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1. INTRODUCTION

1.1 BACKGROUND

Quality assurance of the various types of splices is accomplished using nondestructive
testing (NDT) techniques, preapproved installation procedures, and visual inspection.
For example, visual inspection of lap splices is sufficient, since the strength of the
connection is a function of the length of the lap. Mechanical couplers are preapproved
based on laboratory testing prior to their installation in the field. While inspection of
welded splices could be accomplished via a visual inspection during the actual welding of
the splice, radiographs of the welded joint are usually required as described in the

conltract documents.

The Structural Welding Code (ANSI/AWS D1.4, 1992) defines acceptance of a welded
splice as a function of the maximum dimension of any single porosity or fusion type
discontinuity. Procedures used to determine acceptance of a welded reinforcement splice
arc based on a statistical analysis of imperfections in welded splices collected from welds
tested in the laboratory. Detection of a given defect is dependent on such factors as
location, orientation and shape of the defect, material, inspector, and inspection
environment {Chang et al.,, 1993). Failure to account for these factors during the

radiographing process could result in inconclusive radiographs.

Potential wcaknesses exist in current testing and acceptance procedures for welded
reinforcement splices. For local NDT methods such as radiography to be used
successftully, the location of damage or the defeet must be known a priori. It should also
be noted here that radiography requires the use of a hazardous substance which results in
logistical problems during inspection. Also, the time interval between taking the initial
radiograph and the report of the final interpretation could be significant. Finally, quality
control and acceptance procedures mainly identify a defect; the quantification of the

impact of the defect on the weld system is not performed.



Given the magnitude of the seismic retrofit program in California, including the retrofit
and replacement of the toll structures, a more rational and quantitative field inspection
method for welded splices in steel reinforcement bars i1s needed. A more reliable and
responsive nondestructive ficld test method must be developed to verify that a welded
reinforcement splice will perform as designed. Related needs are the problem of
nondestructively evaluating the integrity of composite components used in bridges and

welds cast in concrete.

1.2 POTENTIAL SOLUTION

Universal interest exists in the capability to monitor a structure and detect defects at the
carliest possible stage. Current damage detection methods use either visual inspection or
local methods such as acoustic or ulirasonic methods, nagnetic field methods,
radiographs, eddy-current methods, and thermal field methods. These techniques require
that the vicinity of the damage be known, a priori, and that the portion of the structure
being inspected is readily accessible. Generally, these experimental methods can detect
potential damage on or near the surface of the structure. In addition, the damage has to
be subjectively interpreted to assess the impact of the damage. What is nceded is an
objective method of quantifying the state of damage at a given location in a member and
a set of analytical expressions that rclate the statc of damage to the strength of the

member.

Another approach to NDT comprises the so-called “Global” Methods. The term
“Global” refers to the fact that the integrity of a structure is interrogated using properties
that belong to the entire structure (e.g.., resonant frequencics and mode shapes). Methods
that examine changes in the vibrational characteristics of the structure to detect defects
and estimate the severity of the defects have recently received much attention (Doebling
et al., 1996; Rytter, 1992). Caltrans funded a modest research program to explore
developing nondestructive damage evaluation (NDE) schemes that use the vibrational
properties of a structure to locate and quantify damage in the structure. The first project

(Contract #59A048) demonstrated a state-of-the-art process to detect and assess damage

[oe]



in bridges (Stubbs et al., 1997). Another project (Contract #59A132), used this same
NDE technique to assess the condition of Span #10 of the Benicia-Martinez Crossing
(Stubbs et al., 1995), A third project (Contract #59A0022) periodically evaluated the
structural integrity of a bridge found to have been constructcd with potentially reactive

aggregate, using the same NDE scheme (Stubbs et al,, 1999),

The NDE methods using modal parameters supported by Caltrans have been deemed
successful by other independent sources. A recent study at Los Alamos National Labs,
for example, reviewed the efficacy of operationalizing various damage detection schemes
found in the litcrature (Farrar and Jauregui, 1996). In that work, Farrar and Jauregui
(1996) applied the results from an experimental modal analysis of a steel plate girder
bridge to five different damage identification algorithms, One of those algorithms, the
Damage Index Method 1s the NDE scheme supported by Caltrans, There are several
noteworthy results from the Los Alamos study pertinent to this work. First, the Damage
Index Method was the only damage identification scheme which did not give false
ncgative readings (1.e., damage exist but damage is not predicted). Second, the Damage
Index Method was the only method that had specific statistical criteria for determining if
damage had occurred at a particular location. Third, the Damage Index Method was the
only method that correctly detected and located all levels of inflicted damage. The Los
Alamos study is important in that an independent credible source confirmed the efficacy

of the NDE scheme proposcd for this study.

1.3 RESEARCH OBJECTIVE AND METHODOLOGY

The objective of this project is to investigate the technical feasibility of using the Damage
Index Method to cvaluate, quantitatively, welded reinforcement splices during the
construction process. The overall approach utilized to meet this objective was driven by
the following logic: (1) cxperimentally demonstrate that the Damage Index Method
could detcet minimum-sized flaws as specified by ANSIVAWS (1992), (2) identify or

develop models that relate strength of @ member to the damage in that member, (3) design



an experiment to test the model, (4) perform the experiment and (5) extend the results to

the field.

1.4 ORGANIZATION OF THE REPORT

The remainder of this report is organized as follows. In Chapter 2, the notion of damage
is defined and relationships between damage and the strength of a material are developed.
In Chapter 3, an experiment to nondestructively measure the relative stiffness change in
the weld region, using twenty seven welded reinforeing rods, is described. In Chapter 4,
an experiment to measure the yield strength, vield load, tensile strength, and ultimate load
of the same specimens described in Chapter 3, is described. In Chapter 5, the results of
the comparison of the strength of the weld systems using the strength damage models
developed in Chapter 2 and the strengths measured in the experiment described in
Chapter 4 are described. How the proposed methodology may be extended to field
conditions is also discussed in Chapter 5. Finally, in Chapter 6, a summary of the project

along with a list of significant findings is presented.

Five appendices support this work. Appendix A summarizes the Damage Index Method
and the system identification approach used in Chapter 3. Appendix B describes an
independent experiment, the objective of which was to demonstrate in accordance with
ANSIVAWS spccifications, that the Damage Index Mcthod could, indced, detect a flaw
1/32 inches deep in a #6 and a #9 rods (ANSIVAWS D1.4, 1992). In Appendix C, data
supporting the modal analysis, system identiftcation of the rods, and the stiffness change
calculations utilized in Chapter 3 arc summarized. The raw data in the form of uniaxial
load-extension plots, for the 30 reinforcing rod specimens described in Chapter 4, are
catalogued in Appendix D, Finally, an evaluation of the welds using Dye Penetrant and
an interpretation of the radiographs of the welds provided by Caltrans is presented in

Appendix E.



2. QUANTITATIVE EVALUATION OF WELD CAPACITY

2.1 INTRODUCTION

Nondestructive evaluation methods such as Dye Penetrant and X-Ray inspection yield
only a qualitative description of surface and internal {laws in a weld system. Even if the
geometry of a flaw were known, Fracture Mechanics or other strength predicting methods
must be utilized to estimate the strength or useful life of a structural element. In addition,
if the geometry of the defect is complex, such as in the case of a defective weld, the
application of [racture Mechanics, which applies mostly to isolated flaws with simple

oeometric configurations, is limited.

In the discipline of Continuum Damage Mechanics, damage and damage growth is
related to the initial state of damage in a material and the loading environment to which
the material is subjected. However, in that field, the consensus is that damage 1s trcated
as an unobsecrvable internal thermodynamic variable.  Physically, damage has been
related to the fraction of voids in a plane intersecting a material and the reduction in the
elastic modulus of the material. More specifically, Kachanov (1986) considered the

damage variable as a surface density of intersections of cracks and cavities.

In recent years, the authors have developed and refined a nondestructive methodology
that can locate, as well as quantily, damage in a structural element or a larger structure.
In the present usage, the measure of damage is the fractional loss in stiffness at some
Jocation in a structure. To date, however, the technique has been only used to estimate
stiffness changes or effective reduction in moduli of structures or structural elements.
Certainly, the value of the methodology could be significantly enhanced, if it were
possible to utilize the measured damage, or stiffncss increase, of a weldment to predict

load capacity of a welded reinforcing rod.

In this chapter a relationship between the damage in a material and the strength of the
material is developed. Two approaches are used. Tirst, indcpendent of Continuum

Damage Mechanics, a relationship between the yield strength and tensile strength of a



welded reinforeing rod is developed. Second, the validity of the results is checked using

the results from Continuum Damage Mechanics.

2.2 ESTIMATION OF WELD CAPACITY

A rod containing a weld and subjected to an axial force P 1s shown in Figure 2.1. Let the
weld system consist of the filler material and the interface between the filler material and
the basc metal. Restricting this analysis to failure in the filler material, let the yield
strength and cross-sectional area of the weld system without any defects be oy and Ay,
respectively. Then, the load. Py, to cause yicld in the weld system without defects is

given by:

=o A, 2.1

Assume that defects in the form of cracks, voids, porosity, incomplete fusion, cte., are
introduced into the weld system such that the cross-sectional area is reduced to Ap < Ag.

Then the load, Ppy, to cause yield in the weld system with defects becomes:

P, =c,4, (2.2)

Dividing Equation (2.2) by Equation (2.1) vields:

Pf)y — ﬁ
Pl»'_v A(
_Er'd, E, o

where E, r, and I are, respectively, Young’s modulus, the radius of gyration of the cross-
section, and the second moment of arca of the cross section. Here it is assumed that the

damaged region is small compared to the cross-scetional area and the radius of gyration is



not affected. According to Equation (2.3), the ratio of loads to cause yield equals the

ratio of the bending stiffnesses of the defect-free and defected weld systems.

Note that the ratio EIp/Ely is the damage index, DI, utilized by Stubbs et al, (1992) in the

so-called Damage Index Method (See also Appendix A). That is,

El
L= DI =(1+a) (2.4)
El,

where « is the {ractional change in stiffness of a section, the measure of damage in the
Damage Index Method. Theoretically, ¢ ranges from -1 to +w. [If o < 0, the
interpretation i1s damage; if o > 0, stiffening has occurred. Combining Equation (2.3) and

(2.4),

Py =0, (1+a) (2.5)
Dividing both sides of Equation (2.5) by Ay yields:

G, =0, (1+a) (2.6)

From the theory outlined in Appendix A, ¢ can be measured nondestructively by utilizing
the modal parameters of the structure containing the weld. Since the intent here is to
inspect the weld by measuring « afier welding, the analysis ignores damage growth
subsequent to loading. This situation is analogous to a rod with a circular hole that is
loaded to yield. In such a case, a strength of materials analysis indicates no change in the
geometry of the hole at full yield. Furthermore, the yield strength, o, can be associated
with the nominal properties of the weld. Thus, Equations (2.5) and (2.6) predict the load
and strength at yield for a defcetive weld, given the damage and the nominal properties of

a defect-free weld system.



