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ABSTRACT 

9 

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 information can be used to design 

rehabilitation strategies, and 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. 

I. Details of the DSC are given later. 
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CHAPTER 1 

INTRODUCTION 

1.1 Problem Statement 

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 at

tack, weather, etc.). As a consequence, it may happen that after a certain period of ser

vice life, the structure requires evaluation of its current condition, and as necessary, de

sign of rehabilitation based on the softened or degraded moduli and the strength left dur

ing 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 com

monly 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 current stress-

strain response including deformation and strength components corresponding to the 

current condition. 

In the inspection of metal materials and structures, NDT is an accepted practice. Ul

trasonic and radiographic techniques have been used for some time to locate damage in 



I] 

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 be

cause of the complications involved with particle size, inhomogeneity, and fabrication. 

Steel and other metals are formed at plants, which adhere to controlled standards of pro

duction, whereas concrete is largely placed and cured in the field using relatively un

skilled 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 sig

nal can be noisy and inconsistenL A wavelength, which is large compared to the flaw 

size, is required to determine the overall effect of flaws in the material. Damage due to 

microscopic flaws, such as micro-cracks, or small voids due to particle motion (slip and 

rotation) will alter the overall elastic properties of the material. Since the characteristics 

of wave propagation (i.e. wave speed, attenuation, etc) are largely dependant on the 

elastic properties of the medium, microscopic damage in the medium will alter the wave 

characteristics. As a granular material is loaded, it develops flaws (micro-cracks or 
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voids), the elastic properties are changed, and the wave characteristics are altered. It fol

lows, then, that studying these characteristics may enable the examiner to quantify the 

overall damage (or disturbance) in the material. 

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 ultra

sonic waves with frequency up to 510 kHz will propagate through 10 cm of concrete 

with 0.80 cm max aggregate size, while a larger aggregate concrete requires a lower fre

quency to propagate the same distance. It is generally accepted that low frequency 

waves are required to propagate through granular materials because high frequency 

(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 the 
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distance of travel of the wave is about 15 cm; based on Whitcomb's study, 500 kHz 

transducers were used for the experiments. 

1.2 Scope of Research 

The current research is aimed toward the goal of achieving a method for predicting 

stress-strain response of a concrete like material (mortar is used in the current research) 

in order to provide a new alternative for nondestructive inspection of concrete infra

structure. There are three main goals of the research conducted and explained herein: I) 

validate the assumption that Lamb waves can be used ac an effective tool in measuring 

the internal damage of a granular material similar to concrete, 2) develop a constitutive 

model which uses the information from the Lamb wave measurements to predict the en

tire stress-strain response of the material under examination, and 3) validate the material 

model by independently predicting the stress-strain response of a separate but similar 

material. 

Two phases of research were conducted. The phase 1 research consisted of measur

ing NDT parameters in mortar specimens before and after they were mechanically dam

aged. The phase 2 research consisted of simulating environmental damage in mortar 

specimens by varying sand/cement ratios such that some specimens were weaker than 

others'. The NDT results from three sets of samples are used to independently predict 

the stress strain response of a fourth. 

As the research is in its initial stages, there are also three major limitations of the 

I. A detailed explanation is provided in chapter S. 
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current study as follows; I) due to the time which would be required to cause actual 

damage from environmental effects, the damage, which is measured by the Lamb wave, 

is either mechanical damage from the testing device, or is "simulated" environmental 

damage by using different mortar compositions, 2) mortar is used as a substitution for 

concrete because of the difficulties associated with nondestructive testing of materials 

with large particle sizes, and 3) the samples tested did not contain any steel reinforce

ment, which would almost always be present in any realistic concrete structure. This re

inforcement may distort the measurements from the nondestructive testing. 

Formal reports to Innovations Deserving Exploratory Analvsis (IDEA) have been 

prepared for all research [10,11]. 

1.3 New Contributions 

The notion that Lamb wave testing can be used to evaluate damage in concrete is a 

relatively new concept [12-15]. Although NDT has been used for many years, the cur

rent research is different in two major aspects. First, the experimental setup excites spe

cific 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 (stifQiess) moduli and are 

not capable of providing realistic evaluation of the current condition including degree of 

damage, amount of plastic deformation, etc. 

The objective of the research has been to develop a new and unique procedure for 



15 

deflning the entire current (or degraded) stress-strain (pre and post peak) response dur

ing the life of structural materials, like concrete, based on a general constitutive model 

and the results of NDT. In this manner, both the deformation and strength properties can 

be evaluated. The procedure developed herein integrates nondestructive (Lamb wave) 

techniques and the Disturbed State Concept (DSC) for constitutive modeling of materi

als; 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 speci

mens of mortar. The nondestructive and mechanical data is correlated to develop the 

methodology for predicting the current state of the material. 

There are many publications on theory and application of the DSC in various jour

nals; they are described in detail in the recent book by Desai [16]. 

The DSC is fundamental and mechanistic, and at the same time, it can be simplified 

for practical applications [16]. For instance, the DSC is hierarchical and as a result, vari

ous 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 1.1 shows a schematic of the stress-strain response of a material that is af

fected by mechanical forces and environmental effects. The elastic modulus, which 

represents the slope, E', of the unloading response is often used to compute deformation. 
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The maximum or peak stress, o**, is often a basis for the strength used in design. 

A cementitious material like mortar or concrete under loading may experience mi-

crocracking, sometime before the peak is reached. Increasing load may cause further mi-

crocracking. The microcracks form, grow, and coalesce to become distinct fractures or 

cracks in the material. A material which is "fully cracked" is said to be in its failed or 

fully adjusted state. At a point in the material of an engineering structure during its ser

vice 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 

(<f) on the basis of the knowledge of the material's initial (relative intact - RI) and ulti

mate (fully adjusted - FA) states. The current response is obtained by using the interpo

lation and coupling function, called the disturbance function. Hence, if the disturbance is 

defined from the NDT, the current stress, <f, and also the current modulus, E' can be ob

tained, (Fig. I.l). Details of the NDT, DSC and the procedure for predicting the stress-

strain response are given in section 3.7. 

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 com

puterized set-up. Then the design parameters for the current state prediction can be ob

tained directly firom the field equipment. 
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Fig. l.l—Schematic of stress-strain response. NDT-DSC concept 
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CHAPTER 2 

REVIEW OF PREVIOUS WORK IN CONCRETE NDT 

Nondestructive testing of concrete has been used as a means of estimating the 

strength of concrete and concrete like materials since the early part of the 20"* century. 

Many types of NDT are available for use today; some are more developed than others 

and most are suited to a specific application. The type of NDT used will depend on the 

desired information, such as thickness, water content, defect location, or elastic proper

ties. Following is a summary of the more conmion NDT methods used in concrete in

spection today. 

2.1 Electro-Magnetic Methods 

One of the earliest known types of NDT in concrete is the use of magnetic and elec

trical fields to determine certain characteristics of a structure or material. The first pub

lished mention of detecting defects in materials was in 1905 [17]. Flux Leakage Theory, 

can be used to detect cracks and flaws in a concrete structure because the magnetic per

meability of concrete is greatly affected by these discontinuities. An intact material will 

contain the flux lines, while a crack or discontinuity will cause leakage of the flux. The 

amount and location of the leakage is an indication of the amount and location of the 

discontinuities, or cracks. Later, it was found that magnetic induction can be used to de

termine the location and depth of the reinforcement in a concrete structure because the 

steel will alter a magnetic field that passes through it. The magnitude and direction of 

this alteration is used to determine the location of the reinforcement. In addition to these 
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methods, an electric field can be used to determine the moisture content of concrete 

since the electrical properties are affected by the amount of moisture present. 

2.2Surface Hardness Methods 

Mechanical methods to measure surface hardness were one of the first types of NDT 

to be used for concrete. The methods originated in Germany in 1935, and were soon in

corporated into the German standards [18]. Surface hardness methods can be in the form 

of pendulum or spring hammers, which indent the surface of the specimen, or rebound 

hammers, which are forced to collide with the specimen resulting in a measurable dis

tance of rebound. The size of the indentation created by the pendulum or spring hammer 

will give an estimation of the strength of the concrete; a given hanmier energy will in

dent a weak concrete more than a strong concrete. Similarly, a rebound hammer will re

bound farther from the surface of a strong concrete than a weak one. These methods 

gained wide acceptance because they are simple, inexpensive, and the equipment is eas

ily carried by a field inspector. However, the accuracy of these methods is highly de

pendant on the surface properties of the material. For example^ the surface smoothness 

can affect the results greatly, or the exterior of the concrete may be weaker than the inte

rior due to environmental loading, which leads to an underestimation of the strength. 

2.3Pullout Test 

Soon following the invention of the surface hardness methods was the pull out test. 

This was the first test to measure a strength parameter directly. The test requires that an 
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embed, usually a headed steel rod, is placed into the wet concrete and allowed to remain 

until the concrete has cured. A mechanical device is then used to extract the embed and 

the extraction force is recorded. The pullout force is most directly related to the shear 

strength of the concrete, and therefore, a correlation between the pullout force and the 

compressive strength used for design, is required. The average coefficient of variation 

for this method has been reported as low as 8% [19], indicating a good consistent 

method for determining strength. Unfortunately, the test may only be performed on 

structures which have had the embeds placed originally. Because this severely limits the 

application of the pull out test, a new method using a drilled in anchor rather than a 

placed anchor was developed. This new method, referred to as the "internal fracture 

test", requires a different correlation between pull out force and compressive strength, 

and shows a greater variability than the pull out test. This form of testing, although sim

ple and fairly inexpensive, is not duly nondestructive. The holes left by the test must be 

patched with new concrete, creating a natural joint, which could be significant depend

ing on the size of the structure. 

2.4 Resonant Frequency Method 

Around the same time of the pullout test, resonant frequency testing was also being 

developed. It has been known for some time that the resonant fi%quency of a system is 

dependent on the system mass, geometry, and stiffiiess. Loads are applied to a structure 

at varying frequencies until the resonance frequency is found. If the mass and geometry 

are known, and the resonant frequency can be measured, then it follows that the dy
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namic stiffness can be determined. This method of determining dynamic elastic modulus 

was standardized by ASTM C 215-85. Unfortunately, the application of this method is 

severely limited because of its dependency on geometry. Structures to be tested are typi

cally very large and have varying boundary conditions requiring elaborate and flexible 

test setups. The ASTM test is standardized only for small prismatic or cylindrical 

shaped specimens with no reinforcement. A variation of frequency testing, modal analy

sis, is also used to determine the stiffness of the system by studying the various mode 

shapes a structure exhibits under dynamic loading. 

2.5 Nuclear Methods 

The 1950s saw the advent of nuclear methods used for NDT in concrete. These methods 

include radiometry, radiography, and neutron-gamma techniques [20]. Radiometry and 

radiography are quite similar in that they force radiation to pass through a concrete 

structure. Radiometry measures the amount of radiation passing through the structure by 

means of examining the electrical impulses generated. Radiography employs the use of 

photographic film to "take a picture" of the inside of the structure in a manner very 

similar to an X-ray. Radiometry is mainly used to measure the density of materials and 

typically requires penetration into the test specimen or area. This limits the method's use 

to newly placed concrete, whereas many structures requiring NDT are in operation and 

therefore can not be tested with radiometry. Radiography is typically used for flaw de

tection as it can give a visual image of the interior of the specimen. Although these 

methods are quick and accurate, their use is limited because they are quite expensive 
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and require special certification of the tester. 

2.6 Penetration Resistance Methods 

Penetration resistance (PR) methods for concrete have been around since the 1950s. 

The PR method is very similar to the surface hardness methods discussed previously in 

that it measures a hardness parameter directly and correlates this parameter to the 

strength of the concrete. The Windsor probe has been used extensively for penetration 

testing of concrete because it has the same advantages as other surface hardness meth

ods in that it is lightweight and inexpensive. Because it measures surface hardness rather 

than strength, however, it suffers from the same drawbacks. The hardness of a concrete 

is highly dependant on the course aggregate [21] and on the surface characteristics, and 

therefore, two concretes may have the same hardness but different peak strengths. This 

method, then, requires calibration for the specific type of concrete to be tested [21] re

ducing its value. 

