

equations la and 1b [15, 16].

tanh(ph)  4k’af
tanh(ah)  (k* + B*)’

(symmetric modes) (1a)

tanh(Bh) _ (k* + p?)?
tanh(ch)  4k’af

(asymmetric modes) (1b)

where o = (kz-kpz)'s, B= (kz-ksz)'5 , and ks = o/c,, k, = w/c,, k = w/c, ® = frequency, ¢, = shear
wave velocity, ¢, = compressional wave velocity, ¢ = Lamb wave velocity, and h = plate
thickness.

The derivation of these equations can be found in the literature. Although the solution to
these equations is quite complex and typically requires numerical methods, the stress-strain
response can be predicted without solving these equations. Figure 8 shows the solutions to Eqgs.
(1) over a range of frequencies for an intact, and a damaged thin mortar plate (only symmetric
modes are shown for clarity). These curves give the phase velocity of the wave in terms of the

excitation frequency, and are called the dispersion curves. The velocity of the transmitted wave



is determined by Snell’s law

A

1

sin(d,) _ sin(d,) (22)

where V; is the velocity of the incident wave, V, is the velocity of the transmitted wave, 6; is the
incident angle (measured from a line perpendicular to the surface of the sample), and 0, is the
angle of the transmitted wave. For Plate waves generated using immersion techniques, V; is the
longitudinal wave speed in water (1.49 km/s), and the angle of the transmitted wave is 90°. This

simplifies the equation to

1.49km /s (b)
! sin( 8)

For an incident angle of 30°, the Lamb wave phase velocity is about 3 km/s as shown in Fig 8.
Comparison of Figs. 8a and 8b reveals that a damaged sample can propagate many more Lamb
modes over a given frequency range than an intact plate. Therefore, the V(f) scan, Fig 5, for a
damaged plate should show more peaks over a specific frequency range than an intact plate. The
NDT results, Fig 7, also show this trend. Therefore, the number of peaks can be used to predict
the damage state of the material. The amplification of the system, and the attenuation of the
material can be ignored giving this method a clear advantage over methods which rely on the

amplitude.

MATERIAL MODEL

Numerous constitutive models exist today for the characterization of the three-dimensional

stress-strain behavior of materials. Many of these models are complicated and relate only to
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specific features of material behavior such as elastic, plastic or damage. The Disturbed State
Concept (DSC) requires the definition of two material responses called reference states, and only
one parameter called the disturbance. It is a unified, yet simplified approach for the
characterization of significant features such as elastic, plastic, and creep strains, microcracking,
damage, and softening, in a single framework [14]. Comparisons of the DSC with other models,
(such as damage, fracture, and micromechanical) together with its advantages in terms of

generality and simplification for practical use are given by Desai [14].

The DSC is based on the idea that a deforming material is composed of relative intact (RI) or
continuous and fully adjusted (FA) parts. The FA parts are due to cracking, and particle slippage,
rotations, etc. [14]. The DSC defines the exhibited behavior in terms of the responses of the RI
and FA parts through a coupling and interpolation function called the disturbance function.

The RI state can be defined in a number of ways. It can be defined, for example, as the linear
elastic response neglecting microcracks (Fig. 1) or it may be defined as the elasto-plastic behavior
neglecting friction, which would cause loss of energy. A constitutive model such as the 9§,
version in the hierarchical single surface (HISS) concept is often used to represent the RI state
[14], which includes irreversible or plastic deformations. The relative intact response is relative
in the sense that it excludes the effect of factors, which would cause the material to deviate from
its initial intact state. Therefore, the choice of the constitutive model to define the Rl state that
will allow characterization of the necessary material parameters will depend on the type of
material and laboratory data.