If the yield strength is replaced in Equations (2.1) to (2.6) with the tensile strength, o1 of
the defect-free weld system, the predictions for the maximum load, Ppy, and the tensile

strength, opr, of the defective specimen are as follows:

Py =Py (I+a) (2.7)

ap =01+ ) (2.8)

In Equations (2.7) and (2.8), the damage, «, ts measured and Pyr and oy are the nominal
values associated with the tensile strength and the load corresponding to the tensile

strength.

2.3 ESTIMATION OF WELD CAPACITY USING CONTINUUM DAMAGE
MECHANICS

In Continuum Damage Mechanics, damage refers collectively to all entities, considered
to be of a microscopic scale, which are capable of changing their characteristic
dimenstons under thermomechanical loadings (Talreja, 1994). Continuum Damage
Mechanics offers an alternative logic to developing estimates of the capacity of damaged
systems. For convenience, the concepts of damage variable, effective stress, and the
Principle of Strain-Equivalence will be reviewed. From these results, estimates of the
values of vield and tensile strengths of virgin (undamaged) and damaged spectmens will

be developed.

Consider the same rod depicted in Figure 2.1. Consider also a plane through the weld

region perpendicular to the axial load. Let the total area of the cross-section be 4 and the
area of the voids be given by 4, . Rabotnov (1969) interpreted damage, w, as the arca

fraction of voids given by

e (2.9)



Note that:
a) w =0 corresponds to the undamaged state,
b) w=1 corresponds to separation of the material, and

¢) 0 <w <1 characterizes the damage state.

At some arbitrary damage slate, w, the effective cross-sectional area resisting the load is

A , where
A=A-A, =A(1-w)
By definition, the “effective stress,” &, is
G=P/A=P/A0 - w)=c/(1-w)
Note that ¢ = P/A is referred to as the “usual stress”,
Note also that :
a) & 2o

b) ¢ = ¢ fora virgin material, and

¢) ¢ — ¢ at separation,

(2.10)

(2.11)

According to Lemaitre and Chaboche (1990), the Principal of Strain Equivalence for a

damaged material may be stated as follows: “Any deformation behavior of a damaged

material is represented by the constitutive laws of the virgin material in which the usual

stress is replaced by the effective stress”. In the uniaxial case presented in Figure 2.1, the

usual stress is ¢ = P/4 and the ¢ffective stress is o = o/(1 - w), Thus, if €. is the strain

experienced by the damaged body subjected to stress o, g, 1s also the strain in the

equivalent virgin material subjected to stress ¢ . That is,

a e

“TE (-wE

(2.12)



where E is the Young’s modulus of the virgin material. Rearranging Equation (2.12),
(2.13)

o =cl{l-wy=FEeg,

or, for the damaged body subjected to stress o,
(2.14)

c=El-we.=Eg,

E can be interpreted as the Young’s modulus of the

Thus, the quantity £(1 - w)

material with damage w. Eliminating o and €. from Equation (2.13) and Equation (2.14)

yields
(2.15)

=l-w

oy | e

Thus the Principle of Strain Equivalence leads 1o a relationship between damage and the

change in the Young’s modulus of the material.
The refationship between damage and various strength measures can be developed by

manipulating Equation (2.14). A material with yield strength oy would yield when the

effective stress is oy. That is, setting & = o, the usual stress at yield, 6., becomes
(2.16)

G:'“‘ = G)' (l - H’)

Similarly, if ot is the tensile strength, the material with damage w will have a tensile

(2.17)

strength, o1y, given by
G']'w =3aT (l = “")



In sumimary, note the similarity between Equation (2.6) and Equation (2.16) and Equation

(2.8) and Equation (2.17). The two sets of equations are identical, if w = -a. Note also

that the ratio £ /E is analogous to the damage index, DI, introduced in Equation (2.4).

2.4 SUMMARY

In this chapter, a relationship between the damage in a matertal and the strength of the
material was developed. Two approachcs were used. First, independent of Continuum
Damage Mechanics, a relationship between the yield strength and tensile strength of a
welded reinforcing rod was developed. Second, the validity of the results was checked
using the results from Continuum Damage Mechanics. There is a strong agreement
between the damage physically measured in the Damage Index Method and the internal

variable used to charactcrize damage in Continuum Damage Mechanics.



Figure 2.1 A Rod Containing Weld Subjected to an Axial Force



3. MEASUREMENT OF FRACTIONAL STIFFNESS CHANGES IN
WELDMENTS

3.1 INTRODUCTION

Caltrans fabricated twenty-seven welded reinforcing rod specimens and collected
radiographic images of each specimen weld prior to shipment to Texas A&M. This
chapter presents the results of nondestructive testing and weld stifthess analyses
performed on twenty-seven welded reinforcing rod specimens. The remainder of the
chapter is organized into {ive sections. First, an overview of the evaluation methodology
is presented. Seccond, the reinforcing rod specimens are described. Third, modal tests
results for the specimens are discussed. TFourth, the development of the bascline models
for the specimens is presented. Finally, the stiffness changes in the welded specimens are
generated. A second independent nondestructive evaluation (NDE) of weld quality was

also performed at Texas A&M and is presented in Appendix E.

3.2 OVERVIEW OF METHODOLOGY

An overview of the damage evaluation methodelogy used here to identify the fractional
stiffness changes in the welded rod specimens is shown in Figure 3.1. Modal tests are
performed on the test specimens and from an analysis of the measured response, modal
parameters arc extracted. The modal parameters of interest here are resonant frequencies
and corresponding mode shapes. In order to perform the identification of the test
specimen, modal parameters of the test specimen as well as the modal paramecters of the
baseline model are needed. The baseline modal parameters may be estimated using
measured frequencies for the test specimen as well as the FE model of the test specimen
(See Appendix A for details). Once a corresponding set of measured modal parameters
for the test specimen and baseline modal parameters are available, the damage evaluation
methodology (Sce Appendix A for details) can be used to estimate the fractional change

in the weldment.



3.3 DESCRIPTION OF WELDED REINFORCING ROD SPECIMENS

A total of thirty 48 inch (nominal) Grade 60 reinforcing rod specimens fabricated by
Caltrans were delivered to Texas A&M for evaluation. The thirty specimen set consisted
of three, ten-specimen subsets fabricated from #8, #11, and #14 size rods. FEach ten-
specimen subset included one unwelded rod that served as a control. Table 3.1
summarizes the coding system used to identily each rod in the ten-specimen subsets.
Similar designations were used for all rod sizes. Observations of differences in
reinforcement ridge patterns and vendor code numbers on the #11 rods indicate that these
rods came {rom two different rod stocks. The #8 and the #14 rods all appear to have
come from common #8 and #14 rod stocks. These variations are indicated in Table 3.1

by the lot identifier.

Visual inspection of the welded specimens indicated that each rod was originally saw-cut
to a 48-inch Iength and then bevel cut again at the center of the rod to form the groove
oeometry for a butt weld. The final lengths of the specimens after welding werc
approximately 0.5 to 1.0 inch longer than their original lengths. No attempt was made to
shorten the specimens to the original 48-inch length., Measured dimensions for each
specimen are shown in Appendix C. A typical welded test specimen is shown in Figure
3.2. The backing plate attached 1o cach specimen during the welding process is also noted
in Figure 3.2, All specimens were tested and evaluated with backing plates attached. The
reinforcing rods werc welded with the SMAW process using 1/8" diameter ES018-C3
electrodes. The joint geomelry was a single V with a 45 degree included angle and 1/4"
root. Stringer beads were applied with cleaning after cach bead using chipping and
brushing only, no grinding was performed on the specimens. Short arc lengths were

maintained and gencrator CC welding machines sct at 125 amps were used.



3.4 EXPERIMENTAL DETERMINATION OF MODAL PARAMETERS OF
RODS

3.4.1 Experimental Arrangement

The experimental setup used in the modal testing of the reinforcing rod specimens is
shown in Figure 3.3. A fixed response - roving input test method was used to collect the
responsc data. The test specimen shown in Figure 3.3 was suspended with two flexible
cables to simulate a free-free boundary configuration in the horizontal plane. A response
accelerometer was attached to the back of the specimen slightly off center and in the
horizontal plane. The impact head/slider assembly noted in Figure 3.3 was aligned along
the horizontal center-line of the specimen and used to impact the specimen at specitic
locations along its length. The custom-fabriacted impact head/slider assembly was
designed to maintain a horizontal impact vector perpedicuar to the specimen as the
assembly was moved to each impact location. An enlargement of the impact head
assembly is shown in Figure 3.4. [mpact positions were marked on the slider assembly to

insure positional repeatability during the testing.

Instrumentation used to conduct the modal tests consisted of a PCB 298A10 piezoelectric
load cell mounted in a spring-loaded impact head/slider assembly, a PCB 352A10
piezoelectric responsc accelerometer attached to the specimen, a 4-channel DSP
Technology 20-42 Digital Signal Processor {DSP), and a portable computer (PC). Data
acquisition software was provided by the DSP vendor, Siglab Version V3.10 (11-Scp-
98). The DSP unit and portable computer used in these tests are shown in Figure 3.5.