2.7 Acoustic Emissions 

In the late 19S0s, the first papers that discussed acoustic emissions in concrete were 

published [22]. The science of acoustic emissions relies on the fact that damage in a ma

terial is usually accompanied by audible or sub-audible noise. Irreversible deformations 

result in a loss of energy in the sample or material. If energy is conserved, then it must 

take a different form, such as heat or vibration (noise). Measuring the number and am

plitude of these noises (acoustic emissions) can give an estimation of the amount of 
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damage experienced by the sample. More intense and frequent emissions correspond to 

large and frequent plastic deformations. In concrete, these deformations are typically 

characterized by cracks. Although acoustic emissions (AE) can be very useful in the 

laboratory, its applicability in the field is limited for three major reasons. First, the sci

ence of AE is history based, and cannot give a complete estimation of damage without 

continuous monitoring from the time of construction. Second, the results are more quali

tative than quantitative, and accurate predictions of damage can be difficult to make. Fi

nally, outside of the laboratory, it may be very difficult to separate an acoustic emission 

caused by a crack from random noises occurring in the structure all the time. 

2.8 Infrared Themnoaraphv 

In the 1970s it was found that the study of heat transfer through a concrete structure 

can aid in locating flaws and weak material. This method of NDT is called infixed ther

mography. Well-constructed concrete transfers heat more efficiently than poorly placed 

concrete because the air pockets and voids, associated with bad concrete, will insulate 

and reduce heat flow. If the sun is used as the heat source for a concrete bridge deck, for 

example, then flawed areas will be marked by cooler regions of the underside of the 

deck, while hotter regions indicate well-constructed areas. With sophisticated equip

ment, the size and location of flaws (excluding thickness and depth) can be determined 

[23]. Thermography has the advantage that it is capable of examining large areas of a 

structure simultaneously, and the field equipment required is relatively mobile. How

ever, without a very expensive heater, the tester must rely on the sun or earth to provide 
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the heat necessary to carry out the experiment. This may limit the feasibility of testing 

during certain seasons or in certain areas. In addition, as stated above, thermography 

cannot determine the depth or thickness of the flaws. 

2.9 Radar 

In the early 1900s, it was shown that electromagnetic waves could be used to iden

tify the location of airborne objects [24]. The method was termed RADAR for RAdio 

Detecting And Ranging. In the 1950s, the concept was expanded to identifying subsur

face characteristics of solids such as ice, and was first used in infrastructure in the 

1970s. Because of the relatively short travel path of the electromagnetic pulse, the use of 

radar in solids is often called Short-Pulse Radar. Radar is very similar to stress wave 

testing in that it sends and receives a signal, which is reflected and distorted by the ma

terial it passes through. It can be used to measure thickness of concrete decks, delamina-

tions, and water content. The use of radar, like that of nuclear testing, is limited by ex

pensive and heavy equipment. It can also be difficult to interpret the recorded signal due 

to interference of reinforcement and random reflections from aggregate surfaces. 

2.10 Break Off Test 

Similar to the pull-out test described earlier, the break-off test, developed by 

Johansen in 1976 [25], measures a direct strength parameter. The test involves 

"breaking off' a small cylinder of concrete, which is formed in one of two ways. It can 

be cast with the structure such that the cylinder sticks out firom the surface, or a cylindri
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cal slit can be drilled into the concrete as shown in Fig. 2.1. A hydraulic (usually hand 

powered) pump is used to break ofT the cylinder and the load is recorded. This load is 

related to the flexural strength of the concrete, which can be correlated to the compres

sive strength. The break off test is particularly useful because it is simple and does not 

require sophisticated testing equipment. The test can be performed on existing structures 

without prior planning as long as one surface is exposed. The test is limited by sample 

thickness and aggregate size. The sample to be tested must be at least 4" thick with max 

aggregate size of no more than V". In addition, if drilled samples are used, holes will be 

lef) in the structure, which may need to be patched for aesthetic or structural reasons. 

2.11 Core Samplina 

Still, the most accurate method of determining concrete strength characteristics is 

one of the oldest. Taking core samples has been used extensively both for determining 

the strength of newly placed concrete and for estimating the strength of existing struc

tures. The method is accurate and does not require heavy field equipment. The main 

drawback of core sampling is the significant amount of time involved in getting results. 

Many times, the decision to keep or remove freshly placed concrete must be made 

quickly, eliminating core sampling as one of the NDT options. In addition, the holes left 

by core sampling may weaken the structure, are usually undesirable, and may require 

patchwork. 

2.12 Stress Wave Testing 
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Stress wave testing is the focus of the current research and as such, the discussion of 

this section will be more detailed than the previous discussions. 

Although acoustic or stress wave testing was first used for metals in the 1940s, its 

roots originated long before that. The act of striking an object and listening to the echo 

is perhaps the oldest method of non-destructive testing other than visual inspection [26]. 

The use of stress waves in concrete came later. Stress wave testing began with the pulse 

velocity method in which a vibration is applied to a test specimen, and the time of travel 

for a specified distance is measured. It was known at the time that the wave velocity in a 

material is a function of the material's density, the geometry, and the elastic constants, E 

and V. Therefore, if the density and geometry are known and the poisson's ratio can be 

assumed, then the dynamic elastic modulus can be found. In this method, only the first 

wave to reach the transducer is recorded; this is the compressional wave speed. All solid 

materials will also propagate shear waves if the geometry allows it. Since the shear 

wave speed is a function of the same variables as the compressional wave speed, it fol

lows that measuring both of these can lead to the determination of both dynamic elastic 

modulus, and poisson's ratio. If, on the other hand, the wave speed is known (or meas

ured from the pulse velocity method), then the thickness of a structure, such as a bridge 

deck, can be calculated by measuring the travel time of the wave that is reflected off the 

bottom surface of the deck. The same method can be used to locate flaws since the sur

face of a flaw, such as a crack, will also cause reflection of the applied wave. This type 

of NDT is known as the pulse echo method (or the pitch catch method if separate trans

ducers are used for the transmitter and the receiver). In addition to these simple methods 
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there are a number of other more complicated stress wave methods, which make use of 

surface (Raleigh) waves or guided waves, and others which use attenuation as a means 

of estimating damage or material properties. One of these methods, which employs the 

use of guided "Lamb" waves, is the focus of the current research and will be discussed 

in detail. The use of stress wave techniques, excluding impact techniques which do not 

require a waveform generator, are typically limited to the laboratory because they re

quire a significant amount of equipment and a very smooth surface. 

The theory of stress wave propagation is developed by combining the equations of 

equilibrium with a constitutive model or constitutive equation. Figiu'e 2.2 shows a bar 

in which a wave is assumed to be traveling. If an element of length dx is examined, then 

applying Newtons second law (F=ma) gives 

f  
(T + r^dx I A+^dx 

ax 
—aA-pAadx (2.1) 

where a is stress at a section, A is the cross sectional area, p is the density of the mate

rial, a is the acceleration of the dx section, and body forces are neglected. After simpli

fication, assuming A is constant, and neglecting higher order terms, Eq (2.1) reduces to 

da 

dx ^  dt 
= P ̂  (2-2) 

where 5~u/5t^ is substituted for the acceleration, where u is the displacement of the dx 

section (or the particle displacement), and t is time. If the material is linear elastic, then 
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the stress may be replaced by Ee where £ is the strain in the direction of the axis of the 

rod and E is the elastic modulus of the material, then 

i - (££)=p i^  ( " )  
ax at  

Then for small strain, £ can be replaced by du/dx such that 

d -M p  a-M (2.4) 

dx'  E Br 

Equation (2.4) is the wave equation for a one dimensional compressional wave in a rod 

or bar. The solution to Eq. (2.4) is of the form 

u{x,t)  = f  x-t^ + g x+t.  (2.5) 

where the functions f and g can take any form and represent the shape of the traveling 

pulse, f represents a wave traveling in the positive x direction, and g represents a wave 

traveling in the positive x direction. Figure 2.3 shows a schematic of a wave traveling 

in the rod; then since the waveform does not change from point 1 to point 2, 

/ x,-/ ,J— (2.6) 

and since the waveform, f, is arbitrary, the argimients must also be equal. Rearranging 
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Eq. (2,6) gives 

Ax _  X2-  -v, 
At  r ,  

(2.7) 

Then the speed of the wave, c, is equal to (E/p)^, and is the one dimensional wave speed 

for compressional waves in a medium of constant cross section area. Then the wave 

equation, Eq. (2.4), can be rewritten as 

The foregoing analysis shows that the wave speed is a function of the modulus of 

elasticity of the material, the density, and the problem geometry; for example, if the area 

of the rod is not constant, then the wave speed becomes a function of this area, and the 

wave equation becomes more complicated. 

In the general three-dimensional case, the solution to the wave problem follows ex

actly the same procedure, except that the equilibrium equations used, and the constitu

tive equations are generalized to three dimensions. In tensor notation', the equations of 

equilibrium take the form 

a.r-
u 1  d 'u  

c'  dt '  (2.8) 

- (2.9) 

I. For a review or tensor notation, see chapter 2 of reference 27. 



where / is the body force (usually zero), (Tjj is the stress tensor, and Uj is the displace

ment in the i direction. The three dimensional constitutive relation (discussed in more 

detail in Chapter 3) is 

where X is the bulk modulus of the material, |X is the shear modulus, and eij is the strain 

tensor. Then substitution of Eq. (2.10) into Eq. (2.9) and using the relation ey = l/2(Ujj + 

Uj.i) gives 

Equations (2.11) are the equations of equilibrium in terms of displacement and are 

called Naviers equations. These can also be written in vector notation as 

where the line over a variable indicates a vector, and y is the calculus del operator (or 

gradient operator if the bar is used). Equation (2.12) is significantly more complex than 

the one dimensional wave equation, Eq. (2.8), and it should be noted that where Eq. 

(2.8) contains only the elastic modulus, Eq. (2.12) contains both the shear and bulk 

modulus indicating that deformations are both volumetric and shear. With this in mind. 

<yij =  ̂ ^Sy + 2n£,j  (2.10) 

(2.11) 

/iV'm + (A+//)V(V. m)+/ = p (2.12) 



the displacement vector can be decomposed into a scalar and vector potential by using 

the Helmholtz decomposition theorem so that 

where (|> is the scalar potential corresponding to normal deformations, and ^ is the vec

tor potential corresponding to the shear deformations. Figure 2.4 shows a schematic of a 

traveling wave and the deformations which it causes. The deformations in the direction 

of the wave. Fig. 2.4a, are due to normal stresses which are caused by the compressional 

wave. Normal stresses in any other direction would have to be caused by a compres

sional wave traveling in that direction. Then any deformation perpendicular to the wave 

path is due to the shear wave, Fig 2.4b. As the shear wave can act in any direction per

pendicular to the wave path, it must be described by a vector as in Eq. (2.13). Then sub

stitution of Eq. (2.13) into Eq. (2.12) gives 

which can be satisfied if the potentials, <|» and \|r, satisfy homogeneous wave equations of 

the form 

u = V<p + 7 X\f/  (2.13) 

(2.14) 

(2.15a) 

and 
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(2.15b) 

in which the compressional and shear waves travel with two distinct velocities, Cp and Cs, 

given by 

These two types of waves defined by Eqs. (2.15) are called bulk waves because they 

travel through the bulk of the material. Compressional waves are also called primary, P, 

longitudinal, irrotational, or dilatational waves. Shear waves are also called secondary, 

S, tangential, distortional, equivoluminal, or rotational waves. These two waves are the 

most frequently used types of waves in stress wave NDT. Note that if two of the three 

displacement components are assumed to be zero, then Eq. (2.12) reduces to the one di

mensional Equation, (2.8). 

From Eqs. (2.16), it is clear that if the two wave speeds can be measured^ then the 

elastic properties can be determined. It is important to note, however, that most materi

als exhibit different values of elastic modulus for different rates of loading. Typically, a 

fast rate of loading will lead to a higher measured elastic modulus than a slow rate. 

Since stress wave propagation is relatively a very fast loading condition, the elastic 

modulus calculated from Eqs. (2.16) can be higher than the value that should be used for 

design. Hence, the distinction is made between the static and dynamic elastic moduli. 

(2.16b) 

(2.16a) 
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Note that the potentials, <t> and y, have not been defined thus far except to say that 

they must satisfy the homogeneous differential equations, (2.15). Therefore, they must 

be functions of (x-ct) similar to the one dimensional case, as 

where x, y, z represent the three principal directions, and a, b are fimctions describing 

the waveform. Then any functions represented by Eqs. (2.17) are waveforms which can 

propagate through the bulk of the material, and (t> and y define the actual shape of this 

waveform such as the one shown in Fig. 2.3. 