As the material is loaded, (i.e. loaded, unloaded, etc.) parts of the material may change from
the RI state to the FA state. The location and amount of the FA portions of the material will
depend on the initial state of the material, residual stresses, flaws, discontinuities, and
microcracking. At the local level, the material particles may experience instantaneous instability

and move (e.g. translation and rotation movements are possible). The measured response at the

11



macro level will integrate all of the material responses at the micro level to give an overall
behavior, which can be modeled using the DSC. The FA material can be characterized in a
number of ways. If it is considered to be a constrained liquid-solid (constrained by the RI
material), then it may be able to resist both shear and normal stresses. If the FA material is
considered to be like a constrained liquid, then it will only be able to resist normal stresses, and
will have no shear strength. Finally, if it is considered to be a crack or void, then it has zero
strength and can not resist shear or normal stresses (which is consistent with the assumption in the
classical damage model [17]). Note that this allowance for an FA state by the DSC model is very
important, and is what sets this model apart from classical damage models. The assumption that
damaged material carries no stress at all may be valid at or near failure, however, the effect of the
damaged portions of a material on its stress-strain behavior is generally significant. The
disturbance function allows for this effect, and also for the effect of interaction between the FA
and the RI portions. For the current research, the FA behavior is assumed to be a constrained
liquid solid, and is defined as a small constant stress for any strain.

For the general three-dimensional case, the constitutive equations with disturbance are

formulated from [14}:

o, =(1- D)o, + Do, 3)

where o is the stress tensor, the superscripts i, a, and ¢ correspond to the RI, observed, and FA
behaviors respectively, and D is the disturbance assumed to be a scalar in a weighted sense, Fig 1.

The incremental form of Eq. (3) is given by

do; =(1-D)o, + Do, +dD(o; -0, (4a)
or
dog = (1- D)Clyde) + DClydel, +dD (oS - o))

12



(4b)

where Cjq is the constitutive tensor and dD is the increment or rate of disturbance. The one-

dimensional specialization of Eq. (3) is given as

o =(1-D)o' + Do (5)

Similarly the observed elastic, E, and shear, G, moduli can be expressed in terms of the

disturbance as, [14]

E‘=(1-D)E' + DE* (6)

G* =(1- D)G' + DG* 7

Alternatively, the disturbance may be expressed in terms of stress or elastic modulus as

D, =% (82)
o -0

p,=2-L (8b)
E' -E°

where E? denotes observed modulus at a given state, Fig 1. Using Eq. (8a), the disturbance can be
calculated at any point on a measured stress-strain response. The plastic strain can also be

calculated at any point from

g €

13



where ¢ is the total strain, €, is the plastic strain, ¢* is the observed stress, and E can be assumed
to be the initial elastic modulus. A plot of disturbance vs. elastic and plastic strain for a typical
sample (I-4) is shown in Fig. 9. It is clear that the disturbance and the plastic strain are related,
i.e. both are measurements of damage. If the plastic strain is zero, the disturbance is also Zero,
and disturbance values close to 1.0 imply that nearly all of the strain is plastic. In order to predict
the stress-strain response, a relation between disturbance and plastic strain is required. Figure 9
suggests that the disturbance can be approximated as an exponential function of the plastic strain

in the form
D=D (1-e™*") (10)

where D, is the ultimate disturbance (usually 1.0), €, is the plastic strain, and A and Z are

constants to be defined. Rearranging Eq. (10) into the slope intercept form gives
y =Zx+In(4) (11)

where y = In(-In(1-D/D,), and x = In(g,). Figure 10 shows a plot of y vs. x for a typical sample (I-
4). The constants Z and A are now determined from the slope and intercept of this regression
line, and are assumed to be material constants. Substituting €, from Eq. (9) into Eq. (10) and then
substituting D from Eq. (10) into Eq. (5), gives an implicit relation between the observed stress

and the total strain in the form

o

P —

oc°={1-D, 1—e_A( EJ o' +D, 1—e_A( UE] o (12)

14



where ¢' and ¢° are the RI and FA stresses respectively. For the current research, an exponential

function of the following form is used to define the RI behavior,
,_E -Be
o' = li-e) (13)

where E = E'is the initial elastic modulus, B = E/(26”) and o” = peak stress. The FA behavior is

defined as a small constant value of stress, 10 psi. Substituting Eq. (13) into Eq. (12) gives

S
T
=]
<

| by

B(l—e'E£)+D" 1—e_A[€_aT:) ot (14)

which can be solved numerically to back predict the stress-strain response, Fig. 11.