Instrumentation and test settings used for the modal tests are summarized in Table 3.2,

3.4.2 Test Procedure

All of the specimens under test had 13 uniformty distributed impact locations and 1
accclerometer response location. These locations are shown for each specimen in
Appendix C. A typical impact/ response location configuration is shown in Figure 3.6.
The Frequency Response Functions (FRFs) measured at each impact location were

derived from an average of 10 response measurcments,



The experimental modal testing procedure consisted of the following steps:

1. Mark the impact locations;

2. Attach the response accelerometer to the specimen with an adhesive (Quick Grab
Clear Silicon Adhesive, Quick Grab, Inc. Scottsdale, AZ);

3. Position the specimen in the supports in a horizontal position with the accelerometer
in the horizontal plane of the specimen;

4, Align and adjust the relative position of specimen and the impact/slider assembly so
that the impact head is perpendicular to the specimen and travels along the
horizontal centerline of the specimer;

5. Arm the acquisition system to record the data;

6. Trigger a response measurement by retracting and releasing the impact head plunger
assembly;

7. After completion of the measurement, gently grasp the specimen to damp out the
remaining vibrations and stop the specimen from swinging;

8. Repeat Steps 6 1o 7 ten times;

9. Manually record the maximum value for the five monitored response peaks of the
average FRI and storc the data on disk; and

10. Repeat Steps | to 9 for each impact location.

3.4.3 Extraction of Modal Parametcers

Time data from the response accelerometer and impact head were converted in the DSP
hardware to the {requency domain and the associated frequency responsc functions
(FRFs) were gencrated. It was possible to extract modal parameters (i.c. frequencies and
modc shapes) directly from the FRF data because of the low damping, widely-spaced
frequencies, and simple geometry of the experimental test configuration. The modal
paramclers were obtained from the plot of frequency response function using the peak
picking method (Ewins, 1984). The mode shapes for each speccimen were drawn by
measuring the magnitude of frequency response functions corresponding to impact

location 1 through impact location 13 at specific frequencies (e.g. resonant frequencies of
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the first five modes). The mcasured resonant frequencies for each specimen are

presented in Table 3.3,

The {ive measured resonant frequencies of the #8 specimens ranged approximately from
70 Hz to 950Hz. It was observed that the specimen without weldment had higher
frequency values than most of welded specimens as means and coefficient of variations
of frequencies indicate in Table 3.3. Ignoring the variations in material and measurement
errors that might be attributed to the increase in length due to weldment and/or poor
weldment, the same phenomena were observed in #11 and #14 specimens for which the
first five resonant frequencies span approximately from 100 Hz to 1300Hz and from 120
Hz to 1600 Hz, respectively. Overall, resonant frequencies were very consistent and
uniform across all modes and rod sizes, as indicated by the small coefticients of variation
for each size and frequency group which ranged from 1.2% to 2.5%. More variability in
resonant frequencies was observed in #8 specimens than in the larger rod sizes. The
modal test results are provided in Appendix C. A typical set of measured mode shapes
(#14 BP1 specimen) are plotted in Figure 3.7. In the figure, the modes represent the first

through the fifth bending mode in the horizontal direction.

3.5 GENERATION OF BASELINE MODELS OF RODS

The baseline model for each specimen was constructed using the resonant frequencies
extracted from the modal testing. Note that the bascline structure 1s assumed to be
damage-tree with resonant frequencies near those of the welded specimens. To develop
such a bascline model, a finite element (FE) model of the welded reinforcing bar
specimen was developed (ABAQUS 1994). A schematic of the FE model for #14 BPI1
specimen is shown in Figure 3.8. The specimen was modeled using 768 beam elements.
Also, linear spring elements were used to model the cable to suspend the specimen in
frec-free boundary condition. The spring elements have negligible stiffness and mass
properties. The other specimens were modeled based on the measured length, location of
the weldments, location of the sensors, and location of the support cables. All beam

members of the FE models were assigned to one group and initial material propertics (E)
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were summarized in Table 3.4, The correlation between the baseline modes and
experiment modes was established using modal assurance criteria (MAC). The resulting

MAC values for each specimen are presented in Appendix C.

The procedure of baseline parameter identification for the #l1 BPI specimen is
illustrated here as a typical example. With the initial estimates of material properties and
with the appropriate group stiffness reduced by a known amount, the stiffness sensitivity
matrix, F, which relates changes in element stiffness to changes in resonant frequencies
{See Appendix A for details), was developed. The elements of the sensitivity matrix F
for the specimen are listed in Table 3.5. The six-step algorithm (Sce Appendix A for
details) was utilized until the system converged. The convergence of the system
identification scheme is demonstrated in Table 3.6. After two iterations, the percent
differences in the corresponding five [requencies of the specimen and the FE model have
been reduced from, respectively, 5.58%, 6.98%, 5.71%, 6.80% and 5.67% to 0.32%,
0.11%, 0.09%, 0.06% and 0.01%. Theretore, the updated model with frequencics of
99.68 Hz for the first mode, 274.68 Hz for the second mode, 533.00 Hz for the third
mode, 878.88 Hz for the fourth mode and 1295.5 Hz tor the fifth mode is designated as
the baseline model. The corresponding material parameter for each specimen is provided
in Table 3.7. The bascline parameter identification results for the other specimens are

summarized in Appendix C.

3.6 DETERMINATION OF FRACTIONAL STIFFNESS CHANGES IN THE
WELD

The fractional stiffness changes in the weld were assessed using the following six steps.

1. Assume that the appropriate baseline model identified in the previous section

represents the reference unwelded specimen;

]

. Define a single location, k, the same size as the weld, in which the stiffness can

change;



3. Generate the k' column of the sensitivity matrix, F, , for the weld location using the
first five bending modes;

4. Assume that the measured modal parameters are associated with the modified
system;

5. Compute the fractional eigenvalue changes, z (i = 1, 2, ..., 5), using modal
parameters defined in Step | and Step 4; and

6. Compute the fractional changes in the stiffness at the weld location, using the

sensitivity matrix F, and eigensensitivity z.

Note that all entries of F,, are positive, while the z.’s may be negative, zero, or positive.
A positive value of z_is associated with stiffening while a negative 7 is associated with
stiffness loss. It is quite common when using ficld data for the z’s in a single experiment
to assume both positive and nepative values for various modes. It should also be noted
that the relative magnitudes of the sensitivities associated with the individual modes may
differ considerably. In the present arrangement, the dominant mode is the first bending
mode, The sensitivities of the even modes are orders of magnitude less than the odd
modes. This observation led to the choice of one consistent method of estimating

damage: usc only the dominant first bending mode to estimate damagc.

The identified fractional changes in the effective stiffness of the weldment are
summarized in Table 3.8. In Table 3.8. negative values indicate that the stiffness of a
welded splice is less than the eftective stiffness of the corresponding unwelded specimen.
Note that the fractional change in effective stiffness is based on the baseline stitfness

value of each specimen presented in Table 3.7.

3.7 SUMMARY
The results of modal tests and fractional stiffness changes on twenty seven welded rod
specimens were presented. First, the welded specimens were described. Second, the

instrumentation, modal test procedures, and modal results were presented. Third, the



generation of specimen baseline models was discussed.  Finally, the results of the

fractional changes in stiffness of welded specimens were presented.
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Table 3.1 Welded Specimen Designation Codes and Lot Sources

Size # Al #14

Code Lot Code Lot Code Lot

BPI ! BP1 2 BP1 4

BP2 1 BP2 3 BP2 4

BP3 [ BP3 2 BP3 4

5 PH1 I PH2 3 PH3 4

'g S1 i S1 2 S1 4

’é} S2 I S2 3 S2 4

S3 1 S3 3 S3 4

Wl 1 W1 2 Wi 4

W2 1 W2 2 w2 4

Control 1 Control 2 Control 4

Table 3.2 Modal Test Parameters for Reinforcing Rod Specimen Testing

Parameter Setting Notes/Units
Accelerometer channels -- PCB 35ZAT0
impact head -- PCB 208A10
Analyzer -~ DSP Technology 20-42
Sample {requency 5000 Hz
Sample length 8192 Samples per channel
Spectral Resolution 1.5625 Hz
Number of repetitions 10 Linear average
Channel gain Varied Set to maximize resolution
Trigger method + 18% hammer FS Pre-trigger save all channels
Accelerometer window Exponential 99% down at end

Hammer window

Rectangular

10% Window width
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Table 3.3 Mcasured Resonant Frequencies

Size Specimen Frequencies (Hz)
vode | Mode 2 Mode 3 Mode 4 Mode 5
#14 No Weld 124.38 339.38 660.63 10813 15956
BPI 124.38 340.00 659.38 1082.5 1594.4
BP2 118.75 327.50 633.13 1041.3 1528.8
BP3 121.88 335.63 649.38 1068.8 1569.4
PH3 121.88 33438 647.50 1065.0 1565.6
S1 120.63 330.63 641.88 1052.5 1551.3
S2 121.88 334.38 649.38 1064.4 1568.8
S3 122,50 335.63 651.25 1066.9 1573.1
W1 121.25 332.50 645.00 1058.8 1558.8
W2 122.50 338.75 654.38 1078.1 1580.6
- Mean*® 122.00 33438 647.92 1064.3 1565.6
COVH** 0.0136 0.0115 0.0116 0.0117 0.0118
#1 No Weld 103.13 283.13 551.88 906.25 1341.9
BPI 100.00 27438 532.50 879.38 1295.6
BP2 100.00 276.25 533.75 883.13 1299.4
BP3 100.63 276.88 536.88 886.25 1305.0
PH2 100.63 276.25 535.63 883.75 1302.5
S1 100.00 276.88 536.25 885.63 1304.4
S2 100.63 276.88 537.50 886.88 1308.1
S3 100.63 276.25 536.88 883.75 1306.3
Wl 100.63 277.50 536.25 888.13 1311.9
W2 103.75 285.63 555.00 912.50 1349.4
Mean 100,77 27743 337.85 887.71 1309.2
COV 0.0115 0.0115 0.0123 0.0109 0.0121
#8 No Weld 74.375 205.63 401.88 662.50 985.00
BPI 73.125 200.63 389.38 645.00 953.13
BP2 73.125 200.00 388.75 0643.13 952.50
BP3 78.125 210.00 405.00 674.38 091.25
PHI 73.750 206.88 398.75 665.00 976.25
S1 72.500 200.63 390.00 646.88 955.63
S2 72.500 199.38 388.13 642.50 951.25
S3 73.125 200.63 390.63 645.63 956.25
Wil 71.875 198.75 384.38 639.38 941.88
W2 72.500 200.63 388.13 646.25 950.63
Mean 73.403 201.95 39146 649.79 958.75
Cov 0.0252 0.0189 0.0162 0.0181 0.0159

* Mean of resonant frequencies for welded specimens
** Coefficient of variation of resonant frequencies for welded specimens
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Table 3.4 Initial Values of Material Properties for FE Models