The Fourier transform states that any arbitrary waveform can be represented by the 

sum over all frequencies of similar harmonic waves. Therefore, it can be convenient to 

solve wave problems assuming a harmonic waveform, and then apply the inverse Fou

rier transform to fmd the solution for an arbitrary waveform. Using the Fourier trans

form with Eqs. (2.17) leads to harmonic expressions of potentials as 

( t>ix ,y ,z , t )  = a(y ,z )[ /Xx-ct )+ g^{x  + cty \  

\l/(x,y,2,t) = b(y,z)[f2(x-ct)+g2(x + ct)\ (2.17b) 

(2.17a) 

^(.r, y ,z , t )  = c iy ,  z )  exp[/^(x - c/)] (2.18a) 

yf ix ,y ,z , t )  = diy ,z )e \p[ ik{x-c t ) i  (2.18b) 

where the waveform traveling in the negative x direction, g, has been ignored for sim

plicity. The functions c and d describe the amplitude of the waves as they vary in the y 
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and z directions, k =Q]/C where o) is the frequency of the wave, and i is the square root 

of-1. The expression of potentials, Eqs. (2.18), is a complex expression because the 

Fourier transform has been used. There is no physical significance to the imaginary part 

of the solution, it is simply necessary to insure that no part of the general solution is lost 

in the transform. 

2.13 Lamb Wave Theory and Testing 

Consider the plate geometry of Fig. 2.5 in which a wave is traveling in the positive x 

direction. If plane strain conditions are assumed, then deformation in the z direction is 

zero, and the equations for potentials, Eqs. (2.18) become 

<t>(x,y , t )  = c(.v)exp[ /^(ac-c/)] (2.19a) 

y/{x ,y , l )  = d{y)e \p[ ik(x-c l )]  (2.19b) 

and Eqs. (2.13) give the displacements as 

- ̂  
^ dx dy (2.20a) 

=1^+^  (2 .20b)  
By dx  

Substitution of Eqs. (2.19) into the wave equation for potentials, Eqs. (2.15) gives 

•+ (k l -k^ )c  =  0  (2 .21a)  
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dy-

where kp = co/Cp, ks = (fl/Cs, k=0)/c, O) = frequency, and c is the wave speed of the plate 

wave, k is called the wave number, and it becomes convenient to write new variables as 

a^=k^- k] (2.22a) 

(2-22b) 

Then the general solutions to Eqs. (2.21) are of the form 

c  = A cosh(cfK) + Csinh(ay) (2.23a) 

d = B sinh( Py)  + D cosh( f ly )  (2.23b) 

where A, B, C, and D give the amplitudes of the displacements, and are determined 

from the initial conditions. Then substitution of Eqs. (2.23) into Eqs. (2.19) gives the 

equations for the potentials as 

0 = [i4cosh((3y) + C sinh(o^)]exp[i^(.r - c/)] (2.24a) 

V = [fisinh( Py)  + Dcosh( /9>')]exp[{Ar(x - c/)] (2.24b) 

Eqs. (2.24) show that both the compression and shear potentials contain terms that are 

both even and odd in y. The terms can be separated such that the corresponding defor
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mations are symmetric (extensional) and anti-symmetric (flexural) as shown in Fig. 2.6. 

Then for symmetric displacements, the potential functions are 

<f> = A cosh(citv) exp[/A(.r - c/)] (2.25a) 

V = 5sinh(j37)exp[/^(jf-c/)] (2.25b) 

and the corresponding displacements from Eqs. (2.20) are 

= [/fc4cosh(citv) + ^5cosh()3>')]exp[//t(.r-c/)] (2.26a) 

Uy = \aA sinh( ay)  + ikB sinh( /3>')]exp[ ik{x  -  cO] (2.26b) 

Then, rewriting Eq. (2.10) in terms of displacements gives 

<^ij = + n (u^j + Uj,) (2.27) 

or 

. (9M_ 3wv ^  -  3M,  
<2.27.) 

. (9M,  BU \  dUy 
"17 <2-27b) 

/T — if I 1 
* dx  dy  J (2.27c) 

(9M,  dw^  
dy dx  J <^xv = 

(2.27d) 
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and substitution of Eqs. (2.26) into Eqs. (2.27) gives equations for stresses as 

= pc] + 'c^)a cosh( 0^) - l ik^B cosh( ^>') Jexp[ ik(x -  ct)\  (2.28a) 

= pc] ^ikaA sinh(a>') - (jS" + A:" )fl sinh( Py)\sxp[ik(x - ct)] (2.28b) 

Then at the top and bottom surfaces of the plate, or at y = +- h in Fig. 2.5, Oy = Oxy = 0. 

Forcing these boundary conditions in Eqs. (2.28) leads to a set of homogenous equations 

of the form 

For a nontrivial solution to exist, the determinant of this set of equations must be equal 

to zero such that 

)cosh(otA)^ - l ikf i  cosh( ph)B = 0 

{p^ -hk^ )cosh(aA)/4 - 2ikp cosh(ph)B = 0 (2.29b) 

(2.29a) 

tanh(^) _ 4k^ap 
tanh(aA) {k^ + (2.30a) 

Equation (2.30a) gives a relationship between the wave speed, c, and the frequency, (a, 

by solving for the wave number, k. Following the same procedure, an equivalent equa

tion for the anti-synunetric modes can be found as 



tanhjfih) jk^+py-

tanh(aA) Ak'afi  
(2.30b) 

The solution to Eqs. (2.30) are quite complex and typically must be done numerically. 

However, the solution does exist and displacements and stresses can be found which sat

isfy the boundary conditions. This means that under plane strain conditions, it is possi

ble for a different type of wave (non bulk-wave) to propagate through a plate, and that 

the relationship between the wave speed and the frequency is given by Eqs. (2.30). Be

cause the wave speed is a function of frequency, the relationship is called dispersive, 

and a plot of the wave speed vs. frequency is called the dispersion curves. Figure 2.7a 

shows a schematic of the dispersion curves for a plate with known geometry and elastic 

properties. Then for a given wave speed as shown, there are a number of Lamb waves 

which can propagate at various frequencies as shown. It becomes convenient, then, to 

plot the amplitude of the received signal as a function of the firequency, V(f), as shown 

in Fig. 2.7b. Then more energy will propagate through the specimen at these frequen

cies and the V(Q curve will show peaks at these values. The current research is based on 

the study of the V(f) curves and is discussed in more detail in chapters 4 and 5. 

The line of constant wave speed, shown in Fig. 2.7a, is determined by the incident 

angle, as shown in Fig. 2.8, from SnelPs law as follows. 

(2.31a) 
sin(fl,) sin(0,) 

where Vj is the velocity of the incident wave, V, is the velocity of the transmitted wave. 
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6j is the incident angle (measured from a line perpendicular to the surface of the sam

ple), and 6t is the angle of the transmitted wave. For Plate waves generated using im

mersion, Vi 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 

\A9k^ (2.3 lb) 
sin(0) 

For an incident angle of 30**, the Lamb wave phase velocity is about 3 km/s as shown in 

Fig 2.8. Comparison of Figs. 2.8a and 2.8b 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 S.3, for a damaged plate should show more peaks over a specific fire-

quency range than an intact plate. 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. 

Then similar to other types of stress wave NDT, a change in the measured re

sponse, or in this case the dispersion curves, is an indication of a change in elastic prop

erties. 
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Fig. 2.1—Schematic of Break Off test 
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Fig 2.2—Schematic of one dimensional wave propagation and formulation. 

Ax = X2 - Xi 

At=fe  - t i  

Fig. 2.3—One dimensional wave propagation and wave speed 
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direction of travel of wave 

(a) 

(b )  

Fig. 2.4—Schematic showing lines of deformation for (a) P wave, and (b) S wave. P 
wave displacements are in direction of wave travel, S wave displacements are per

pendicular to direction of travel. 
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(a) Sym metre waveform - deformations even in x, odd in y 
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Ux 

b)Ant:Bvm m etrfc wavefomi -de&imal±3nseveniiy,cxiiiix 

Fig. 2.6—Deformation at top and bottom surfaces of a plate due to Lamb wave 
propagation for (a) symmetric modes, and (b) anti-symmetric modes 
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Fig 2.7—(a) Dispersion curves for Lamb waves in a thin plate, and (b) corre
sponding V(f) curve. 
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0t= 90 deg. 

Fig. 2.8—Snell's law applied to plate waves. 
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CHAPTER 3 

REVIEW OF CONSTITUTIVE MODELS 

3.1 Elastic Models 

In the study of material behavior, it is often necessary to develop a relationship be

tween the load or stress in a material and the corresponding deformation or strain. Such 

a relation is called a constitutive relation or constitutive model. Perhaps the earliest for

mally developed constitutive model was that of Robert Hooke in 1678 [27]. He pro

posed that for the one-dimensional loading case, the stress in the sample or material is 

related linearly to the strain. The slope of this line is known as the elastic modulus or E. 

The mathematical form of Hooke's law is represented by 

G=Ee (3.1) 

where o is the uniaxial stress, and e is the uniaxial strain. The relation holds true for al

most all engineering materials for a small range of strain. The limit of Hook's law, or 

the point where the stress stram relation is no longer linear is called the proportional 

limit. 

Equation (3.1) is only Uoie for the imiaxial case where stresses in all other directions 

are zero. A more general relationship between stress and strain is required for all other 

situations where the stresses may be two- or three-dimensional. This relationship is 

known as the generalize Hooke's law and states that at any point in a material, each 

component of stress is a linear function of the components of strain. At any point in a 
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material, there are six components of stress and six components of strain - three normal 

components and three shear. The generalized Hooka's law can then be expressed by 

(3.2) 

where Ojj is the stress tensor, Eki is the strain tensor, and Cijki is the constitutive tensor 

which relates the two. If the material is linear, elastic, isotropic and homogeneous, then 

Cijki is constant and is the same at any point in the material for any orthogonal coordi

nate system. For this special case, Cjjki may be expressed as 

^i/kl  ~ ij^kl •*" ^U^Jk ) 0*^) 

where X and |i are the Lame constants defined below, S is the Kronecker delta. 

vE 
' ^^ ( l+v) ( l -2v)  bu lk  modulus  (3 .4 )  

£ 
/ /=——- shear  modulus  (3 .5 )  

2 ( l+v)  

and V is the ratio of lateral strain to axial strain, Poisson's ratio. Substitution of Eq. (3.3) 

into Eq. (3.2) and rearranging gives 

(3.6) 



Equation (3.6) is the general three-dimensional constitutive relation for a linear elastic 

isotropic material for small strain. It is fundamental in the theory of elasticity, and some 

form of it is used in nearly all linear elastic problems although very few, if any, materi

als are truly linear and elastic to failure. Many materials, specifically metals and ure-

thanes can exhibit a clear yield point, which defines the limit of elastic behavior. After 

this point, most or all of the deformation is plastic meaning that the energy used to de

form the sample is irrecoverable. Other materials, granular materials such as soils or 

concrete, may exhibit plastic deformation almost from the beginning of the loading his

tory making the definition of a clear yield point impossible. For materials such as these, 

Eq (3.6) is not very useful except at the beginning of the stress strain diagram where the 

plastic strain is small compared to the elastic strain. 

For nonlinear elastic behavior, the Cauchy elastic model is often used to characterize 

the behavior of the material. Cauchy expresses the relationship between stress and strain 

as, [28] 

(T,, =ao5,, +«,£„ +a,e,„e„j +a,£,„£^e„j + 

where Oj represent response flmctions or parameters. Equation (3.7) lends itself readily 

to simplification by setting selected parameters to zero. If Oq equals the first invariant of 

the strain tensor, Ekk, times the bulk modulus, X, and ai equals two times the shear 

modulus, ^i, and all other a are zero, then Eq. (3.7) reduces directly to Eq. (3.6). For 

nonlinear behavior, Eq. (3.7) will require the determination of the a parameters firom 
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laboratory testing. 

For one-dimensional formulation, some examples of other nonlinear models are 

Voce [29] 

a  = a  +  ( b - a ) [ \ - e - ' " ] ,  (3.8) 

Prager[29] 

<T = (TO tanh^—j , (3.9) 

and Ramberg Osgood [30] 

(3.10) 

in which e is the base of the natural logarithm, eo is the yield strain, Cfo is the yield stress, 

and a, b, n, E, and k are material parameters. The models presented in this section apply 

to elastic material behavior, that is, they follow the same path during loading and 

unloading, and return to zero when all loads are removed. These models can be used as 

reference states in the Disturbed State Concept (DSC), section 3.7. That is, the elastic 

models presented here can be used as an ideal stress-strain path that the material would 

follow in the absence of any type of damage or micro level restructuring such as slip

ping or rotation of particles. In order to describe the macro level effects of these particle 

motions, a plastic model must be used in conjunction with the elastic model. Such mod

els are described next. 
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3.2 Plasticity Models 

If the behavior of a material does not follow the same path during loading and 

unloading, or does not return to zero strain when all loads are removed, then the behav

ior is termed plastic, and the residual strain left in the sample is termed plastic strain. 