It is clear that the DSC can back predict the stress-strain response satisfactorily, but the
true value of the NDT-DSC method is in the independent predictions, which are possible from the
nondestructive testing. Combining the results of the Lamb wave analysis with the power of the
disturbed state concept leads to a very useful tool in predicting the stress-strain response of a

material. This tool is described next.

CORRELATION BETWEEN DSC AND NONDESTRUCTIVE BEHAVIOR FROM LAMB

WAVE MEASUREMENTS

The disturbance, D, due to the mechanical and environmental loading will change, usually

increase, in time. In the subsequent research, it can be defined from tests (mechanical and

15



nondestructive) based on measurements in which the loads and environmental effects are
simulated in the laboratory. Thus far, the disturbance parameter and the DSC have been used to
back predict the stress-strain responses and to find the parameters A and Z using the assumed RI
and FA behavior defined previously. If a relation between the disturbance parameter and the
NDT measurements can be found, then the Lamb wave results can quantify the disturbance, and
the DSC can predict the current state of a material and its stress-strain response.

Let A equal the area under the V(f) curve as defined in the Experimental Study section. It is
known that an intact specimen will transmit more energy than a damaged or broken specimen.
Because A is an indirect measure of the transmitted energy, it stands to reason that it can be used
to define the disturbance. Since values of A are known for each damaged state (each mixture),
the values of disturbance can be calculated from

p=A-A (15a)

AN-=-AX

where the initial and final values, A' and A°®, are adopted based on test results. Mixture I was
intentionally made very weak so that it is considered to be close to the FA state of the material,
and mixture Il was made very strong so that it is considered to be close to the RI state of the
material. It can be assumed, then, that the disturbance of mixture I, and that of mixture III are

approximately D; = 0.99, and Dy; = 0.01. Substitution of these values and the values of A (A?)

from Table 2 gives

- (16a)
0.99 = A — 48133
A= A°
0.0] = Ai—2711424 (16b)
A —A°
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Solving Egs. (16) for A’ and A° gives

Al =2.738,600 mV-Hz

A°=20,957 mV-Hz

The disturbance of mixture II can then be defined from Eq. (15a), with A* = Ay = 868567, giving
Dy = 0.69. The disturbance can also be calculated from the max peak, P, or the number of peaks,

#p, using Eq. (15b) and (15c), respectively.

p-p°
p=L 15b
P-Pf (150)
p=tP-#p" (15¢)
#pl_#pf-

Now, a value of disturbance has been defined for each mixture. The average values of
disturbance calculated from A and the peak stress for the different mixtures are plotted in Fig. 12.
Linear regression is used to fit a line to the data, and the equation of this line is given by Eq. (5)

as

c,=(1-D)! -Do¢ (17a)

where o, is the peak stress and 6, and ,° are the corresponding RI and FA stresses respectively.

Then the slope intercept form, Eq. (17a) is written as

c,=lc;-0,)D+0o, (17b)



where the values of slope and intercept are given in Fig. 12. Here the value of G, can represent
the changing strength due to environmental and mechanical loading. Then for any value of
disturbance, defined from the NDT parameter, the value of peak stress can be found from Egs.
(17). Similarly, the elastic modulus, E, and shear modulus, G, can be found by using the same
procedure with Eqgs. (6) and (7), and the parameters A and Z can be found using Eqs. (18) and

(19) below

In(A4%) = (1- D)In(4") + DIn(4°) (18)

Z°=(0-D)Z'+DZ° (19)

The natural log of A must be used because the parameter varies greatly from one damage state to
another. Figures 13 and 14 show the variations of some measured mechanical and NDT
parameters with disturbance calculated from A. It is clear that the only parameter which does not
match a liner approximation closely is the elastic modulus, E; this is expected because E is
traditionally expressed as a nonlinear function of peak stress. Therefore, Egs. (6) and (7) may

need some modification, but for the current research, they are assumed to be adequate.

It should be noted that the assumed values of disturbance, i.e. D; = 0.99 and Dy = 0.01, are
arbitrary and do not affect the predicted values. Equation (17b) shown in Fig. 12 will change if
these values are different, but the relation between A and disturbance will also change

proportionately, so that the predicted value of peak stress is the same.