Properties Value
E (1b/in2) 30 x 106
p (Ib.s¥/inf) 0.000733

Table 3.5 Stiffness Sensitivity Matrix F for Specimen #11 BP1

Mode Bar
l 1.0
2 1.0
3 1.0
4 1.0
5 1.0

Table 3.6 Systein Identification for Specimen #11 BP1

Frequency Updated Frequencies (Hz) Frequency Lrror (%)
Mode of Initial of Target

I'E model Iter. | Iter. 2 [ter. 3 Structure | Initial | Final
I 105.58 99.65 09.68 100.00 5.58 0.32
2 293.53 274.67 274.68 274.38 6.98 0.11
3 562.93 532.81 533.00 532.50 5.71 0.09
4 939.16 878.85 878.88 879.38 6.80 0.06
5 1369.1 1295.0 1295.5 1295.6 5.67 0.01

23




Table 3.7 Identified Average Stiffness Parameter ()

for Baseline Models

Welded Specimen

Average Stiftness (EI}

Size Specimen (1b-1n2)
BPI [0.698E6
BP2 10.686E6
BP3 10.695E6
PH3 10.750E6
#14 Sl 10.585E6
S2 10.878E6
S3 10.951E6
W1 10.643E6
W2 10.803E6
BPI 5.097E6
BP2 5.048 E6
BI*3 5.078 E6
PH2 5.028 E6
#11 Sl 5.099 E6
S2 5.029 E6
S3 5.078 E6
W1 5.102 E6
W2 5.096E6
BP1 [3ITE6
BP2 1.317 Co
BP3 1.446 E6
PHI 1.428 E6
#8 Sl 1.313 L6
S2 1.311 E6
S3 1.312 L6
Wl 1.307 E6
W2 [.313E6




Table 3.8 Fractional Changes of the Bending Stiffness for Welded Specimens

Welded Specimen Fractional Change of

Size Specimen Bending Stiffness. ¢
BP1 0.067
BP2 -0.052
BP3 -0,052
PH3 0.015
#14 Sl 0.013
S2 -0.004
S3 0.034
W1 0.011
W2 -0.115
BP1 0.082
BP2 0.012
BP3 0.055
PH2 0.092
#11 Sl -0.061
S2 0.023
S3 0.056
W1 0.008
W2 0.004
BP1 0.264
BP2 0.271
BP3 0.730
PH! -0.217
#8 S1 -0.063
52 0.074
S3 0.146
W1 0.063
W2 0.044
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Figure 3.2 A Typical Welded Rod Specimen
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Figurc 3.3 Experiment Model Setup with Free-free Boundary.
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Figure 3.4 Impact Head and Slider Assembly for the Experiment

Figure 3.5 Instrumentation for Experimental Modal Testing.
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Figure 3.6 A Typical Configuration of Rod Specimen (#11 BP1)
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Figure 3.7 Mode Shapes of #11 BP’1 Specimen
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4. YIELD STRENGTHS AND TENSILE STRENGTHS OF FIELD
PREPARED REINFORCING ROD

4.1 INTRODUCTION

This chapter presents the results of destructive tensile tests performed on the thirty
welded reinforcement rod specimens that were discussed in the last chapter. Yield
strength and tensile strength results from these specimens will be used in combination
with the predicted vield and tensile strengths to evaluate the accuracy of the models
proposed in Chapter 2. A description of the specimens is provided in the proceeding
chapter. Table 3.1 lists the identification code assigned to each specimen which are

referred to in several tables in this chapter.

The object of these tests was to determine selected mechanical properties of each welded
specimen. The mechanical properties of interest included the yield strength, tensile
strength, breaking strength, Young’s modulus, and percent elongation. The remainder of
the chapter is organized into the following sections; a description of test facilitics and
procedures, the results of tensile tests, a discussion of the results relative to several

control specimens, and a summary of this project task.

4.2 TEST FACILITIES AND TEST PROCEDURES

The final tests on the thirty welded reinforcement rod specimens were conducted at the
Texas Department of Transportation (TxDOT) Materials and Test Laboratory in Austin,
Texas. This laboratory is responsible for maintaining the quality of construction
materials used in Texas state contracted highway construction. These responsibilities
include the measurement of mechanical propertics of steel reinforcing rods and the

evaluation of various connection technologies.

Tensile tests of the thirty specimens were conducted over the two-day period, spannmng 6
April 2000 to 7 April 2000, Destructive tensile tests were conducted in accordance with
ASTM Procedures and Standards A370 and AGl15, The reported data included yield

strength, tensile strength, breaking strength, load-displacement plots, and percent
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clongation. Percent elongation was calculated using the position of the upper and lower
grips at the beginning of the test and at fracture. Young’'s modulus was also reperted for
the #8 and the #11 specimens using data from an 8-inch gage length extensometer. The
attachment clips of the extensometer could not be adjusted to fit the #14 rods. Thus,

measurements of Young’s modulus were omitted for the #14 specimen tests,

A 400 Kip Baldwin-Satec testing machine was used for all tests. The distance between
the upper and lower grips was 16 inches, with the weld centered between grips. Figure
4,1 shows a typical test of a #11 rod specimen with the extensometer attached.  After the
application of a touch load to tension the load string, a linear displacement rate of 0.50
in./min, was applied until the specimen yielded. At yield, the extensometer was removed

and a higher linear displacement rate of 2.0 in./min. was used until the specimen failed.

4.3 TENSILE TEST RESULTS

Table 4.2 through Table 4.7 list measured mechanical properties for each of the welded
specimen. These properties include; yield strength, tensile strength, breaking strength,
Young’s modulus, total elongation, and percent elongation, respectively. Included in the
tables are the average value and standard deviation, by rod size, for each measurcd
mechanical property. The original test data sheets prepared by TxDOT for the tensile

tests are located in Appendix D.

4.4 DISCUSSION OF TENSILE TEST RESULTS

All welded specimens failed in or very near the welded connection. Unwelded control
specimens failed near one of the grips. Several specimens exhibited significant bending
at the welded joint. These specimens are identifted in Table 4.1. Specimen failures
generally occurred in the weld perpendicular to the longitudinal axis of the specimen.
Figure 4.2 presents the end and side view of the #11 control specimen failure surface.
Necking of the specimen is apparent in the side view of the specimen near the failure

surface. Figure 4.3 presents a similar end and side view of the #11 BP-2 specimen. The
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specimen exhibited a perpendicular failure through the weld (i.c., the typical failure mode
noted above). Several specimens, particularly the #8 rod specimens, had angular failures
along the beveled fusion line between the weld and base material. Figure 4.4 presents
two views of this failure mode for the #8 8-1 specimen. Visible necking was not apparent
in welded specimens. A review of the data in Tablc 4.2 through Table 4.7 indicates that
the effect of bending in the specimens listed in Table 4.1 did not have a significant
impact on measured mechanical properties. A single exception to this observation may
be the fact that the #11 BP3 specimen has a relatively low Young’s Modulus of 23,200
ksi.

In general, welded specimens exhibited somewhat lower strength properties than the
unwelded control specimen of the same size. Yield strengths of the welded specimens
were 6% lower on average than those of the control specimens. Specimen yield strength
varicd across rod sizes. The #14 specimens cxhibited a higher overall yield strength

(approximately 5 ksi higher), relative to the #8 and the #11 specimens.

Tensile strengths in the welded specimens were 21% lower, on average, than the
corresponding control specimens. No significant trends were noted in regard to rod size,
as was found in the yield strength data. The computed Young's modulus for the #8 and
the #1! specimens did not show significant variation with respect to their respective
control specimens. Percent elongation showed a 60% reduction, on average, for the

welded specimens compared to the control specimens.

4.5 SUMMARY

Tensile tests were conducted on thirty 48-inch welded reinforcing rod specimens at the
TxDOT Materials and Tests Laboratory in Austin, TX. The thirty-specimen set was
divided into three 10-specimen subsets consisting of #8, #11, and #14 reinforcing rod
sizes. An unwelded control specimen was included in each subset. Reported mechanical
properties included yield strength, tensile strength, breaking strength, Young’s modulus,

total clongation, and percent elongation. Overall, the welded specimens exhibited



somewhat lower overall strength properties, minimal change in elastic modulus, and

decreased ductility relative to the control specimens of the same size.
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Table 4.1 Code of Bent Reinforcing Rod Specimens

Size
H8 #11 #14
BP2 BP3 BP1
BP3 PH2
PHI
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Table 4.2 Yield Strength of Reinforcing Rod Specimens

Size

Code #8 #11 #14

(psi) (psi) (pst)
BP1 63,933 60,258 73,698
BP2 64,276 61,517 73,434
BP3 64,086 *59.600 69,118
PHI 64,527 N/A N/A
PH2 N/A 70,190 N/A
PH3 N/A N/A 69,491
S1 64,113 59,855 73,720
S2 64,732 70,583 09,463
S3 64,291 71,252 69,587
Wil 62,751 57,433 *73,300
w2 62,673 59,752 69,160
Mean 63,931 63,382 71,219
STD 731 5,575 2,209
Unwelded 65,800 71,400 73,400

* Computed from load-displacement curve

37




Table 4.3 Tensile Strength of Reinforcing Rod Specimens

Size

Code #8 #11 #14

(psi) (psi) (psi)
BPI 87,808 85,732 80,812
BP2 90,595 78,532 81,587
BP3 82,809 85,159 83,196
PHI 94,802 N/A N/A
PH2 N/A 96,705 N/A
PH3 N/A N/A 90,481
S 86,241 84,410 90,353
52 89,094 85.781 87,931
583 94,687 84,855 88,442
Wil 82,967 67,923 79,444
W2 79,191 81,422 78,240
Mean 87,577 83,391 84,498
STD 5,366 7,595 4,820
Unwelded 106,300 109,900 106,100




Table 4.4 Breaking Strength of Reinforcing Rod Specimens

Code #8 2112;3 714
(psi) (psi) (psi)
BPI 87,500 y 80,800
BP2 88,100 * 81,600
BP3 80,200 * 83,200
PH]1 92,000 N/A N/A
PH2 N/A * N/A
PH3 N/A N/A 89,300
Sl 79,000 * 90,100
S2 85,700 85,800 87,600
S3 94,700 85,000 86,200
Wi 78,900 * 77,500
w2 47,300 63,400 73,800
Mean 81.500 78,000 83,300
STD 14,000 *k 5,500
Unwelded 96,900 * 71,800

* Not recorded
** Not computed
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Table 4.5 Young's Modulus of Reinforcing Rod Specimens