This strain is typically the resuh of microscopic changes in the material such as particle 

rotation or slippage or broken bonds between particles. This particle restructuring is the 

material's response to external loads. According to the theory of minimum potential en

ergy, a body will deform under loads in the manner that creates the smallest possible 

amount of internal energy in the body. Similarly, particle motion occurs when the en

ergy required to move the particle (or break the particle bond) is less than the energy re

quired to cause further elastic deformation between particles. 

If a material is elastic to a point and then yields, it is termed elastoplastic. If after the 

yield point, all further deformation is plastic, then the material is termed elastic-

perfectly plastic. If deformation beyond yield leads to higher stresses and a new yield 

point, then the material is said to exhibit plastic hardening. This is the case for most 

metals. Similarly, if deformation leads to lower stresses and a new yield point, then the 

behavior is called softening. Most materials exhibit some hardening or softening or 

both. 

If a material does not exhibit any clear yield point, but instead, each load increment 

leads to further plastic deformation, then the material is said to be a continuously yield

ing material. Concrete and mortar, the subject of the current study, are such materials. 
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3.3 Yield Criteria 

In order to define a plastic model, it is often necessary to first define the point where 

plastic behavior begins. Such a point is known as a yield point and the criteria which de

fines the yield point is known as the yield criteria. Perhaps the first widely accepted 

three-dimensional yield criterion was proposed by Tresca in 1864 [31]. The criterion 

sates that yield occurs when one half of the maximum absolute difference between prin

cipal stresses is equal to a constant, k, or mathematically 

—max(]<T, —(TjI.Ict, —<Tj|,|<T3 —<T||)=^ j j 

where ai, Ci, and Cj are the principal stresses. It can be seen from the mathematical rep

resentation that the criterion is independent of hydrostatic stress, i.e. if all stresses are 

increased by the same amount, (hydrostatically) the max absolute difference between 

principal stresses does not change. The criterion was proposed for metals and makes the 

assumption that the yield surface is independent of the hydrostatic stress. This assump

tion has been verified for a large range of hydrostatic pressures [32]. Another model, 

which is independent of hydrostatic stress, was proposed in 1913 by Richard Von Mises 

[31], and is smooth and continuous at all points. The original form of the criterion re

lates the distortional strain energy to a constant value, however, it is presented here in its 

more commonly used form in terms of stresses 



(3.12) 

where J^d = l/6[((T|-02)^+(<y2-<y3)^+(<y3-Oi)^l is the second invariant of the deviatoric 

stress tensor. Figure 3.1 shows a plot of the two yield criterion in principal stress space. 

The Von Mises yield surface plots as a cylinder in three-dimensions which extends into 

and out of the page. Similarly, the Tresca criterion is represented by extending the hexa

gon shown in Fig. 3.1 into and out of the page. 

If, however, the material is such that yield is not independent of the hydrostatic 

stress, i.e. tensile and compressive yield strengths may be different, then a different 

model must be used. The Coulomb criterion, dating from 1773, was proposed for granu

lar materials and describes a yield surface by 

where c and (|> are the cohesion and angle of internal friction, i.e. material properties, and 

a and x are the normal and shear stresses respectively. Mohr in 1900 used his stress cir

cle to restate Eq. (3.13) in terms of the principal stresses. Then graphically, failure oc-

ciirs when the stress state is such that Mohr's circle just touches, or is tangent to. Cou

lomb's yield surface as shown in Fig. 3.2. Then mathematically, Eq. (3.13) becomes 

|T| = c-atan(0) (3.13) 

(3.14) 
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where ai>02><T3. Eq. (3.14) can be further reduced to 

Zl -£±=I 
f, fc (3.15) 

where ft'=(2c cos(j))/(l-sin(|)) is the strength in simple tension, and fc'=(2c cos<l))/(H-sin<|)) 

is the strength is simple compression. Eq. (3.15) is known as the Mohr-Coulomb failure 

criterion, and it is clear that if ft'= fc\ then the criterion reduces to the Tresca criterion 

where k=fc72=f,72. 

As the Von-Mises (VM) criterion can be considered a "smooth" version of the Tre

sca criterion, so the Drucker-Prager (D-P) criterion can be considered a "smoothed" 

Mohr-Coulomb criterion. The D-P criterion [31] is an extension of the VM criterion in 

which another term, alt, is added to include the effect of hydrostatic pressure, 

aI^+y/7^-k = 0 (3.16) 

Where 1| is the first invariant of the stress tensor. Then if a is equal to 0, Eq. (3.16) re

duces to Eq. (3.12). 

Similar to the VM criterion which plots as a cylinder in three dimensions, the D-P 

criterion is represented in 3D by a cone with centerline along the hydrostatic line. 

3.4 Flow Rules 

As material behavior can now be defined up to and including the yield surface, it is 
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necessary to define the constitutive behavior of the material after yield. In 1928, Von 

Mises proposed the concept of a plastic potential function in which the direction of plas

tic strain is defined by the normal vector to the potential flmction at the location of 

yielding [31 ]. Then the plastic flow equation can be written as 

de^j=dk^ (3.17) 
aff/ j  

where g is the plastic potential function, and Sk is a factor of proportionality which is 

nonzero when plastic deformations occur. A special case of plastic deformation occurs 

when the plastic potential function coincides with the yield function such that f = g. 

Then, using the Von Mises yield function where f = J2 - k~ = 0, the plastic potential 

function can be expressed as 

da^ j  

where Sy = (Ty - 8jjCTkk/3 is the deviatoric stress tensor and Sjj is the kronecker delta. Then 

the components of the plastic strain tensor are proportional to the components of the de

viatoric stress tensor for the Von Mises yield criterion. This rule relating the plastic flow 

to the yield surface is known as the associated flow rule, or the normality rule since the 

direction of plastic flow is normal to the yield surface. The associated flow rule can be 

applied to the other yield criteria discussed to produce equations similar to Eq. (3.18). 
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3.5 Hardening 

Certain materials experience increased stresses with increased strains even after 

yielding has occurred. Such behavior is known as work hardening or hardening and can 

modify the shape of the yield surface. Three simple cases of hardening are isotropic 

hardening, kinematic hardening, and a combination of both or mixed hardening. Iso

tropic hardening is based on the assumption that yielding in any direction (e.g. tension 

or compression or other) leads to an increased yield stress in all directions proportion

ately such that the center or centriod of the yield surface does not move. For the Von 

Mises yield surface in Fig. 3.1, this means that the circle shown will increase in size but 

its center will remain at the origin of the axes. Kinematic hardening makes the assump

tion that the size of the yield surface does not change with hardening, but the location of 

the center does. Again for the Von Mises yield surface of Fig. 3.1, this means that the 

circle will move in the direction of the yielding, but will not change in size. Then, for a 

material which yields in tension, the compressive yield strength will be reduced since 

the surface has shifted in the tension direction. Most materials will not exhibit pure iso

tropic or pure kinematic hardening, but will instead display properties of both. For these 

cases, it is possible to combine isotropic and kinematic hardening with proper weighting 

factors to accurately describe the post yield behavior of the material. 

3.6 Damage Models 
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The previously discussed elastic and plastic models lend themselves readily to met

als and materials with clearly definable elastic ranges and yield points or yield surfaces. 

Materials which do not exhibit an elastic range prior to yielding, but instead deform 

plastically from the beginning of the load history, i.e. continuously yielding materials as 

discussed earlier, are more readily described by another type of model, the damage 

model. 

Kachanov [33, 34] introduced the idea of using a single variable or set of variables 

to describe the changing state of the microstructure of a material in order to study the 

effects of void growth in metals undergoing creep. In so doing, he outlined the frame

work of continuum damage mechanics by defining the three basic elements of a damage 

model: a definition of damage, an equation for the damage, and a constitutive relation 

between strains, stresses and damage. The term damage in damage models typically de

scribes the portion of the material which has cracked, broken, or adjusted to its final 

state. The damage, O), can then be quantified by measuring the amount of damaged ma

terial as a fraction of the total material, or 

where Vq is the volume of damaged material and Vo is the total volume. Then the vol

ume of damaged material must be defined or measured in order to evaluate the damage 

in the specimen. For some materials, damage may be assumed to be directly related to 

the amount of cracks in the material, or the crack density. Then for uniaxial loading, the 
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damage at a cross section can be defined as the fractional area of cracked material, or 

where Ad is the area of cracked material, and Ao is the total area. The stress at this cross 

section is resisted entirely by the uncracked material such that the actual stress in the 

material can be calculated from 

where & is the actual stress in the uncracked material, and a is the stress calculated 

from P/Ao where P is the load applied at the cross section. Then assuming a linear stress 

strain relationship with elastic modulus, the actual stress may be calculated from 

where e is the total strain in the material, and therefore, the observed elastic modulus is 

(3.20) 

<j = E„{l-(o)e (3.22) 

E = E„(l-co) (3.23) 

Hence, damage is defined as the fractional area of cracked material from Eq. (3.20), 

and the constitutive relation is defined by Eq (3.22) leaving only the equation for the 



damage to be defined. This equation is necessary for predictions of material behavior, 

and can be difHcuIt to develop, especially for a brittle material in which nearly all defor

mation is elastic. If however, it is assumed that the plastic strain is significant, then dam

age can be related to the plastic strain such that it becomes a "measurable quantity" in 

the sense that it can be calculated directly from a measurable quantity. Suppose then that 

the equation is defined in terms of the ratio of plastic strain to total strain as 

Then substitution of Eq. (3.24) into Eq. (3.22) gives a constitutive model for the mate

rial in terms of the parameters A and n, which remain to be defined as 

The parameters, A and n must be found from laboratory testing by using Eq. (3.24) in 

combination with Eq. (3.20) to relate damage and plastic strain with the area of cracked 

or broken material. Unfortunately, the area of cracked material may be very difficult to 

measure, in which case, the damage may be calculated indirectly from the unloading 

slope of the stress-strain response at various locations from Eq. (3.24). It then becomes 

possible to define these parameters, and back predict the stress strain response. 

(3.24) 

(3.25) 
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Damage models inheremly have an advantage over other plasticity models in that 

they attempt to group all of the changes in the material, which cause a deviation from 

"perfect" behavior, into a single parameter. Hence damage models can include the ef

fects of yielding, hardening, softening, cracking, etc. in a simple framework, with fewer 

parameters than other plasticity models. 

However, this inherent assumption of the damage model can also limit its applicabil

ity since it does not consider specific failure mechanisms. For example, perfectly plastic 

behavior would be very difficult to predict with the classical damage model because as 

yielding is occurring, material particles are reorganizing, plastic strain is increasing, 

damage is increasing, but there is no change in stress. In addition, it is impossible for the 

damage model to describe stifrening or healing, which occurs in some materials. It is de

sirable, then, to develop a material model, which can include classical plasticity models 

as special cases, but can also consider damage as a simplified parameter to predict mate

rial response. 

3.7 Disturbed State Concept fPSC) 

The Disturbed State Concept (DSC), although similar in appearance to the classical 

damage model, is fundamentally different; it is more general and can include the dam

age model as a special case [16]. The DSC assumes that any given material has two ref

erence states defining the limits of its behavior and that the observed stress-strain re

sponse is somewhere between these two reference states determined by a parameter 
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called disturbance. Fig. 1.1. The Relative Intact (RI) state defines the upper limit of the 

material behavior, and can be considered to be the behavior in the absence of factors 

which would cause disorder, increased entropy, or loss of energy. The Fully Adjusted 

(FA) state defines the lower limit of the material behavior, and can be considered to be 

the behavior which maximizes entropy, and in which no ftirther damage or restructuring 

can occur. The two reference states are connected and related by the disturbance pa

rameter, giving the model the general capabilities of the classical damage model with 

the ability to use any constitutive relation, including classical plasticity models, as refer

ence states. 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 [16]. 