Comment

Finally, it may be desirable to establish the correlation between the mechanical and NDT

parameters (such as A) by measuring them at various states during the stress-strain behavior.
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This objective can be performed in further research.

PREDICTIONS OF STRESS-STRAIN BEHAVIOR FROM FIELD NDT

MEASUREMENTS

To verify the method described in the previous section independently, samples from mortar
mixture IV were tested nondestructively and the parameters were predicted, Table 3. Then the
stress-strain testing was conducted. The A value for mortar mixture IV is Ay = 153,261 mV~- Hz,
then the disturbance calculated from Eq. (15a) is approximately Dy = 0.95. From Eq. (17), Fig.
12, the predicted value of peak stress is 5.80 Mpa (841 psi). This compares well with the
measured value of 5.74 Mpa (832 psi). Similarly, the values of E, A and Z were predicted from
Egs. (6), (18), and (19) respectively, and the results are given in Table 3. Using the parameters A
and Z shown in Table 3, the stress-strain graph of mixture I'V has been predicted using each of the
three NDT parameters (# peaks, max peak, A) and Eq. 14. The results are shown in Fig. 15. Itis
clear that prediction using the max peak parameter yields a significantly higher peak stress than
the other two methods, but all methods predict the elastic modulus, and the softening curve very

well. However, the prediction based on A yields the best results.

ACHIEVEMENTS AND FUTURE RESEARCH

The foregoing results show that the stress-strain response of a material (mortar) can be
predicted on the basis of the NDT measurements, e.g. A. Thus, the procedure is useful for the
estimation of the stress-strain response and design parameters for rehabilitation and/or new
construction of an infrastructure using only NDT measurements in conjunction with the
laboratory correlation between NDT and stress-strain data.

The results are considered to be very promising, but further research is required before this

method can be applied fully to field problems and situations; some factors are not considered in
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this preliminary study in order to conduct initial research and show feasibility. Particularly,
realistic samples such as bridge decks are significantly larger than the test samples. A more
sensitive receiver or more powerful transmitter will probably be required. In addition, the tests
should be expanded to include multi-axial loading of specimens made of concrete, which have
larger aggregate size and may reflect longer wavelengths. The tests may also be expanded to
measure the NDT parameters at different stages of the mechanical loading, i.e. test mechanically
a’nd nondestructively at the same time. Then a better correlation may be established between

mechanical and NDT results.

FIELD EQUIPMENT

The method explained here lends itself most readily to the examination of bridge decks and
other structures, which are flat, relatively thin, and composed of concrete/mortar material. Since
Lamb waves are considered plate waves, and only propagate through a medium with two parallel
interfaces, the NDT method may need to be modified for arbitrarily shaped structures. The
research outlined here can lead to the development of field equipment to examine these types of
structures, predict stress-strain responses, and evaluate design parameters for rehabilitation - all in
the field. A schematic representation of this equipment called the Lamb Wave-DSC (LW-DSC)
is presented in Fig. 15. An outline of the procedure, which would be carried out by this
equipment, is given as follows:

1. Define RI and FA behavior, i.e. determine reference material parameters, e.g. (A', A®, Z!,

Z°) — these may be assumed or calculated based on the available or measured stress-strain
behavior. Once known, thesg values can be considered material properties such as E or v.

2. Define one or more of the reference NDT parameters, i.e. # peaks, max peak, A, for each

reference state. These values may also be considered material properties.

3. Using the field equipment, measure the corresponding NDT property in the structure to
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be evaluated, and calculate the value of disturbance using Egs. (15).

Formulate disturbance function in terms of plastic strain using A and Z, Eq. (10).

Use Eq. (12) to predict the stress-strain response, as in Fig. 15.

The predicted values such as E, 6. and degradation (disturbance) can be used to design

rehabilitation strategies.

SUMMARY AND CONCLUSIONS

From the analysis presented herein, the following conclusions can be made

1.

A Lamb wave frequency scan is capable of detecting the disturbance inside a thin mortar
plate.

The information produced by the scan can be used in a number of ways to quantify
internal damage or disturbance of the material.

The Disturbed State Concept (DSC) can be used in combination with the NDT data to
predict the stress-strain response of damaged samples under mechanical and

environmental loading.