Code 78 ?;117 ) #14
(ksi) (ksi) (ksi)
BPI 28,300 26,900 *
BP2 28,600 26,300 *
BP3 26,400 23,200 *
PHI * N/A N/A
PH2 N/A 27.800 N/A
PH3 N/A N/A *
Sl 26,800 25,800 *
S2 28,200 27,500 *
S3 27,500 27,700 *
Wil 26,500 26,000 *
W2 27,100 27,100 *
Mean 27,400 26,500
STD 900 1,400
Unwelded 27,500 27,400 *

* Not recorded
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Table 4.6 Total Grip Displacement for Reinforcing Rod Specimens

Code 78 lel r #14
(inches) (inches) (inches)
BP1 141 2.50 1.69
BP2 1.51 1.38 1.83
BP3 1.14 2.50 2.56
PH1 1.47 N/A N/A
PH2 N/A 2.25 N/A
PH3 N/A N/A 3.30
S1 1.28 2.25 2.25
S2 1.45 1.63 2.91
S3 1.69 1.94 2.13
Wl 1.30 1.00 1.93
W2 1.12 1.88 2.31
Mean 1,37 1.92 2.32
STD 0.18 0.51 0.52
Unwelded 3.78 5.50 4.76
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Table 4.7 Percent Elongation of Reinforcing Rod Specimens

Code 5 ilﬁ 714

(%) (o) (%)
BP1 8.8 15.0 10.5
BP2 9.4 8.6 11.4
BP3 7.1 15.6 16.0
PHI 9.2 N/A N/A
PH2 N/A 14.1 N/A
PH3 N/A N/A 20.6
St 8.0 14.1 14.1
S2 9.1 10.2 18.2
S3 10.5 12.1 13.3
W1 8.1 6.3 12.1
W2 7.0 11.8 14.4
Mean 8.6 12.0 14.5
STD 1.1 3.2 3.3
Unwelded 23.6 34.4 29.8
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Figurc 4.2 End and Side View of Failed #11 Control Specimen.
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Figure 4.3 End and Side View of Failed #11 BP2 Specimen.

Figure 4.4 End and Side View of Failed #8 S1 Specimen.
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5. COMPARISON BETWEEN MEASURED WELD CAPACITY AND
PREDICTED WELD CAPACITY

5.1 INTRODUCTION

In Chapter 2, expressions for the capacity of a weld were developed using limit state
concepts and Continuum Damage Mechanics. Depending upon the interpretation of
damage, both approaches yielded the same result. In Chapter 3, fractional stiffness
changes of the welded region relative to the unwelded rod were nondestructively
measured for the twenty-scven specimens. In Chapter 4, the same set of specimens in
addition to three controlled specimens (one for cach rod size) were tested to failure and
various mechanical properties, which included yield strength and tensile strength, were
measured for welded and unwelded specimens. A welded system consists of the weld,
the rod, and the interfaces between the weld and the rod. The objective of this chapter is
to compare the predicted magnitudes of the capacity of a weld-rod system with the
measured values for the system. System capacity is determined in terms of the yield
strengths of the weld and the rod, the loads that correspond to yield, and the tensile
strengths of the weld and the rod. In the remaining portions of this chapter, the equations
and the parameters used to cstimate weld capacities are identified, a simple failure model
of the rod-weld-interface system summarized, the results of the comparison summarized,

and the results discussed.

5.2 COMPUTING THE PREDICTED WELD CAPACITY

The equations to predict the yield strength, opy, and the load corresponding to the yield
strength, Ppy, are given by Equations (2.6) and (2.5). For convenience, here we will refer
to the load at yield as the yield load. The values of the stiffness changes, a, are provided
in Table 3.8. Note that the stiffness changes are based on the estimate using only the first
bending mode. The value of o, used in this exercise is 6y = 67 Ksi, since E§018-C3
electrodes were used in the welding process (See ANSI/AWS D1.4, 1992). The value of
Pyy in Equation (2.5) is obtained using the equation Py, = oA, where A, is the nominal
area of the reinforcing rod. The nominal areas taken here for the #8, #11, and #14 rods

are, respectively 0.79 in%, 1.56 in%, and 2.25 in®>. The predicted weld capacity for the
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tensile strength and the load in the rod at the tensile strength are provided by Equations
(2.8) and (2.7), respectively. The value of o for the EB018-C3 electrode is taken as 80
Ksi. (Sec ANSI/AWS D14, 1992). The load Pyr (i.e., the ultimate load) in Equation

(2.7) is calculated using the equation Pyr = otA,,.

5.3 FAILURE MODEL OF THE WELD-ROD SYSTEM

The system being cvaluated in this study consists of the rod comprising the base metal,
the weld itself, and the interface between the weld and the base metal. When subjected to
an axial load, the system will fail when any one of the elements (i.e., the rod, weld, or
interface) comprising the system fails. Since the system described here is a weakest link
(Series) system, the predicted strength of the system is the strength of the weakest
element. Note that the yield strength and tensile strength for unwelded #8, #11, and #14
control rods are provided in Table 4.2 and Table 4.3. In summary, the predicted yield

strength and tensile strength of the rod-weld system are given by:

Cy(system) = Min {G)'(rod), Cy(neld)s G(inlcri’acu)} (5.1)

CT(system) = MIN {GT(oa) OTiweld)s OTginterface) } (5.2)

Because we have no information on the strength properties of the weld-base metal
interface, it will be assumed that the yield strength and the tensile strength of the interface

are equal to the yield strength and tensile strength of the filler material.

5.4 RESULTS OF THE COMPARISON BETWEEN THE PREDICTED AND
MEASURED WELD CAPACITIES

The predicted and measured weld capacities using the values for the fractional stiffnesses
computed on the basis of the first bending mode only are listed in Table 5.1 to Table 5.4,
Table 5.1 summarizes the comparison between the measured yield strengths described in
the last chapter and the predicted yield strength using Equation (2.6). Note that in order

to predict the yield strengths in the table, only the nominal yicld strength of the E8018-C3

46



electrode and the estimated fractional stiffness change based on the first bending mode
were utilized, To provide an indication of the accuracy of the prediction of the yield
strength, the deviation between the measured yield strength and the predicted yield
strength is provided in the last two columns of the table. Note also that the mean and
standard deviation of the percentage error between the predicted and the measured values
is provided for each rod size as well as for the entire test sample. Cases in which the
failure of the weld did not control the failure of the system are indicated in the table. The
results in Table 5.1 are presented graphically in Figure 5.1. Note that a line of unit slope
has been included in the figure, to aid in the interpretation of the accuracy of the results.
Table 5.2 summarizes the comparison of the measured and predicted yield load (see
Equation (2.5)). Whereas the “measured” load was obtained directly from the test, the
predicted load uses the nominal area of the reinforcing rod along with the predicted yield
strength, Statistics, stmilar to those presented in Table 5.1, on the accuracy of prediction
are also provided in Table 5.2. A graphical description of the numerical results presented
in Table 5.2 is presented in Figure 5.2, Table 5.3 and Table 5.4 present comparisons of
the predicted tensile strength and the predicted ultimate load using Equation (2.8) and
Equation (2.9), respectively. The corresponding information is presented graphically in
Figure 5.3 and Figure 5.4. Note again that the predictions presented in Table 5.1 to Table
5.4 are based on the estimate of stiffness change using the first bending mode.

The results of the laboratory tests, predictions of the proposed method and the
assessment based on the dye penetrant and x-ray evidence were also compared in another
fashion. First, the welding expert was asked to select the welds that were considered
acceptable. The following welds were designated as acceptable. Specimens BP1, BP2,
and PH3 for the #14 size rods; Specimens BP1, BP3, and S1 for the #!1 size rods; and
Specimens BP, BP2, and BP3 for the #8 size rods. The remaining 18 specimens were
rejected (see Table E.1). Second, the laboratory results presented in the second column
of Table 5.1 were used to evaluate the quality of the weld systems. If the measured yield
strength was equal to or greater than 60 Ksi, the weld was accepted; if the measured yield
strength was less than 60 Ksti, the weld was rejected. One specimen, Specimen W1 of the
#11 size rods. was rejected. All other 26 specimens were accepted. Third, the yield

strengths predicted using the method proposed here was used as a basis for determining

47



the acceptability of the welds. If the predicted yicld strength was greater than or equal to
60 Ksi, the weld was accepted, If the yield strength was less than 60 Ksi, the weld was
rejected. Again one specimen, Specimen PH1 of the #8 rods, was rejected. These results
are listed in Table 5.5. If the measure of quality of the welds defined on the basis of
laboratory tests is taken as the true measure of the quality, the proposcd approach and the
traditional NDE approaches can be compared more quantitatively. Out of a total of 27
specimens, the proposed approach accepted one weld that should have been rejected (#11
W1) and rejected one weld that should have been accepted (#8 Phl). For the same 27
specimens, the traditional NDE approach rejected 17 specimens that should have been

accepted.

5.5 DISCUSSION OF RESULTS

Given the results presented in the last section, in this portion of the chapter, the following
four issues will be discussed: (1) how to interpret the results, (2) the accuracy of the
results, (3) areas for potential improvement in the accuracy of the predictions and (4)

field implementation of the methodology.

5.5.1 Interpretation of the Results

In the common mcthods of NDE, the location and geometry of a flaw, or a system of
flaws, is dectected by some means and the impact of the flaw on the performance of the
structural element evaluated. The evaluation may be qualitative, as in the case of the Dye
Penetrant Method, or quantitative, as in the case of the Ultrasonic-Fracture Mcchanics
combination, As noted earlier, the use of tracture mechanics is limited if the flaw
distribution and geometry are complex. The approach proposed here attempts to provide
the nondestructive evaluation of a system with complex distributive damage such as that
found in welds. The inputs to the method are the tensile strength and vield strength of the
filler material and the base metal, the nominal area of the member, and a nondestructive
measure of the fractional stiffness change in the weld relative to the undamaged rod. The
output of the method is a prediction of the resisting capacity of the weld system.
Whether the system is adequate or inadequate depends upon the load demand in a

specific application. In Table 5.5 an evaluation based on the system with resisting yield
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strength equal to or greater than 60 Ksi was presented. If a weld system is evaluated
using the method presented here, the information passed on to the designer is an estimate

of the resistance of the system in terms of its yield strength and tensile strength.