The RI state can be defined in a number of ways. It can be defined, for example, as 

the linear elastic response neglecting microcracks. or it may be defined as the elasto-

plastic behavior neglecting fnction, which would cause loss of energy. A constitutive 

model such as the So version in the hierarchical single surface (HISS) concept [16] is of

ten used to represent the RI state, 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 firom its initial intact state. Therefore, the 

choice of the constitutive model to define the RI state that will allow characterization of 

the necessary material parameters will depend on the type of material and laboratory 

data. 
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As the material is loaded, (i.e. loaded, unloaded, etc.) parts of the material may 

change from the R1 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, dis

continuities, and microcracking. At the local level, the material particles may experience 

instantaneous instability and move (e.g. translation and rotation movements are possi

ble). The measured response at the macro level will integrate all of the material re

sponses 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 re

sist both shear and normal stresses. If the FA material is considered to be like a con

strained 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 [34]). 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 mod

els. 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 be

havior 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 re

search, 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, [16] 

(T-=(I-D)(T,^+Da,5 (3.26) 

where Cij is the stress tensor, the superscripts i, a, and c correspond to the RI, observed, 

and FA behaviors respectively, and D is the disturbance assumed to be a scalar in a 

weighted sense, Fig 1.1. The incremental form of Eq. (3.26) is given by 

dal = (1 - D)alj + Dal + > (3.27a) 

or 

dal = (1 - D)Clj^,de'u + DClude'u + dD{al -a',j) (3.27b) 

where Cyki is the constitutive tensor and dD is the increment or rate of disturbance. The 

one-dimensional specialization of Eq. (3.26) is given as 

<7" =(1-D)a'+D<T" (3 28) 

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

disturbance as, [16] 

E "  = ( ! - £ > ) £ '  (3.29) 



G "  = i l - D ) G '  +  D C  
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(3.30) 

where Poisson's ratio is constant. Alternatively, the disturbance may be expressed in 

terms of stress or elastic modulus as 

D = £ U £ l  ( 3 . 3 l a )  
(J —(T 

IT' _ C" 
D^=-V-^ (3-31b) 

^  f ' - r  

where denotes observed modulus at a given state, Fig 1.1. Using Eq. (3.31a), the dis

turbance can be calculated at any point on a measured stress-strain response. The plastic 

strain can also be calculated at any point from 

a" 
^ (3-32) 

where e is the total strain, £p is the plastic strain, is the observed stress, and E can be 

assumed to be the initial elastic modulus, E'. A plot of disturbance vs. plastic strain for a 

typical sample (1-4, ref chapter 5) is shown in Fig. 3.3. 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 3.3 suggests that the distur



65 

bance can be approximated as an exponential function of the plastic strain in the form 

D = DS\-e-''n (3.33) 

where Du is the ultimate disturbance (usually 1.0), Ep is the plastic strain, and A and Z 

are constants to be defined. Rearranging Eq. (3.33) into the slope intercept form gives 

y  =  Z x  +  ln(.4) (3.34) 

where y = ln(-ln(l-D/Du), and x = In(ep). Figure 3.4 shows a plot of y vs. x for a typical 

sample (1-4). 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 £p from Eq. 

(3.32) into Eq. (3.33) and then substituting D from Eq. (3.33) into Eq. (3.28), gives an 

implicit relation between the observed stress and the total strain in the form 

a" = 1 - A  

/y 

T ' + A ,  (3.35) 

where a' and & are the RI and FA stresses respectively. Equation (3.35) can then be 

used to predict the stress strain response of a material. The correlation between the DSC 

and the parameters measured from the nondestructive testing will be given in chapters 4 

and 5. 
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CHAPTER 4 

PHASE 1 EXPERIMENTAL STUDY AND RESULTS 

4.1 Overview 

In the phase 1 research, the nondestructive Lamb wave technique is used to experi

mentally identify the disturbance (damage) before and after mechanical testing of mortar 

specimens; mortar is used in the initial research as a substitute for concrete. The mortar 

specimens are tested to measure their stress-strain response under uniaxial loading. The 

procedure developed herein integrates nondestructive testing (NDT) (section 2.13) and 

the Disturbed State Concept (DSC) for constitutive modeling of materials (section 3.7); 

it is called the NDT-DSC method. The information provided by the analysis 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. 

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 of in-situ structural materi

als like concrete. Measurements such as dispersion curves and attenuation for difTerent 

frequencies and incident angles are obtained firom the Lamb wave technique (refer to 

section 2.13. Mortar specimens were tested in compression and in tension such that elas

tic properties can be estimated for both. Separate samples were tested nondestructively 

using Lamb waves to find the "intact" properties of the material. These samples were 

loaded to failure and then tested again nondestructively to determine how the samples 

were affected by the loading. A correlation between the pre and post damage properties 

is made using the Lamb wave analysis, and the stress-strain data. 
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4.2 Specimen Preparation 

The samples were made from mortar with an average 28-day compressive strength 

of 20 MPa (2920 psi). The mortar was of type N with a sand cement ratio of 3:1 and a 

water cement ratio of about 0.65. For testing and reporting purposes, this material was 

labeled material 'A'. A block of mortar was poured and allowed to cure outdoors for 48 

hours. Then the block was placed in a humidity room and cured for two weeks, after 

which, it was removed and samples were cut from it. The diamond blade saw used to cut 

the samples was very precise, and the variance of the sample thickness was less than 0.8 

nun (.03 in) in all cases. Figure 4.1 shows details of approximate sample dimensions. 

Two strain gauges were attached to each Tension and Compression sample; one in 

the axial direction, and one in the lateral direction. The strain gauges measured 3.18 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 compression samples were capped on both ends with a hard ceramic material 

called Hydrostone (Fig. 4.1). The Hydrostone powder was mixed with water making a 

pasty substance, which was poured onto the top and bottom surfaces of the samples. An 

acrylic plate was used to form the Hydrostone to a very flat surface. The hardened Hy

drostone had a much higher compressive strength than the mortar (~ 10,000 psi). The 

ends of the compression samples were lubricated with a silicon spray to minimize con-

flnement from the loading platens. 
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The ends of the tension samples were fixed into special steel molds using a gel ep-

oxy (refer to [35] for more information on the epoxy used). The tensile strength of the 

epoxy was much higher than that of the mortar. The molds, rather than the sample, were 

gripped by the testing device. 

The NDT samples were prepared similar to the compression samples. However, only 

one strain gauge in the axial direction was attached to the NDT specimens. The NDT 

specimens were longer to allow for the transmission of the Lamb wave using the setup 

shown In Fig. 4.2. 

4.3 Chemical Loading 

The original project proposal described the simulation of environmental attack by 

placing the specimens in a hostile chemical environment (sodium sulfate solution) for 

various time periods: 3 months, 6 months, 12 months, etc. The degradation in strength 

due to the sulfate attack, however, was negligible after 6 months and this method was 

abandoned. 

In phase 2 of the research, environmental damage is simulated by different mixtures 

of mortar, I, II and III. The mixtures will have different sand/cement ratios such that I 

will have lower strength than II, which will have lower strength than III. The different 

properties (deformation and strength) of the different mixtures are assumed to simulate 

indirectly the modification of such properties due to environmental (or chemical) load

ing. Hence, mixture ' IIP can be considered to represent the mortar at time = 0 and mix

tures 'ir and T will represent the same mortar at later times. The samples will be tested 
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nondestructively and mechanically so that a correlation can be made between the 

strength of the mortar and the Lamb wave frequency scan. The phase 1 research, how

ever, is limited to one mortar mixture. A, which is damaged mechanically by a testing 

device. 

4.4 Mechanical Test Procedure 

The research and testing discussed in this chapter involves mortar mixture A (as dis

cussed in section 4.2) only. Details of testing of other mixtures will be given in chapter 

five. Specimens cast from mixture A were tested nondestructively, loaded to failure, and 

then tested nondestructively again. A relation between the frequency scan and the inter

nal damage of the material is derived. This method can then be expanded to include the 

other mortar mixtures. It is more desirable to continuously read the nondestructive 

measurement while the sample is undergoing mechanical loading, however this could 

not be accomplished with the available equipment. 

The test setup is shown schematically in Fig. 4.3. The two strain gauges were con

nected to the computer through wheat-stone bridge circuits. A spherical swivel joint is 

placed at the base of the sample to allow for small inconsistencies in the level of the 

sample surfaces. The MTS hydraulic actuator is controlled by the MTS Teststar II unit, 

which in turn, is controlled by the computer. The load cell and LVDT feed into the MTS 

control unit, and the data is recorded by the computer. 

Compression samples (A-Kompl, A-Comp2) were loaded to peak with unloading at 

various points (displacement intervals) to determine elastic modulus at these points. The 
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loading continued until the samples could no longer support a nominal load (440 N (100 

IbO)- In order to capture the unloading curve and points just after peak, it is important to 

load the specimen very slowly. For this reason, the displacement rate used was variable. 

The samples were loaded at 0.152 mm/min (.0001 in/s) to 0.41 mm (.016 in) at which 

time the rate was dcr^cased to 0.0152 mm/min (.00001 in/s). This rate was maintained 

until a displacement of 1.02 mm (.04 in) was reached, at which time the rate was 

changed back to the original rate until the end of the test as defined above. In this way, 

the samples were loaded very slowly near the peak only. The samples were unloaded at 

displacements of 0.41 mm (.016 in), 0.76 mm (.03 in), 1.02 mm (.04 in), and 1.27 mm 

(.05 in). 

For the tension samples (A-Tensl, A-Tens2), the mortar was expected to fail at a 

small displacement, and therefore, the displacement rate was held constant at 0.0152 

mm/min (.00001 in/s) for the entire test. The samples were scheduled to be unloaded at 

a displacement of 0.0127 mm (.0005 in), but they broke before reaching this displace

ment. 

Nondestructive testing samples (A-NDTU A-NDT2) were loaded in compression 

only, and the displacement rate was such that the strain rates were the same for both the 

NDT samples and the compression samples. 

Comment: 

In no case did the Hydrostone or the epoxy fail. 

The failure of the tension samples did not occur at the grips. 
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4.5 Nondestructive Test Procedure 

The Nondestructive testing was performed with a Wavetek 100 MHz Arbitrary 

Waveform Generator (Model 395) controlled by a PC. The Computer served as both the 

control and data acquisition devices. Fig. 4.4. The signal was amplified before entering 

the transmitter, and the received signal was filtered before entering the Wavetek. 

The NDT samples were subjected to Lamb wave frequency sweep testing. The sam

ples were submersed in water (immersion), and transducers were used to send a signal 

into the sample at various incident angles, 6 - Fig. 4.2. A wooden block was used to 

stop direct transmission of the wave through the water; wood is used because it has high 

attenuation, and waves will not travel very far through it. The transducers used had a 

central frequency of SCO kHz', and a frequency scan was performed for each of five in

cident angles (10°, 15°, 20°, 25°, 30°) in order to plot the Amplitude vs. Frequency, V(f), 

curves. The range of the scan was between 100 kHz - 1000 kHz for all samples and all 

angles. Different angles were used in order to determine the optimal angle for producing 

the most consistent results. 

Each Sample was subjected to a Lamb wave frequency scan before and after being 

loaded mechanically such that V(f) curves were obtained for the undamaged (relative 

intact or RI) state, and for the damaged (fully adjusted or FA) state of the sample. 

The transducers are used to translate an electrical signal into a mechanical vibration 

I. Transducers use crystals to cause mechanical vibrations when excited by electrical current. The central frequency 
of the transducer is the resonant fi%quency of the crystal. 
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and vice versa. The transducers contain a crystal which vibrates when subjected to an 

electrical current, and which generates an electrical current when forced to vibrate. In 

this manner, the magnitude of the voltage in the received signal corresponds to the am

plitude of the mechanical vibration of the crystal. When the crystal is forced to vibrate, 

work is done, and this work is reflected in the amplitude of the measured signal. Since 

work is energy, the amplitude of the measured signal (Volts) can be considered to be an 

indirect measurement of the transmitted energy. 

4.6 Test Results 

The mechanical test results are presented in Figures 4.S and 4.6. The stress-strain re

sponses are shown for samples A-Compl, and A-Comp2. The stress-strain data for sam

ples A-Tensl, and A-Tens2 was very chaotic and hence, some of the data is not pre

sented. From the two compression tests, the average values of the intact Elastic modulus 

(£') and Poisson's ratio (v*) were found to be 8.62 GPa (1250 ksi) and 0.19, respec

tively. Only the compression tests were considered at this time because the NDT sam

ples were loaded in compression only. The average value of the elastic modulus (for the 

two compression samples) near the ultimate condition (£*0 was found to be 0.724 GPa 

(105 ksi). The Poisson's ratio was assumed to be 0.49 due to plastic deformation and 

small volume change; it could not be measured near the ultimate condition because the 

strain gauges were usually broken. 

Theoretical dispersion curves (section 2.13) were generated based on these measured 

and assumed elastic properties and are shown ui Fig. 4.7. As explained in chapter two, a 



75 

change in elastic properties (due to damage in the specimen) will lead to a change in the 

dispersion curves, and therefore, the dispersion curves can be used to estimate changes 

in elastic properties and also damage. Figure 4.8 shows the Lamb wave V(f) curves for 

the Ave different incident angles for the sample A-NDTl. The measured amplitude vs. 

frequency results relate to the intact specimen before testing and the "failed" or dam

aged sample at the end of testing as shown. A summary of the results of the V(f) scans is 

given in Fig. 4.9. 