4. The prediction is accurate enough that the predicted values can be used in the

rehabilitation design of the structure.

In the exploratory stages, the combination of Lamb wave testing of concrete type materials, and

the DSC has shown to be a powerful tool. With further research and development, portable

equipment may be designed to predict the entire stress-strain response of bridge decks or other

similar structures in the field.
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Table 1—Mortar mix ratios

33

Mixture Set water cement ratioc  Jcement sand ratio
i 65% 1:12
1l 65% 1:8
i 65% 1:4
v 65% 1:10
Table 2—Test results for all samples
Opeak E nu |# peaks | Max peak A Z |A/M1000| Ln(A)
MPa | psi | GPa | ksi (mV) (mV-Hz)
-1 264 | 383 | 4.16 | 603 [0.19 17 198 52394 [1.095| 0.8 |6.737
I-2 267 | 387 |3.18 | 461 |0.20 13 220 52055 [1.039| 0.6 | 6.476
1-3 261 | 379 496 719 |0.16 13 206 51909 [1.526| 10.7 | 9.277
i-4 278 | 403 | 4.67 | 677 |0.18 18 184 31610 [1.351| 5.8 8.674
-5 2.81 | 408 | 4.40 | 638 |0.21 10 235 52699 |1.693] 29.2 |10.282
Average | 270 | 392 | 4.27 | 620 |0.18] 14.2 209 48133 {1.341 8.289
il-1 19.9 | 2888 | 16.2 123500.23 12 3791 108777011.474| 9.3 9.143
11-2 20.3 {2947 | 19.1 |2771|0.16 10 3059 714872 |1.587| 11.2 | 9.323
-3 18.1 | 2632 | 15.7 | 2270 {0.16 10 4043 894944 |1.180| 1.4 | 7.217
11-4 24.2 | 3517 | 23.1 | 3346 {0.16 12 3043 711410 {2.598| 3042.1|14.928
11-5 20.8 | 3018 | 20.0 [ 2899 (0.14 10 3656 933840 {1.535| 11.5 | 9.350
Average |l 20.7 | 3000 | 18.8 [ 2727 10.17( 10.8 3518 868567 | 1.67 9.99
111-1 53.7 | 7791 | 28.9 | 4193 (0.18 9 13524 [3381408{2.432|1680.8|14.335
-2 29.0 {4208 10.18 6 11266 2852408
-3 6 10140 [2501632
-4 51.4 | 7452 | 31.4 | 4547 |0.18 5 7850 2201816(2.514|4150.6 [ 15.239
-5 7 11464 [2619856
Average Il | 52.6 | 7622 | 29.8 | 4316 [0.18 6.6 10849 |2711424/2.473 14.787
V-1 5.68 | 824 | 7.44 [1079 14 440 119091 |1.220| 24 |7.780
V-2 6.34 | 920 | 8.29 | 1203 12 758 142914 11.924] 146.3 |11.894
V-3 590 | 856 |7.06 |1024 14 603 165728 [1.291] 2.9 |7.975
Iv-4 5.10 | 740 | 8.41 {1218 16 1036 169968 {1.068| 0.7 | 6.487
V-5 5.66 | 820 | 7.95 1153 12 1058 168606 [1.331} 4.0 8.298
[Average IV | 5.74 | 832 [ 7.83 [1136 |N/A| 13.6 779 153261 [1.367 8.49
Table 3—Measured and predicted results for mixture IV
Mixture IV opeax E In{A) Y4
Mpa | psi Gpa | ksi
measured| 5.74 | 832 | 7.83 | 1136 8.490 1.367
predicted
#peaks | 507 | 736 | 7.21 | 1045 8.356 1.366
max peak | 6.43 | 932 | 7.21 | 1045 8.489 1.391
A 5.80 | 841 6.47 | 938 8.404 1.377
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APPENDIX 1: DETAILS OF MECHANICAL AND
NONDESTRUCTIVE TESTING
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Table 1-1— Test results for samples of mortar mixture I