5.5.2 Accuracy of the Results

The measures of accuracy utilized in this report are the magnitude of deviation and the
percent deviation of the predicted capacity from the measured capacity. As noted above,
here capacity is measured in terms of yield strength, yield load, tensile strength, and
ultimate load of the system. If one considers the predictions based on stiffness changes
using only the first bending mode, as shown in Table 5.1, the mean deviation percent
error of the predictions for all specimens is 0.77%. The smallest mean deviation percent
error (0.11%) coincides with the #8 rods, while the largest mean deviation percent error
(8.97%) resides with the #14 rods. Since the yield load is related to the yield stress
through the nominal area of the rod, the error distribution for the predicted yield load, in
terms of percent error of the deviation, is identical to the error distribution of the yield
strength. Figure 5.1 and Figure 5.2 indicate that the predicted and measured yield
strength and yield load tend to cluster around the line of unit slope. Again, on
considering the predictions based on stiffness changes using only the first bending mode,
as shown in Table 5.3 and 5.4, the mean deviation percent error of the predictions of the
tensile strength and the ultimate load for all specimens is —1.84%. The smallest mean
deviation percent crror (-0.57%) coincides with the #11 rods; while the largest mean
deviation error (-6.04%) resides with the #11 rods. Figure 5.3 and Figure 5.4 indicate
that the predicted and measured yield strength and yield load tend to cluster around the

line of unit slope.

5.5.3 Areas for Potential Improvement in the Predictions

Even though the methodology proposed here to predict the capacity of a weld-rod system
is quite good, there are stitl many areas for potential improvement in the accuracy of the
predictions. Three obvious areas include the following: (1) improving the strength-

damage models, (2) accounting for uncertaintics in the parameters used to predict the

49



strength, and (3) reducing errors associated with experimental measurements and

stiffness change determination,

The strength-damage model for weld systems can be improved or refined in several ways.
First, the model may be extended to include the strength properties of the interface and/or
changes in the properties of the base metal in the heat affected zone. Second, the impact
of the incremental damage incurred during loading on the strength may be considered.
Finally, the irrcgular geometry in the weld zonc and the impact of the mass due to the

weld and the backing can be included in the analysis.

The equations used in this study assumed that all of the parameters used in this study,
such as yield strengths, tensile strengths, and nominal areas, are deterministic. In reality
thesc variables are random variables, Thus, the model can be significantly improved by
treating the parameters as random variables. To accomplish this task, statistical

descriptions of the parameters of interest must be developed.

For scientitic reasons, the dynamic testing portion of this study involved a weld
reinforcing rod system that had preciscly defined boundary conditions; namely, free-frec
boundary conditions. Such ideal conditions are unlikely to be encountered in the field.
Measurement of modal parameters must be accomplished for systems with more
complicated boundary conditions and system identification procedures must be extended
to account for the variable boundary conditions. The system identification technique
used in this work is capable of identifying such variable boundary conditions. The
capability to deal with more complicated boundary conditions is key to extending the
technique to the field. The technique forms the basis of a prototype apparatus, to be

described below, for the evaluation of weld capacity in the field.

5.5.4 Field Implementation of the Methodology
The method demonstrated in this study can be implemented in two phases. The objective
of the first phase would be to nondestructively measure the stiffness changes of the

welded region in the field, To accomplish this objective several subobjectives would
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have to be accomplished. First, a clamping device that could isolate the weld from the
rest of the structure has to be designed, fabricated, and ficld-tested. Such a device is
needed so that only a small part of the structure is dynamically excited. Second, in the
field testing phase, the capability of exciling the region around the weld and extracting
local modal parameters must be demonstrated. In a laboratory setting, modal parameters
can be extract quite rapidly using the method referred 10 as “peak picking.” The modal
parameter reported in Appendix C were determined using peak picking. Third, a system
identification, which is robust to variable boundary conditions, must be made of the
weld-clamp system, using the field-derived modal parameters. Finally, either using mode
shapes or frequency changes, the stiffness changes at the weld location must be

determined.

The objective of the sccond phase would be to predict the weld capacity using Equations
(2.5), (2.6), (2.7), (2.8), (5.1) and (5.2). This task would entail knowing the appropriate

strength properties of the rod and the electrodes utilized as well as the rod sizes.

A prototype of such a clamping device to isolate the weld from the surrounding structure
is shown in Figure 5.6. The device is essentially an cxtension of the free-free beam
described in Chapter 3. Here clamps are ideally rigidly attached to a very stiff beam with
bending rigidity very large compared to the bending rigidity of the reinforcing rod. A
span of the rod containing the weld is clamped creating something close to a fixed-fixed
beam. Modal testing is performed on the section in the usual way and the subsequent
analysis based on the local vibrational modes. The model to be identified using systems
identiftcation is shown in Figure 5.7. In the figure note that the clamp is modeled as a
combination of torsional and axial springs. The stiffness of the springs inturn depend
upon the rotational rigidity of the clamp, which may differ from end to end, and the
magnitude of the clamping force. Variations in boundary conditions may be reduced by
tightening the clamps with a torque wrench. The additional equipment needed to perform
the test is shown in Figure 3.5. Space and weight requirement are minimal, except for

the clamping device that may weigh 60 to 80 pounds.
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5.5 SUMMARY

The objective of this chapter was to compare the predicted magnitudes of the capacity of
a weld-rod system with the measured values of the system. The capacity of the system
was expressed in terms of the yield strength, yield load, tensile strength, and ultimate
load of the weld-rod system. The equations and parameters used to predict the capacity
of the weld were summarized, failure models for the weld-rod system were proposed, and
the results of the comparison between the predicted and measured results for twenty-
seven specimens were described. Finatly, the results were discussed with respect to (1)
how they should be interpreted, (2) the accuracy of the predictions, (3) arcas for potential
improvements in the accuracy of the predictions, and (4) the implementation of the

methodology in the field.
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Figure 5.6 Prototype of Clamping Device
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6. SUMMARY AND CONCLUSIONS

6.1 SUMMARY

The objective of this study was to invesligate the technical feasibility of using a proven
NDE scheme (the Damage Index Method) developed for large structures to evaluate,
quantitatively, welded reinforcement splices during construction. At the outset of the
project, an experiment was performed to demonstrate that the modal-based method could
detect a 1/32 inch flaw In a #6 and a #9 rods in accordance with ANSUVAWS

Speciications. Details of the experiment are provided in Appendix B.

In Chapter 2, a relationship between the damage in a material and the strength of the
material was developed. Two approaches were used. First, independent of Continuum
Damage Mechanics, a relationship between the yield strength and tensile strength of a
welded reinforcing rod was developed. Second, the validity of the results was checked
using the results from Continuum Damage Mechanics. A strong agreement between the
damage measure of in the Damage Index Method (the fractional change in stiffness) and
the internal variable used to characterize damage in Continuum Damage Mechanics

exists.

In Chapter 3, the results of the modal testing and the subsequent stiffness evaluation {or
twenty seven welded rod specimens were presented. First, the welded specimens were
described. Second, the instrumentation, modal test procedures, and modal results were
presented. Third, the generation of specimen baseline models was discussed. Finally, the

results of the fractional change in stiffness of the welds were presented.

In Chapter 4, tensile tests were conducted on thirty 48-inch welded reinforcing rod
specimens at the TxDOT Materials and Tests Laboratory in Austin, TX. The thirty-
specimen set was divided into three, 10-specimen subsets consisting of #8, #11, and #14
reinforcing rod sizes. An unwelded control specimen was included in each subset.
Reported mechanical properties included yicld strength, tensile strength, breaking

strength, Young’s modulus, total elongation, and percent elongation,
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Finally, in Chapter 5, the predicted magnitudes of the capacity of a weld-rod system with
the measured values of the system were compared. The capacity of the system was
expressed in terms of the yield strength, yield load, tensile strength, and ultimate load of
the weld-rod system. The equations and parameters used to predict the capacity of the
weld were summarized, failure models for the weld-rod system were proposed, and the
results of the comparison between the predicted and measured results for twenty-seven
specimens were described. Also the evaluation of the weld using the proposed method,
x-ray examination and dve penetrant were compared to the quality of the weld based on
laboratory testing of the welds. Finally, the results were discussed with respect to (1)
how they should be interpreted, (2) the accuracy of the predictions, (3) areas for potential
improvements in the accuracy of the predictions, and (4) the mmplementation of the

mcthodology in the field.

6.2 CONCLUSIONS

On the basis of the results presented in the main text and the supporting information

catalogued in the appendices, the following findings c¢nsue from this study:

1. The Damage Index Method is capable of detecting a 1/32 inch deep flaw in a #6 and a
#9 rod, satisfying AWS Specifications (See Appendix B);

2. The perlormance, measured by the tensile strength and the yield strength, of a4 welded
joint can be related to the fractional change in stiffness at the joint location due to the
weld (See Chapter 2);

3. Fractional stiffness changes at the location of a weld can be routinely measured using
modal-based methods (See Chapter 3);

4. Good agreement exist between predicted strengths of weld-rod systems and the
corresponding strengths measured in the laboratory (Sce Chapters 4 and 5);

5. A model device that may allow the method to be used directly in the field has been
constructed;

6. All theory, software, hardware and special sensors now exist to support the field

application;
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7. Finding 2, Finding 3, and Finding 4 imply that the method is quantitativc;

8. Finding | and Finding 4 imply that the method is feasible; and

9. Finding 5 (given that such a device can be built) and Finding 6 (given that supporting
instrumentation and theory to evaluate the weld exists) imply that the proposed

methodology is feasible (i.¢., practicable) under field conditions,
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APPENDIX A

A METHODOLOGY TO IDENTIFY STRUCTURAL PROPERTIES OF
THE BASELINE AND THE EXISTING STRUCTURES

A.1 SYSTEM IDENTIFICATION SCHEME FOR THE BASELINE STRUCTURE
The rationale behind the development of the baseline model can be explained with the aid
of Figure A.1. Suppose a flawed (i.e., damaged) structure (Refer to Figure A.l(a)) is
given with field-measured mode shapes @, and eigenfrequencies o, Assume that the
magnitude of the flaw is small in comparison to a flawless (i.c., bascline) structure.
Suppose that an estimate of the flawless structure can be identified, shown in Figure
A.1(b), using only the frequency information from the flawed structure. Then the
identified baseline model (Refer to Figure A.1{b)) will have the same eigenfrequencies
o, {in the least square sense) of the flawed model (Refer to Figure A.1(a)) but the mode
shapes of the two structures will be different in the neighborhood of the flaw, This
difference in the mode shapes of the identificd bascline structure and the measured mode

shapes of the existing structure may then be exploited to localize the flaw,

Here, a system identification methodology to identify baseline modal responses of a
structure is outlined (Stubbs and Kim, 1996). Consider a linear skeletal structure with NE
members and N nodes. Suppose k" is the unknown stiffness of the j" member of the
structure for which M cigenvalues are known. Also, suppose k; is a known stiffness of the
i" member of a FE model for which the corresponding set of M eigenvalues are known.