4.7 Discussion of Test Results 

Figure 4.9a shows three significant measurements from the nondestructive testing of 

specimen A-NDTl; the number of peaks, area under V-F curve, and maximum peak 

amplitude. A number of observations can be made based on Fig. 4.9. 1) The number of 

peaks detected after damage is much higher than the number of peaks detected before. 

Referring to Fig. 4.7, it is clear that a material with low elastic modulus (damaged 

material or FA) is capable of propagating many more Lamb modes than a material with 

a high elastic modulus (undamaged material or RI). Then it should be expected that a 

damaged material will shown more peaks on the V(f) curve, ref Fig 2.7. The increase in 

the number of peaks is, therefore, a strong indication that the material has been damaged 

in some way. 2) There is a decrease in the area under the V(f) curve. A, in the failed 

material. This area can be related to the transmitted energy. It is clear that for each 

incident angle, A is significantly smaller after loading (Fig. 4.9a). This is also an 

indication of the amount of internal damage the sample has experienced. 3) The 



maximum amplitude of the scan decreases after loading. For each incident angle, the 

maximum peak before loading is much higher than the maximum peak after loading. 

For most of the angles, the post failure V-F curve had to be magnified in order to 

identify the peaks. 

The effect of the incident angle can also bee seen in Fig. 4.9. The post loading V(f) 

scan for angles less then 25 degrees gave values of peak amplitude and A which were 

hardly distinguishable from the noise in the system (they have been magnified in the fig

ure). Although this shows that the sample is broken, the results are not reliable, and, 

hence, an angle of at least 25 degrees should be used. Note also that the larger incident 

angles correspond to slower traveling waves. Fig. 4.7. 

The results are also presented for sample A-NDT2, Fig. 4.9b. However, the changes 

in the V-F curves are not as pronounced as for sample A-NDTl. This is because the 

sample broke in a manner that made it impossible to pass Lamb waves through the 

damaged region (illustrated in Fig. 4.10), and the readings taken do not represent a fully 

damaged state. 

4.8 Correlation between DSC arid Nondestructive Behavior from Lamb wave 

Measurements 

A relation between the disturbance parameter and the non destructive measurement 

is desired such that the Lamb wave results can be correlated to the DSC to predict the 

current stress strain response and remaining life of a material. The area under the V(f) 

curve. A, for example, decreases after the material has been damaged. Therefore, it 
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stands to reason that A can be used to define the disturbance, and the location of the cur

rent state of the material on the stress-strain response. Once this location is known, it 

may be possible to determine the remaining life of the structure under investigation. At 

this time, V(f) curves and values of A are known for a specimen before and after testing 

(i.e. A' and In-situ Lamb wave measurements, from field testing, will give the value 

of A'* for a specific structure. Then the disturbance parameter can be defined as 

For the prediction of material behavior, the initial elastic modulus, E', can be calcu

lated from available tests at the time of initial design, or it may be found from specimens 

cast and tested for the composition of the material (concrete) used in the structure under 

investigation. The values of E® and <f can be based on laboratory testing or they can be 

assumed; they can often be assumed zero for simplicity. The values of A'and A*^ must 

initially be found from Lamb wave testing of the material in question before and after 

mechanical testing. Once these properties are found, however, they can be considered 

material properties. Then a correlation can be made between the disturbance calculated 

from NDT properties. Da, and the disturbance calculated fix)m mechanical loading Dg. 

Using this correlation and the adopted reference states, it is possible, for example, to 

predict the current stress of the material firom Eq. (3.28) 

(4.1) 

a "  = { \ - D ) a '  +  0 0 '  (3.28) 
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Following is an example showing the step-by-step procedure for determining; 1) the 

stress-strain response, 2) the location of the current state of the material on the stress-

strain response, and 3) the peak stress and strain. This analysis uses the stress-strain data 

from the mortar samples. 

4.9 Example 1 

Part i - Back Prediction of Stress-Strain Response 

It has been shown that Lamb wave V(f) curves are affected by damage in a thin 

mortar plate. Fig 4.8. A material model is now desired such that nondestructively 

measured parameters can be associated with the current state of damage which can lead 

to prediction of current stress strain response and remaining life. 

The following procedure uses foregoing figures and derivations to show the method 

to determine the disturbance parameter, D, which can then be used to predict current 

stress-strain response. 

The stress-strain response of sample A-Compl is shown in Fig. 4.5a. The first step is 

to calculate values of disturbance and plastic strain at a number of locations on the stress 

stain response using the reference states and the following equations. For this example, 

the RI and FA states are given by, respectively 

<T;=60 

(4.2) 

(4.3) 
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where E' = 1250000 is the initial Elastic Modulus, and k is a counter denoting incre 

ment. The Disturbance is calculated from Eq. (3.31a) as 

The corresponding elastic strain, £«, and plastic strain, Cp, are given by 

where £k is the total strain at point k. Then the disturbance can be expressed in terms of 

the plastic strain, Ep, as in Eq. (3.33) as 

where A and Z are material parameters to be defined, Du is the ultimate Disturbance 

(Usually 1.0), and the subscript a signifies that the disturbance is calculated firom stress 

rather than NDT. A and Z are then determined by generating a plot of ln(-ln(l-D/Du) vs. 

ln(£p) as in Fig. 3.4. Details of the derivation and procedure for determining A, Z, are 

given in section 3.7. 

Then with values assigned to A and Z, Eq. (3.35) below can be used to back predict 

(4.5) 

(4.4) 

(3.33) 
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the stress-strain response. Figure 4.11 shows that the back prediction compares very 

well with the test data. 

<T" = 1 -A 
-A\ £ 

l — e  

/ \ 

[T' + D., 

// 

l - e  -)1 
(3.35) 

Part ii - Independent Prediction of Stress-Strain Response 

To validate the model, an attempt is made to predict a separate and independent 

stress-strain response using the disturbance equation and the Rl response as in Eq. (4.2). 

Figure 4.5b shows the stress-strain response for sample A-Comp2, which is 

made from the same mortar mixture as A-Compl, but the stress-strain behavior is some

what different. The prediction procedure is similar to part i, but this time, it is assumed 

that o'lc = 0 such that the only properties required for the prediction are the initial elastic 

modulus, and A and Z. Then choosing a total strain increment, the stress is again calcu

lated from Eq. (3.35), and the stress-strain response can be predicted as shown in Fig. 

4.12. Of primary importance is the fact that this graph has been derived using only the 

disturbance ftmction defined for this material and the assumed RI and FA behaviors. 

The total strain increment is arbitrary. 

Part ill - Current Location on Predicted Stress Strain Response 

To determine the location on the predicted stress strain response, it will be assumed 

that a field measurement of A has been taken, A^ and the value is given below. For this 

example, the data for sample A-NDTl is used, where the initial and final values of A 
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are: 

A'=3265 A'==1170 

and A andZ are 

A = 73.9 Z = 0.769 

Then assume that the value of A measured in the field, A'* = 1500 such that the distur

bance is calculated from Eq. (4.1) as 

D = A'-A" 

A'-A" 

D = 0.842 

(4.1) 

The plastic strain, £p, can be calculated by rearranging Eq. (3.33) to give 

(4.6) 

Ep = 0.00826 

The total strain can be found by substitution of Eqs. (4.2) and (4.4) into Eq. (4.5), and 

solving for Ea to give 

I. These values are markedly different from the values in the Phase 2 research because the stress units 
used for the derivation in Phase 2 are psi, and the units used here are ksi. 
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£"=££._£! (4.7) 
D E' 

£^ = 0.00981 

and the predicted stress from Eqs. (3.28) is 

a "  = ( \ - D ) a '  +  D a '  ( 3 - 2 8 )  

<f = 1937 psi 

The location on the stress-strain response is shown in Fig. 4.13. It can, therefore, be con

cluded that, for a given material with known properties, if the disturbance can be deter

mined (through nondestructive testing), then the current state of the material can also be 

determined using the method described above. 

Part iv - Prediction of Peak Stress and Strain 

The peak stress and peak strain may be fotmd from conventional methods. Once 

again, using Eq. (3.35), the stress is expressed in terms of the strain as 

£7" = 1 -A 
I L  I  1 J'+D.. l-e ^ 

// 

(3.35) 

Then after substitution of the RI and FA behaviors, Eq. (3.35) can be dififerentiated with 

respect to e in order to find the strain at peak stress. This value of strain can be substi-
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tuted back into Eq. (3.35) to find the maximum stress value on the predicted stress strain 

response. 

Then using the values determined here, the design value for peak stress can be deter

mined by the following relation (see Fig. 1.1): 

If D > Dp Design peak stress = o° 

If D < Dp Design peak stress = Op 

Elastic modulus and Shear modulus can be determined from Eqs. (3.29) and (3.30). 

4.10 Example 2 

An alternative procedure for predicting the stress-strain response of the material in

volves the measurement of nondestructive properties at only two points - the intact or 

RI state, and the totally damaged or FA state. If the area under the V-F curve is defined 

as A (similar to Example 1), then the two required values are A', and A*^. The distur

bance can be assumed to be 1.0 at A' and some small non-zero value at A*^. Then, using 

only these two points and following the procedure of Example 1 Part i, a similar distur

bance relation can be obtained in the form. Fig. 4.14. 

where Z* = slope of the regression line as before except that here, it is defined in terms 
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of A instead of plastic strain,, Y is the y-intercept of the regression line, also from A in

stead of plastic strain. Assuming the value of disturbance is the same for a given stress 

state regardless of the method of measurement, then Eq. (4.8) is equal to Eq. (3.33), i.e. 

The value of A found from Eq. (4.10) is plotted for various values of Ep in Fig. 4.15. 

This simple correlation between a NDT parameter and plastic strain can be used to pre

dict current stress-strain response by following a procedure similar to Example 1 parts ii 

and iii. The ratios A/A' and Z/Z' may be defined as material properties for the structure 

under consideration. 

It should be noted here that the research conducted, and the DSC analysis, which 

was performed, have been one-dimensional. This is not a limitation of the DSC. In fact, 

the parameters used in the DSC may be found from a one-dimensional analysis and then 

used for a 3-D analysis. The example given above, although simple, serves to show the 

methodology in the NDT-DSC method. 

(4.9) 

Solving (4.9) for A gives 

(4.10) 
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Fig. 4.10—Failure of sample A-NDT2 
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CHAPTER 5 

PHASE 2 EXPERIMENTAL STUDY AND RESULTS 

5.1 Overview 

The phase 2 research is similar to the phase 1 research except that the damage, 

which is measured by the Lamb waves is simulated by using different mixtures of mor

tar. The original proposal suggested using chemical attack to damage the specimens, 

but this was unsuccessful, refer to section 4.3. The reasons for choosing different mix

tures to represent damaged material are as follows: 1) Environmental damage is a fairly 

uniform affect, whereas damage due to mechanical loading, as in the phase 1 research, 

can be concentrated at the location of fracture. A weak mortar will uniformly have weak 

mechanical properties, similar to an environmentally damaged strong mortar. 2) As a 

strong mortar, or granular material, is damaged, microcracks will develop which serve 

to weaken the bond between particles. Similarly, a weak material inherently has weak 

particle bonds. 

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

mens to determine stress-strain response and elastic properties. As before, mortar is used 

in this initial research as a substitute for concrete. Four sets of samples were tested both 

nondestructively and mechanically. Sample sets I, II, and III are used to develop the 

firamework 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 
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ftom difTerent mortar mixtures (Table 5.1) with different strengths. Each sample set 

contains five samples. 

5.2 Specimen Preparation 

Typical sample dimensions are shown in Fig. S.l'. Sample dimensions were chosen 

such that the wave would travel through a significant amount of material, but would not 

be too weak to read at the receiver. The thickness of the plate must be small compared 

to the other dimensions in order to propagate Lamb waves, see section 2.13. 

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 fi'om it. Two 

strain gauges were attached to each sample; one in the axial direction, and one in the lat

eral direction (only axial was used for Sample set IV because the average value of Pois-

son's ratio does not vary significantly. Table 5.2). 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. 

5.3 Mechanical Test Procedure 

I. The question was raised during the phase I research as to why different samples and difTerent size samples were 
used for the NDT and the mechanical testing. In the phase 2 research, the same samples were used for both NDT and 
mechanical testing. 
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All tests were displacement controlled. The test setup is shown schematically in Fig. 

5.2. Each sample was loaded in compression with unloading at various points 

(displacement intervals). The test continued until the samples could no longer support a 

nominal load. The samples were loaded at a very slow strain rate (~2 x lO'^/sec) such 

that it was possible to read several points on the post peak softening curve. Fast loading 

rates lead to more sudden failures making it difficult to record many data points on the 

softening curve. Load, displacement, axial strain, and lateral strain were recorded at load 

intervals. 