Sample Max Stress (psi) E (ksi) nu in(A) z # Peaks Max Peak Lambda
[-1 383 603 019 6.74 1.10 17 198 52394
-2 387 461 020 648 1.04 13 220 52055
[-3 379 719 016 9.28 1.53 13 206 51909
I-4 403 677 0.18 8.67 1.35 18 184 31610
I-5 408 638 021 1028 1.69 10 235 52699
Average 392 620 0.18 8.29 1.34 14.2 209 48133
Table 1-1I— Test results for samples of mortar mixture I1

Sample Max Stress (psi) E (ksi) nu in(A) Z # Peaks Max Peak Lambda
H-1 2888 2350 023 914 1.47 12 3791 1087770
11-2 2947 2771 0.16 9.32 1.59 10 3059 714872
f-3 2632 2270 0.16 7.22 1.18 10 4043 894944
11-4 3517 3346 0.16 1493 260 12 3043 711410
11-5 3018 2899 014 9.35 1.54 10 3656 933840
Average 3000 2727 017 9.99 1.67 10.8 3518 868567
Table 1-1II— Test results for samples of mortar mixture II1

Sample Max Stress (psi) E (ksi) nu In(A) 4 # Peaks Max Peak Lambda
11-1 7791 4193 0.18 1433 243 9 13524 3381408
-2 * 4208 0.18 * * 6 11266 2852408
HI-3 * * * * * 6 10140 2501632
111-4 7452 4547 018 1524 251 5 7850 2201816
-5 * * * * * 7 11464 2619856
Average 7622 4316 018 1479 247 6.6 10849 2711424

*Only Samples 1 and 4 were Joaded to failure. The others could not be broken (too strong).

and 5 had to be cut thinner and then they buckled rather than crushing.

Table 1-IV— Test results for samples of mortar mixture IV

Elastic properties could be determined from sample 2, but 3

Sample Max Stress (psi) E (ksi) nu In(A) Z # Peaks Max Peak Lambda
V-1 824 1079 N/A 7.78 1.22 14 440 119091
V-2 920 1203 N/A  11.89 1.92 12 758 142914
V-3 856 1024 N/A 7.97 1.29 14 603 165728
Iv-4 740 1219 N/A 6.49 1.07 16 1036 169968
V-5 820 1153 N/A 8.30 1.33 12 1058 168606
Average 832 1136 N/A 849 1.37 13.6 779 153261
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Fig. 1-111 (a}—Measured and back predicted stress strain response of sample II-1
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Fig. 1-112 (a)—Measured and back predicted stress strain response of sample II-2
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Fig. 1-112 (b)}—V(f) curve for sample II-2
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Fig. 1-113 (a}—Measured and back predicted stress strain response of sample 11-3
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Fig. 1-1I3 (b)—V(f) curve for sample II-3
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Fig. 1-114 (a)—Measured and back predicted stress strain response of sample 11-4
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Fig. 1-114 (b)—V(f) curve for sample 1I-4

47




Stress (MPa)

25 7. 3500
20 | — Back predicted . 3000
’_._Measured . 2500
15 | 2000 &
10 1500 &
| 1000 ®
5- |- 500
0 : : 0
0 0.002 0.004 0.006 0.008
Strain

Fig. 1-115 (a)—Measured and back predicted stress strain response of sample II-5
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Fig. 1-II11 (a)}—Measured and back predicted stress strain response of sample I1I-1
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Fig. 1-1I5 (a}—Measured and back predicted stress strain response of sample II-5
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Fig. 1-1111 (a)—Measured and back predicted stress strain response of sample I11-1
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Stress strain data not available for sample III-2—see Table 1-II1
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Fig. 1-1112 (b)—V(f) curve for sample I1I-2
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Stress strain data not available for sample I111-3—see Table 1-111
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Stress strain data not available for sample I1I-5—see Table 1-1I1
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Fig. 1-IV1 (a)—Measured and back predicted stress strain response of sample 1V-1
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Fig. 1-IV1 (b)—V(f) curve for sample IV-1
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Fig. 1-IV2 (a)}—Measured and back predicted stress strain response of sample IV-2
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Fig. 1-1V2 (b)}—V(f) curve for sample IV-2
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Fig. 1-IV3 (a)—Measured and back predicted stress strain response of sample IV-3
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Fig. 1-IV4 (a)—Measured and back predicted stress strain response of sample [V-4
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