Then, relative to the FE model, the fractional stiffness change of the ;" member of the

structure, o, and the stiffnesses are related according to the following equation:

k=1l (1 + o) (A1)

The fractional stiffness chanpe of NE members may be obtained using the following

equation (Swbbs and Osepueda, 1990):
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Z=Fa (A2)

where o is a VE x | matrix containing the fractional changes in stiffness between the FE
model and the structure, Z is a M X 1 matrix containing the fractional changes in
cigenvalues between the two systems, and F is a M x NE stiffness sensitivity matrix

relating the fractional changes in stiffnesses to the fractional changes in eigenvalues.

The M x NE, F matrix can be determined as follows: first, 3/ eigenvalues are numerically
generated from the initial FE model; second, the stiffness of the first member of the FE
model is modified by a known amount; third, the corresponding set of A eigenvalues are
numerically generated for the modified FE model; fourth, the fractional changes between
the M initial eigenvalues and M eigenvalues of the modified structure are computed; fitth,
each component of the first column of the F matrix (i.c., the 4/ x 1, F matrix) is computed
by dividing the fractional changes in cach eigenvalue by the magnitude of the
modification at member one; and finally, the 3/ x NE, F matrix is generated by repeating

the entire procedures for all V& members.

Using the above rationale as a basis, the following 6-step algorithm is proposed to

identify a given structure:

1. Select a target structure (e.g., a post-damage statc of the structure) for which
sufficient cigenfrequencies that can be used to identify the baseline structure are
available. (Note that the mode shapes of the damaged structure in defining the target
structure are ignored.)

2. Select an initial FE model of the structure, utilizing all possible knowledge about the
design and construction of the structure.

3. As outlined above, compute the sensitivity matrix of the FE model,

4. As outlined above, compute the fractional changes in eigenvalues between the FE
model and the target structure.

5. Fine-tune the FE model by first solving Equation (A.2) to estimate stiffness changes



(i.e., to compute the N& x 1, a matrix) and next solving Equation (A.1) to update
the stifthess parameters of the FI: model.
6. Repeat steps 1~5 until Z = 0 or a = 0 (i.e., as they approach zero) when the

parameters of the FE model are identified.

The converged FE model 1s the baseline model. It has the frequencies of the damaged
(i.e., target) structure but none of its members are damaged. Furthermore, the mode
shapes of the baseline model differ from those of the damaged structure. Once the
baseline model is identified, its modal parameters can be numerically generated (e.g.,

using commercial softiware ABAQUS (1994)).

A.2 DAMAGE LOCALIZATION THEORY (DAMAGE INDEX METHOD)

In the field of Nondestructive Damage Detection (NDD) using modal parameters, one of
the more difficult problems is that of making a statement regarding the integrity of a
relatively small portion of a structure when very few modal parameters are available. In
such cases, inversc methods using systems of cquations usually result in unsolvablc
systems with few equations but many unknowns. The discipline of pattern recognition
provides a way to deal with such heavily underdetermined systems (Nadler and Smith,

1993),

In pattern recognition, physical world data are transduced into the so-called pattern space.
Using techniques of dimensionality reduction, the pattern space is reduced to a smaller
dimension known as the feature space. Data in the feature space are introduced to a
decision algorithm and the elements of the feature space are classified into a finite
number of clusters. In the problem at hand, the dynamic response of the structure in the
time domain represents the physical world data and the modal parameters represent the
pattern space. The feature space is represented by indicators that are a function of
measurable pre-damage and post-damage modal parameters. These indicators can be

selected in such a manner that they reflect internal structure in the data. The decision



algorithm is a means by which the data space is partitioned into D, clusters (decision
spaces). In this study, n = 2 and the decision spaces correspond to the cases: (a) a
structure is not damaged at a given location, and (b) a structure is damaged at a given
location. For each instance the indicator of damage will fall into one of the two

categories.

The damage index method utilizes the change in mode shapes of the pre-damage and
post-damage structure to detect and locate damage in a structure (Stubbs et al., 1992).
Consider a lincar, undamaged, skeletal structure with NE elements and N nodes. After
writing the equations of motion for the structure and solving the eigenvalue problem, the i*

modal stiffness, K, of the arbitrary structure is given by (Craig, 1981)

Ki = ®o/Cq, (A.3)

where @, is the i" modal vector and C is the system stiffness matrix. From matrix structural

analysis, the contribution of the j" member to the i modal stiffness, K, is given by

K, = @ Ca; (A.4)
where C; is the contribution of the j member to the system stiffness matrix. The fraction of

modal energy for the i mode that is concentrated in the ) member (i.e., the element

sensitivity of the j*" member to the i™ mode) is given by

Fij = Kij/Ki (A5)

Let the corresponding modal parameters in Equations (A.3) to (A.5) assoctated with a
subsequently damaged structure be characterized by asterisks. Then for the damaged

structure,
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F, = Ki/K (A.6)
where K;;" and K" are given by, respectively

Ky = ©'Cd (A.7)
and

Ki = &' C @, (A.8)

Again, from matrix structural analysis, the stiffness matrices C, and C;" in Equations (A.4)

and (A.7) may be written as follows:

G = kG (A.9)
and

where the scalars k; and kj', respectively, are parameters representing the matenal stiffness
properties of the undamaged and damaged j” member of the structure, and the matrix Cjs
involves only geometric quantities (and possibly terms containing Poisson's ratio). The

quantitics I'; and F" are related by the equation:
Fy = F; + dF; (A.1D)

where d; is related to the change in the fraction of modal energy of the j" member in the i"

mode. The quantity dF; can be obtained from the expression:

Klj qu dKl

Assuming that the structure is damaged at a single location j and the resulting change in I
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is only a function of k, a first order approximation of dK; can be obtained from the

expression:
aKi' aK;“aU.“
dKy = —dk; + — ———dk; A.13
i = 2 T g, oK, O (A-13)
where
uy = @ Cpd; (A.14)

Using Equations (A.4) and (A.9), it can be shown that

8Ki,-
= i A5
ok, (A-13)
and
JK;
— = K (A.16)
OU‘J

Next, introducing the modal force vector associated with the j* member and the i" mode,

A, given by

Ay = GO, (A7)

it can be shown that by using Equations (A.9), (A.14), and (A.17),

1 ]
U = FA?‘ICJI\A” (A.18)
|

Therefore, if it 1s assumed that the modal force A, remains constant while k; changes (note

that the assumption is true in the case of a statically determinant system), then
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— = - (A.19)

Since it has been assumed that the structure is damaged in only one location, it follows

readily that dK; = dK;. Also, since K; >> K, from Equation (A.12)

dKy u
dF; = K.J = -E]dkl' = -Fja (A.20)

where a, = dk/k;, the fractional change in the stiffness of Element j. Substituting the result of
Equation (A.20) into Equation (A.11), and substituting for F" using Equations (A.6) to

(A.11), it can be shown that

Ko_ oW

K, 'K, (1-ay) (A.21)

Substituting for a, = (k;" - k;)/’k; in Equation (A.21), and rearranging, one obtains:

kj (Ui‘; uii] Uy
— = | =t /2= A22
i e (A22)

Setting £ =u,"/K," and {, = u/K,, Equation (A.22) reduces to

ok /611
DIy = i+ = = — (A.23)

where DI, is the indicator of damage in the i" member using the i" mode. If DI; > 1, damage
may exist. From Equation (A.23), the fundamental indicator of damage is the quotient f; /f;.

Note that the one tn the numerator is, essentially, a shifting factor while the two in the

denominator is a scaling factor. Equation (A.23) becomes singular when f; — 0: a condition

AT



which will occur when, simultaneously, the element size approaches zero and the element is
located at a node of a mode. Here the division-by-zero difficulty can be overcome by
simply shifting the axis of reference for the sensitivities, For example, if the origin is shifted

from f;=0to {; = -1, then

f. -1+ fij (A24)

and

fi - 1+f (A.25)

So the new indicator function, DI, which will also form the basis of feature space (in the

ij*

pattern recognition sense), becomes

f +1 (]):TCJ.O(I):+(I):TC(I): OCo,

Di. = i 1 =D
) f+1 D/C, 0 +DICD, |D;CO;

(A.26)

There are two important characteristics of the indicator DI;; given by Equation (A.26): first,
the expression attempts 10 express the changes in stiffness at a specific location in terms of
measurable pre-damage and post-damage mode shapes (P, and @,"); and second, the term
C,, on the right hand side of Equation (A.26) can be determined from a knowledge of the
geometry of the structure. Thus for each damage location j, there are as many DI/s available
as there arc mode shapes. As noted above, in the context of pattern recognition, the latter
values of DI define the feature space. The following expression will be the convenient

form of damage index DI, for a single location if several modes (NM) are used

=

he

=[]

(cl) 'C D + O Cy )tDiTCd)i
DI =L (A.27)
((DTC @, + D CD, )(D fC;

=
=
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The final step in damage localization is classification. Classification analysis addresses
itself to the problem of assigning an object to one of a number of possible groups on the
basis of observations made on the objects. In this study, the objects are the members of
the structure. There are two groups: undamaged elements and damaged elements. Finally,
the observations made on the objects are the DIs. Many techniques are available to
accomplish the end. Examples of these methods include classification on the basis of: (1)
Baves' rule (fromy which the well known Linear Discriminant Analysis and Quadratic
Discriminant Analysis are derived), (2) nearest distance, and (3) hypothesis testing
(Gibson and Melsa 1975). While other approaches are available (Garcia 1996), the
authors currently have utilized primarily techniques from hypothesis testing, The criteria
for damage localization is established based on statistical reasoning. The values, DI,, DI,
DI, ...... . DI, for each element, are considered as realization of a random variable. The

normalized damage indicator is given by

DI.-u
7. =— "0 (A.28)
) Oy

where pp, and o), represent mean and standard deviation of the damage index, DI,
respectivelv. Let H, be the hypothesis that the structure is not damaged at member j, and
let 11, be the hypothesis that the structure is damaged at member j. The following decision
rules may be used to assign damage to member j: {1) choose H, if z 2 2 and (2) choose

H, if z; < ) where A is a threshold which assigns a level of significance.