5.4 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 im

mersed pitch-catch arrangement. The computer served as both the control and data ac

quisition devices. Fig. 4.4. The Wavetek generated signal was amplified before exciting 

the transducer, and the received signal was filtered before entering the computer (A/D 

converter). 

The transducers are used to translate an electrical signal into a mechanical vibration 

and vice versa. The transducers contain a crystal which vibrates when subjected to an 

electrical cunent, and which generates an electrical current when forced to vibrate. In 

this manner, the magnitude of the voltage in the received signal corresponds to the am

plitude of the mechanical vibration of the crystal. When the crystal is forced to vibrate, 

work is done, and this work is reflected in the amplitude of the measured signal. Since 
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work is energy, the amplitude of the measured signal (Volts) can be considered to be an 

indirect measurement of the transmitted energy. 

The NDT samples were subjected to Lamb wave frequency sweep testing. The 

transducers used had a central frequency of 500 kHz. (Transducers use crystals to cause 

mechanical vibrations when excited by electrical current. The central frequency of the 

transducer is the resonant frequency of the crystal). A fi-equency 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. 4.2. The range of the scan was between 100 kHz and 800 

kHz for all samples. 

5.5 Test Results 

Details of both mechanical and nondestructive testing are given in Appendix A. The 

results of the mechanical tests are shown in Table 5.2; some data from sample set III is 

omitted because the samples exceeded the capacity of the testing device. The three mix

tures cover a wide range of peak strengths; the average values are reported for each set 

of samples. The parameters A and Z are used in the DSC to define degradation and to 

predict the stress-strain responses. 

Figure 5.3 shows the V(f) curve for a typical specimen (sample III-3); the maxi

mum 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 phase 2 re

search, 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 pealc 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. Hz. For simplicity, A is defined as the area under the 

V(f) curve, as in the phase 1 research, which is an indirect measure of the transmitted 

energy (see previous section). 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 Action of the attenuation' of the material, and is 

therefore affected by the presence of micro damage in the material as well as the ampli

fication of the system, and the distance of travel of the wave in the specimen. Unfortu

nately, 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 how

ever, 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 de

tailed explanation of this prediction method is given in the next section. 

Table S.2 and Fig. 5.4 summarize the results of the nondestructive testing; the pa

rameters shown in Fig. 5.4 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. 

5.6 Discussion of Test Results 

A number of observations can be made firom Fig. 5.4: (1) The number of peaks de-

I. Anenuation is the rale of energy loss as a wave propagates through a material. High attenuation in a material 
means that a wave will lose energy quickly. 
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tected 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. Note that these are the same observations made in chapter 4 

for the phase 1 specimens that were damaged by mechanical means. This gives support 

to the assumption that real damage can be simulated through the use of different materi

als, as is done in this phase of the research. It is important to point out, as before, that 

the measured number of peaks on the V(f) curve corresponds to the number of possible 

modes of propagation for Lamb waves as shown in Fig. 2.7. Then, from Fig. 4.7, an in

crease in the number of modes of propagation indicates a decrease in the elastic 

modulus of the material (the Poisson's ratio does not affect the dispersion curves very 

much). This decrease in the elastic modulus of the specimen is synonymous to damage, 

and therefore, an increase in the number of measured peaks on the V(f) curve, indicates 

that the material has been damaged. 

Since the weaker mixtures are used to simulate the disturbance (damage), it is hy

pothesized that as the material experiences damaging effects, the number of peaks in

creases, and the maximum peak value and A decrease. Fig 5.4. It follows then, that a 

value of damage or distiirbance, 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 cor

relation and independent prediction are given later. 
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5.7 Correlation Between DSC and Lamb Wave NDT 

For the current research, an exponential function, similar to the Voce model (Eq. 

(3.8)), is used to define the RI behavior as 

(5.1) 

where E = E' is the initial elastic modulus, B = E/{2<f) and o'' = peak stress. The FA 

behavior is defined as a small constant value of stress. Substituting Eq. (S.I) into Eq. 

(3.35) gives 

<T" = 1-A, £(i-, .-Be )+D. l - e  

/ \ 
-.4 r— 

(5.2) 

which can be solved numerically to back predict the stress-strain response as in section 

4.9, Fig. 5.5. 

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 pos

sible 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. 

5.8 Model Verification - Independent Prediction 

The disturbance, D, due to the mechanical and environmental loading will change. 
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usually increase, in time. In the subsequent research, it can be defined from tests 

(mechanical and nondestructive) based on measurements in which the loads and envi

ronmental 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 re

lation 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 previously. 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, section 5.4, 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 

A-A" (5.3a) 

A-A" 

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 III 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 1, 

and that of mixture III are approximately Dj = 0.99, and Dm = 0.01. Substitution of these 

values and the values of A (A') firom Table 5.2 gives 
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0 ^ ^  A ' - 4 8 1 3 3  
A' AC \'-A' (5.4a) 

0.01 = 
A'-2711424 (5.4b) 

A'-A' 

Solving Eqs. (5.4) for A' and A® gives 

a' = 2,738,600 mV-Hz 

A' = 20,957 mV-Hz 

The disturbance of mixture II can then be defined from Eq. (5.3a), with A® = An = 

868567, giving Dn = 0.69. The disturbance can also be calculated from the max peak, P, 

or the number of peaks, #p, using Eq. (5.3b) and (5.3c), respectively. 

Now, a value of disturbance has been defined for each mixture. The average values of 

disturbance calculated firom A and the peak stress for the different mixtures are plotted 

in Fig. 5.7. Linear regression is used to fit a line to the data, and the equation of this line 

is given by Eq. (3.28) as 

(5.3b) 

np'-up' 
(5.3c) 

(3.28) 

where Gp is the peak stress and Op' and are the corresponding RI and FA stresses re
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spectively. Then the slope intercept form of Eq. (3.28) is written as 

<T^ = (<T;-(T;)D+a; (5.5) 

where the values of the slope and intercept are given in Fig. 5.6. Here the value of Op 

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 Eq. (5.5). Similarly, the elastic modulus, E, and shear modulus, G, 

can be found by using the same procedure with Eqs. (3.29) and (3.30), and the parame

ters A and Z can be found using Eqs. (5.6) and (5.7) below 

The natural log of A must be used because the parameter varies greatly from one dam

age state to another. Figures 5.7 and 5.S show the variations of some measured mechani

cal and NDT parameters with disturbance calculated from A. It is clear that the only pa

rameter 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, Eqs. (3.29) and (3.30) 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. Di = 0.99 and Dm = 

ln(/l'') = (1 - D) ln(^') + D In(/1^) (5.6) 

Z" =(1-£))Z' + Z)Z' (5.7) 
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0.01, are arbitrary and do not affect the predicted values. Equation (5.S) shown in Fig. 

5.6 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. 

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. This objective can be performed in further research. 

To verify the method described in the previous section, samples from mortar mixture 

IV were tested nondestructively and the parameters were predicted. Table 5.3. The 

stress-strain testing was conducted later. The A value for mortar mixture IV is Aiv = 

153,261 mV- Hz, then the disturbance calculated from Eq. (5.3a) is approximately Div 

= 0.95. From Eq. (5.5), Fig. 5.6, 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 val

ues of E, A and Z were predicted from Eqs. (3.29), (5.6), and (5.7) respectively, and the 

results are given in Table 5.3. Using the parameters A and Z shown in Table 5.3, the 

stress-strain graph of mixture IV has been predicted using each of the three NDT pa

rameters (# peaks, max peak. A) and Eq. (5.2). The results are shown in Fig. 5.9. It is 

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. 
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Table 5.1—Mortar mix ratios 

Mixture Set water cement ratio cement sand ratio 
1 65% 1:12 
II 65% 1:8 
III 65% 1:4 
IV 65% 1:10 

Table 5.2—^Test results for all samples 

1 <W nu Max peak A Z AMO' Ln(A) 
MPa psi GPa Ksi (mV) (mV-Hz) 

1-1 2.64 383 4.16 603 0.19 17 198 52394 TO95 0.8 6.737 
1-2 2.67 387 3.18 461 0.20 13 220 52055 1.039 0.6 6.476 
1-3 2.61 379 4.96 719 0.16 13 206 51909 1.526 10.7 9.277 
1-4 2.78 403 4.67 677 0.18 18 184 31610 1.351 5.8 8.674 
1-5 2.81 408 4.40 638 0.21 10 235 52699 1.693 29.2 10.282 
Ave. 1 2.70 392 4.27 620 0.18 14.2 209 48133 1.341 

11-1 119.912888116.21235010.23 12 3791 1087770 1.474 9.3 9.143 
11-2 20.3 2947 19.1 2771 0.16 10 3059 714872 1.587 11.2 9.323 
11-3 18.1 2632 157 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 0.14 10 3656 933840 1.535 11.5 9.350 
Ave. II 20.7 18.8 2727 0.17 10.8 3518 868567 1.675 9.99 

III-1 53.7 7791 28!9 4193 0.18 9 13524 3381408 2.432 14.335 
III-2 « 29.0 0.18 6 11266 * • • 

III-3 « * « * 6 10140 2501632 « « * 

11-4 51.4 7452 31.4 4547 0.18 5 7850 2201816 2.514 4150.6 15.239 
III-5 « • « 7 11464 2619856 « « * 

Ave. Ill 7622 liJ 4316 0.18 6.6 10849 2711424 14.787 

IV-1 Tea 824 T44 1079 «« 14 440 119091 T220 2.4 7.780 
IV-2 6.34 920 8.29 1203 «« 12 758 142914 1.924 146.3 11.894 
RV-3 15.90 856 17.061 1024 •* 14 603 165728 1.291 2.9 7.975 
|lV-4 15.10 740 8.41 1219 «* 16 1036 169968 1.068 0.7 6.487 
IV-5 15.66 820 7.95 1153 «* 12 1058 168606 1.331 4.0 8.298 

832 7.83 1136 "WA 13.6 779 153261 1.367 8.49 

*Only Samples I and 4 were loaded to failure. The others could not be broken (too strong). Elastic properties could be 
determined from sample 2, but 3 and 5 had to be cut thinner and then they buckled rather than crushing. 
** Lateral strain gauges were not used because the variation in mean Ptosson's ratio is small 



Table 5.3—Predicted results for mixture IV 

(hm* 1 E ln(A) Z 
Mpa psi Gpa ksi 

5.74 832 7.83 1136 8.490 1.367 

#peaks 5.07 736 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 



116 

CHAPTER 6 

CONCLUSIONS 

6.1 Achievements and Future Research 

The foregoing results show that the stress-strain response of a material (mortar) can 

be predicted using the DSC model and the results of the NDT measurements such as A. 

Thus, the procedure is useful for the estimation of design parameters for rehabilitation 

and/or new construction of an infrastructure using only NDT measurements in conjunc

tion with the laboratory correlation between NDT and stress-strain data. 

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

fore this method can be applied fully to field problems and situations; some factors are 

not considered in 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 re

flect longer wavelengths. The tests may also be expanded to measure the NDT parame

ters at different stages of the mechanical loading, i.e. test mechanically and nondestruc-

tively at the same time. Then a better correlation may be established between mechani

cal and NDT results. 

6.2 Field Equipment 

The method explained here lends itself most readily to the examination of bridge 
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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 modi-

fled for arbitrarily shaped structures. The research outlined here can lead to the develop

ment of field equipment to examine these types of structures, predict stress-strain re

sponses, and evaluate design parameters for rehabilitation - all in the Held. A schematic 

representation of this equipment is presented in Fig. 6.1. An outline of the procedure, 

which would be carried out by this equipment, is given as follows: 

1. Define RJ and FA behavior, i.e. determine reference material parameters, e.g. 

(A', A*^, Z', - these may be assumed or calculated based on the available or 

measured sU'ess-strain behavior. Once known, these 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 proper

ties. 

3. Using the field equipment, measure the corresponding NDT property in the 

structure to be evaluated, and calculate the value of disturbance using Eqs. (5.3). 

4. Formulate disturbance function in terms of plastic strain using A and Z, Eq. 

(3.33). 

5. Use Eq. (3.35) to predict the stress-strain response, as in Fig. 5.9. 

6. The predicted values such as amax> E> and degradation (disturbance) can be used 
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to design rehabilitation strategies. 

6.3 Conclusions 

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

1. A Lamb wave frequency scan is capable of detecting mechanical damage and 

simulated damage inside a thin mortar plate. 

2. The information produced by the scan can be used in a number of ways to quan

tify internal damage or disturbance of the material. 

3. The Disturbed State Concept (DSC) can be used in combination with the NDT 

data to Independently predict the stress-strain response of damaged samples. 

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

habilitation design of the structure. 

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

rials, and the DSC has shown to be a powerful tool. With further research and develop

ment, 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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APPENDIX A 

DETAILS OF PHASE 2 MECHANICAL AND NONDESTRUCTIVE TESTING 



Table 4.2 is included in this appendix for reference. 

Table 4,2—Test results for all samples 

c  )p«ii nu #pealw Max peak A Z A*10' Ln(A) 
MPa psi GPa ksi (mV) (mV-Hz) 

1-1 2.64 383 4.16 603 0.19 17 198 52394 TO95 0.8 6.737 
1-2 2.67 387 3.18 461 0.20 13 220 52055 1.039 0.6 6.476 
-3 2.61 379 4.96 719 0.16 13 206 51909 1.526 10.7 9.277 
1-4 2.78 403 4.67 677 0.18 18 184 31610 1.351 5.8 8.674 
1-5 2.81 408 440 638 0.21 10 235 52699 1.693 29.2 10.282 
Ave. 1 2.70 392 4.27 620 0.18 14.2 209 48133 1.341 

11-1 19.9 16.2 2350 0.23 12 3791 1087770 1.474 9.3 9.143 
11-2 20.3 2947 19.1 2771 0.16 10 3059 714872 1.587 11.2 9.323 
11-3 18.1 2632 15.7 2270 0.16 10 4043 894944 1.180 14 7.217 
11-4 24.2 3517 23.1 3346 0.16 12 3043 711410 2.598 3042.1 14.928 

10 3656 933840 1.535 11.5 9.350 
Ave. II 20.7 18.8 2727 0.17 10.8 3518 868567 1.675 9.99 

III-1 53.7 7791 28.9 4193 0.18 9 13524 2.432 1680.8 14.335 
III-2 * 29.0 1 420810.18 6 11266 « « « 

III-3 « « « * 6 10140 « « « 

III-4 51.4 7452 31.4 4547 0.18 5 7850 2.514 4150.6 15.239 
lll-S * * « « « 7 11464 2619856 * « « 

|Ave. Ill 152.617622129.814316 10.181 6.6 10849 2711424 2.473 14.787 

IV-1 5.68 824 7.44 1079 14 440 119091 T22O 2.4 7.780 
IV-2 6.34 920 8.29 1203 ** 12 758 142914 1.924 146.3 11.894 
IV-3 856 7.06 1024 ** 14 603 165728 1.291 2.9 7.975 
IV-4 5.10 740 8.41 1219 16 1036 169968 1.068 0.7 6.487 

pV-5 1 5.661 820 17.95111531 12 1058 168606 1.331 4.0 8.298 
lAve. IV| 5.741 832 17.83111361 N/A 1 13.6 779 153261 1.367 8.49 

*Only Samples I and 4 were loaded to failure. The others could not be broken (too strong). Elastic pioperties could be 
determined from sample 2, but 3 and S had to be cut thinner and then they buckled rather than crushing. 
** Lateral strain gauges were not used because the variation of Piosson's ratio is so small 
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Stress strain data not available for sample III-3—see Table A-III 
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Stress strain data not available for sample III-5—see Table A-III 
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Step 1: Electrical Setup 

If the system is already connected, skip this step. 

Connect all cables as shown in the Figure B-1. Power must be supplied to all of the 

following: computer system, TestStar II, MTS 413.08, and the amplifiers if strain 

gauges are to be used. MTS recommends that the TestStar unit be turned on before the 

computer. 

Step 2: Hydraulic 

The Hydraulic pump must be running before the TestStar system can be initialized. 

Note that the pressure can be controlled by the round knob in fi'ont or by the T knob in 

back'. If the round knob is to be used, the T knob must be fully closed and vice versa. 

First, relieve the pressure using the desired knob. Turn on the pump and the fan using 

the switches on the wall and inside the hole in the wall respectively. Turn the desired 

knob to bring the pressure to about 500 psi and let the system warm up before increasing 

it further. Open the valve to the MTS unit (handle in line with the flow), and close the 

CYM valve. Open the cooling system valves (handles on the side of the system on the 

insulated pipes). 

Step 3: Configure the System 

If the system was used to run two control channels prior to being hooked up to the 

810 Load frame, it must now be configured for one control channel before continuing. 

I. Thesyslem may run a little quieter iftheT knob is used 
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After booting up the computer, open the TS II folder, then utility, and then TestStar 

Setup. The following items should be selected in the widows that follow: 

• next 

• Change hardware parameters 

• Interrupt request -> IRQ5 

• Port Address 0x200-0x21F 

• Data acquisition normal 

• Power source -> Hydraulic 

• HPS 3 state 

• Conu-ol channels one 

• SIot#Ch 1-> 13-

• CE Compliant no 

• HSM Configuration no manifold 

• Temp control none 

• Acc comp module no 

• Finish 

Step 4: Initialize the System 

A configuration must be open in order to run the system. Open the TS II folder, and 

then 810 load frame. Enter your user name and password (At the time this manual was 

2. Slot 13 refers to port JI3 in Fig. B-l 
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written, one valid usemame and password were MTS and MTS respectively). Go to the 

Pod (load link unit) and press the reset button; all red lights should go out. If one or 

more red lights are still lit, there is a problem with the electrical connections check 

Figure B-1. If all connections are correct and there is still a problem, call MTS. 

Turn on the HSM (Hydraulic Service Manifold) by pressing low and then high. Do 

the same with the HPS (Hydraulic Pressure System). At this point, you should be able to 

control the actuator with the round black knob on the Pod. Use the F2 and F3 keys (on 

the pod) to highlight the control method you want to use - this is for the Pod control 

mode only, the control method for the computer is set by the test program (below). 

When the method is highlighted (either load or stroke), press F! twice to select that 

method. Note that load control is usually better for positioning samples. Under displace

ment control, a small turn of the knob can easily break brittle materials like concrete. 

Step 5; Running a Test 

In order to run a test, a program file must be created using TestWare SX. It is first 

necessary to define a control method, i.e. load or displacement, as well as the loading 

rate, i.e. force per second or displacement per second. It is then necessary to define the 

master and slave channels for the data acquisition. The master channel determines the 

recording interval and can be set as time, load, displacement, etc. In addition, if strain 

gauges are to be used, they must be set as input channels for this particular test program. 

The MTS manuals give details and examples for writing programs, setting up input 

channels, configuring the system, etc. All other detailed information can be found in the 
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manuals and is omined here. Some recommendations, however, may be appropriate: 

1. It is recommended that the pump pressure be turned up only as high as necessary to 

run the test. There is a stamp on the side of the actuator specifying distance of travel, 

cylinder area, etc. The required pressure can be calculated from the required load 

and the cylinder area. 

2. Strain charmel 1 is significantly more accurate than strain channel 2 because the am

plifier was blown and repaired. If chaiuiel 2 is not accurate enough, a new amplifier 

can be ordered from Omega Engineering. 

3. The strain chamiels will probably need to be calibrated; this is not very difficult, re

fer to the MTS manuals for more information. 

4. Shut the equipment down in the opposite order that it was turned on. 

5. Wear earplugs. 

6. Don't listen to anything that Allen, the technician, says. I doubt he could change a 

light bulb without a 3 hour discussion. 



147 

S! M 

J. 

L 

H
IS

 8
D

 l
o

a
d

 

1 

1 

! 1 1 E 

1 ^ 

T 
I  — I -I . .— J 
I 

c > | f n ^ i n \ o r > a > o >  

Q o a a a D  

r 

r—^ (l 

1 r-oioD 
I - "2 ® S I ' ig tQ i? I? 

I I 

I 
t 

I k 
16; 

B 

— J 

Fig. B-1—Electrical setup of MTS load frame 



148 

REFERENCES 

1. Jones, R., 1962, "Surface wave technique for measuring the elastic proper
ties and thickness of roads; Theoretical development," British Journal of Ap
plied Physics, 13, pp. 21-29. 

2. Heisley, J. S., Stokoe, K. H. Ill, and Meyer, A.H. 1983, "Moduli of pavement 
systems from analysis of surface waves," Transp. Res. Record, 852, TRB, 
Washington, DC, 22-31. 

3. loannides, A. M. 1990, "Dimensional analysis in NDT rigid pavement evalua
tion," J. of Transportation Engineering, ASCE, 116(1), 23-36. 

4. Krause, M., Wiggenhauser, H., Bannann, O., Langenberg, K., Frielinghaus, 
R., Wollbold, P., Schichert, M., 1995, "Comparison of Pulse-Echo Methods 
for Testing Concrete", Proceedings of the International Symposium on Non
destructive Testing in Civil Engineering (NDT-CE), 1, Berlin, Germany, 
DGZFP, pp. 281-296. 

5. Malhotra, V. M., and Carino, N. J., 1991, "CRC Handbook on nondestructive 
Testing of Concrete", CRC Press. 

6. Pessiki, S. and Johnson, M., 1994, "Nondestructive Detemnination of Con
crete Strength in Plate Structures by the Impact Echo Method", Review of 
Progress in Quantitative Nondestructive Evaluation, 13, pp. 2139-2146. 

7. Sansalone, M. J., and Strett, W. B., 1997, "Impact-echo: Nondestructive 
Evaluation of Concrete and Masonry", Bullbrier Press. 

8. Nagy, P. B., Adier, L., Mih, D., and Sheppard, W., 1989, "Single mode Lamb 
wave inspection of composite laminates," Review of Progress in Quantitative 
NDE, D.O. Thompson and D. E. Chimenti (eds), plenum Press, New York, 
SB, pp. 1535-1542. 

9. Whitcomb, R. W., Jacobs, L., and Aref, L., 1992, "Quantitative Ultrasonic 
Evaluation of Concrete" Proceedings of the International Conference on 
Nondestructive Testing of Concrete in the infrastructure, pp 238-255. 

10.Desai, C. S., Kundu, T., and Keller, M., 2000, "Novel Approach for Prediction 
of Remaining Life of Concrete Bridge Structures", Annual Report for 



149 

NCHRP-IDEA project No. 54. 

ll.Oesai, C.S., Kundu, T, and Keller, M., 2001," A Novel Approach to Deter
mine Material Parameters to Predict Remaining Life of Infrastructures", Final 
Report for NCHRP-IDEA Project No. 54, Center for Material Modelling and 
Computational Mechanics, CEEM Dept., Univ. of Arizona, Tucson, AZ. 

12. Jung, Y. C., Na, W. B., Kundu, T. and Ehsani, M. R., 2000, "Damage Detec
tion in Concrete Using Lamb Waves", Nondestructive Evaluation of High
ways, Utilities, and Pipelines IV, Ed. A. E. Aktan and S. R. Gosselin, Proc. Of 
SPIE NDE 2000, March 5-9, 2000, Newport Beach, California, 3995,pp.448-
458. 

13. Kundu, T., Ehsani, M., Maslov, K. I. and Guo, D., 1999, "C-Scan and L-Scan 
Generated Images of the Concrete/GFRP Composite Interface", NDT&E In
ternational, 32, pp.61-69. 

14. Na, W. B., Kundu, T. and Ehsani, M. R., 2000, "Ultrasonic Guided Waves for 
Steel Bar-Concrete Interface Inspection", Materials Evaluation, in press, 
2001. 

15.Popovics, J. S., 1994, "Some Theoretical and Experimental Aspects of the 
Use of Guided Waves for the Nondestructive Evaluation of Concrete", Ph.D. 
Dissertation, The Pennsylvania State University, University Park, PA. 

16.Desai, C. S. 2001, "Mechanics of Materials and Interfaces: The Disturbed 
State Concept," CRC Press. Boca Raton, Florida. 

17.Lauer, K. R., "Magnetic/Electrical Methods", 199t, Handbook on Nonde
structive Testing of Concrete, Malhotra, Carino, CRC Press, pp 203-225. 

18. Jones, R., "A review of the non-destructive testing of concrete", June 1969, 
Proc. Symp. Non-destructive Testing of Concrete and Timber, Institution of 
Civil Engineers, London, 1. 

19.Carino, N. J., "Pullout Test", 1991, Handbook on Nondestructive Testing of 
Concrete, Malhotra, Carino, CRC Press, pp 39-82. 

20. Mitchell, T. M., "Radioactive/Nuclear Methods", 1991, Handbook on Nonde
structive Testing of Concrete, Malhotra, Carino. CRC Press, pp 227-252. 



150 

21.Malhotra, V. M., and Carette, C. G., "Penetration Resistance Methods", 
1991, Handbook on Nondestructive Testing of Concrete, Malhotra, Carino, 
CRC Press, pp 19-38. 
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