A.3 DAMAGE SEVERITY ESTIMATION

Note that in Equation (A.23) the indicator of damage is the ratio of the undamaged
stiffness to the damaged stiffness. Such a number exists for cach potentially damaged
member. For example, in the case of a truss there is a DJ; associated with every member ).

Here the damage is expressed as the fractional change in stiffness of an element:
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o == —t= =i (A.29)

Thus if there is no damage, o; = 0; if there is damage, a; < 0. Note that if o, = -1, all

stiffness capacity is completely lost.

A4 IDENTIFICATION OF STIFFNESS OF EXISTING STRUCTURE
Having stiffness parameters for the baseline structure, location of damage, and the
severity of damage, the stiffness properties of the existing structure can be obtained from

the equation:
k(jL-u_aung) - k?bnsw'u’m")[l + a]] (ABO)

Note that if there is no damage at location j, the stiffness properties of the baseline and

the existing structures are the same.



(a) Flawed Structure: @, 0,
\

(b) Estimate of Flawless Structure: @, o,

Figure A.1 Flawed Strueturc and Estimate of Flawless Structure
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APPENDIX B

VALIDATION OF THE METHODOLOGY VIA LABORATORY
EXPERIMENTS FOR A 1/32” SURFACE DEFECT IN
A #6 AND #9 BAR

B.1. INTRODUCTION

Laboratory experiments on unwelded and welded reinforcing rod specimens were
performed to verify the damage detectability of the Damage Index Method. Surface
cracks, the smallest depth of 1/50 inch to the greatest depth of 2/50 inch, are artificially
made in #6 and #9 reinforcing rod specimens for the experiments. To meet the objective
the following four tasks are performed. First, materials and equipment used in the
experiment are described. Next, the details of the experiment are described. Third, the
modal testing performed to extract the modal parameters, i.e., frequencies and mode
shapes, are summarized. Finally, the modal parameters and the damage estimation

results employing the Damage Index Method are summarized.

B.2, MATERIALS AND EQUIPMENT
In this section, the experimental configurations utilized to determine thc modal
characteristics of the specimen are described. These configurations include the types and

dimensions of the specimens used in the experiment and modal testing equipment.

B.2.1. Description of Matcrials

Typical #6 and #9 reinforcing rods were selected in this experiment. All specimens were
24 inches long. A specimen length within 1/4 inches of the nominal value was
considered acceptable. It should be noted that lengths of 44 and 48 inches were discussed
earlier. Due to the physical size of the latter specimens, shorter specimens were
preferred. The shorter specimens had higher natural frequencies, which in turn were
easier to excite with the impact hammer used here, Note that #6 specimens has a nominal
diameter of 3/4 inches and #9 specimen has a nominal diameter of 1,125 inches, All

specimens were designated ASTM A60 and were purchased locally.
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For the purpose of this study, a free-free beam was selected as the test configuration,
because of the confidence in the knowledge of the boundary conditions. In order to
simulate a free-frec boundary condition, two lengths of 18 gauge wire approximately 24
inches in length were used. The support wires were tied to a pair of shelf brackets at one
end and a noose at the other end (Refer to Figure B.1). A piece of sponge was placed
between the specimen and the support wires at the lower end, to isolate the specimen
from the supports and to create a free-free condition (Refer to Figure B.1). On the surface
of the sponge in contact with the specimen, two strips of rubber bands were glued
together in order to increase friction. This action was taken in an attempt to prevent the

specimen from rotaling about longitudinal axis as a result of the hammer impacts.

A pendulum device to impact the free-free specimen was constructed (Refer to Figure
B.1). The purpose for selecting the pendulum device was to reduce vanations in the
magnitude and location of the hammer impacts. A permanent marker was utilized to
indicate the designated points of impact for each specimen. A ruler was used to measure
the magnitude of the inflicted damage. A hacksaw was used to introduce the intended
damage to the specimen. Also, a 3/8 inches diameter ball end mill bit was used for weld

joint preparation, All the materials used in the experiment are indicated in Figure B.2.

B.2.2, Description of Equipment

Figure B.3 depicts the equipment utilized in this study. The equipment consisted of a 4-
channel Digital Signal Processor (DSP), an impact hammer, a piezoelectric accelerometer
and a personal computer (PC) cquipped with Siglab software version V3.10 (11-S¢p-98
or later version). The DSP and Siglab software, designated model 20-42, were
manufactured by thc Signal Analysis Group. The impact hammer was a Piczotronics
(PCB) mode] 086C01. Several impact tips were supplied with the hammer. The white
nylon (084304) and metal tip (084B03) were the ones finally used because they produced
a flatter auto-spectrum in the frequency ranges corresponding to the first four resonant
frequencies for both the #6 and #9 specimen sizes. The accelerometer utilized in the

experiment was a PCB model 303A03.
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B.3. SUMMARY OF MODAL TESTING

B.3.1. Description of Equipment Sctup

The following summary highlights some of the Siglab settings used. Siglab’s overload
reject was set to “on”. This sctting meant that if there was an overload in one or both
inputs, no data would be taken. Siglab’s Record Length was set to collect the maximum
number of samples, 8192. The record length is an intrinsic Siglab function that sets the
number of samples taken and the sample time. Anti-aliasing filters were set to “on”. The
use of the filters eliminated any frequency content above the upper cut-off frequency of
the bandwidth specified by the experimenter. The bandwidth was set to 5 KHz the
resulting frequency error was + 1.5625 Hz. The use of a 5 Khz bandwidth was sufficient
to span the first 6 bending modes. The frequency error is a tolerance set by Siglab based

on the bandwidth selected by the experimenter.

The #6 specimens required hammer and accelerometer sensitivity settings of 5V and
2.5V, respectively. The #9 specimens required hammer and accelerometer sensitivily
settings of 10V and 5V, respectively. The sensitivity settings were sufficient to reduce the

time required to conduct a modal test by eliminating repeated tnput overloads.

B.3.2. Specimen Preparation

The preparation of each specimen was accomplished in four steps. First, each specimen
was cut to the appropriate length of 24 inches and surface grit was removed with a wire
brush. Second, nine impact locations were milled on the weak axis three inches apart
between centers of milled out sections (Refer to Figures B.4 and B.5). Third, the
specimens were rotated 180° and one accelerometer location milled out 9 inches from the
end corresponding to Location 1. Finally, the impact locations were labeled 1 through 9
with a permanent marker. Also, each specimen was assigned a number. For example, 6 2

designated a #6 rod specimen and specimen two,

To simulate a surface crack, an ordinary hacksaw was used to cut a groove in the surface

of the specimen (Refer to Figure B.6). A hacksaw was used for two reasons: 1) it yielded

B-3



better control over the amount of material removed (as opposed to an electric band saw or
power hacksaw); and 2) the hacksaw was faster than an arbor mill. The width of the
inflicted crack was on the order of 0.0345 inches as measured with a pair of feeler gages.
Note that an ordinary hacksaw approximately .02 inches in width was used to cut a
eroove in the surface of the reinforcing rod specimen and the depth of the groove was

measured using a ruler.

Full penetration butt welds were tested. A double U-groove was preferred to a V-groove
for at least three reasons. First, in order to prepare a V-groove, each specimen had to be
cut into two pieces. This siluation resulted in an alignment problem when an attempt was
made to weld the two pieces together. Second, welding of a full penetration V-groove
generated excessive heat that in turn resulted in specimen warping. Finally, a double U-

groove was easier to mill than was a double V-groove.

Preparation of the complete weld joint required four steps. First, a 3/8 inch ball end mill
was used to cut out a U-groove through half the diameter of a specimen at location 6
(refer to Figure B.7). Second. the groove was welded and cooled (refer to Figure B.8).
Third, a second U-groove was cut on the opposite side of the tirst U-groove to a depth
greater than half the diameter of the specimen to ensure full penetration. Finally, the
sccond groove was welded and cooled. The welding was accomplished using Gas Metal

Arc Welding (GMAW) and electrode specification ER70S-6.

B.3.3. Quantification of the Number of Impact Locations Using
Shannon’s Sampling Theorem

The number of impact locations for the modal testing was determined based on the
Shannon’s Sampling Theorem. The theorem states that in order to completely reconstruct
a continuous time signal from a sample set requires that the sampling frequency should
be greater than twice the highest frequency of interest contained in the original signal.

Shannon’s Theorem may be stated as follows:
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f:22frae  [time domain] (B.1)

where f; is the sampling frequency and f,.. represents the maximum frequency to be
reconstructed. Analytical results for a simply supported rod show that the bending modes

in the spatial domain are sinusoidal.

mx

Y=C sin| — 2
C sm( . ] (B.2)

Where Y is the bending mode shape amplitude, C is an arbitrary constant, m is the mode
number of the highest bending mode to be reconstructed and L. represents the rod length.
Hence, if the original signal is continuous and periodic, then the spatial domain

equivalent of Equation (B.1) can be stated as follows:
N2>2K +1 [Spatial domain] (B.3)

where N is the number of sample points and K represents the highest harmonic to be
reconstructed. For example, if we wanted to reconstruct the fourth harmonic of a signal
(K = 4), then N 2 9. In order to use the Damage Index Method, curvatures have to be
computed numerically. Independent experimentation demonstrated that for values of N >
9, the resulting curvatures were undesirable. Here, undesirable refers to the non-smooth,
asymmetrical appearance of Mode 1 curvatures obtained in experiments using 13 data
points (Refer to Figure B.9). Figure B.9 demonstrates that the experiments using 9 data
points resulted in curvatures that were more smooth and symmetrical. Therefore, the
number of impact locations was set to 9 instead of 13. This adjustment allowed the first
four bending modes to be used in the damage detection algorithm based on Equation

(B.3).
B.3.4. Description of Experiment Procedure

The experimental proccdures described below are applicable to both #6 and #9 rod

specimens. Typically in modal testing, multiple sensors are used and the structure is
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impacted at one location. Transfer frequency response functions (FRF) for all locations

are then produced simultaneously. Since the FRF matrix is symmetric, an alternative

modal testing method is to use one sensor and multiple impacts at each impact location

(1e.,

the fixed accelerometer - roving hammer method). The tatter method is valid if the

system is linear and if the hammer impacts are repeatable (Ewins, 1986). The procedure

consists of the following nine steps:

e

. Attach the accelerometer to the specimen (refer to Figure B.10);
. Place the specimen into the supports (refer to Figure B.10)

. Adjust the impact hammer in the vertical position so that it is perpendicular to the

specimen and even with the center of the impact location (This procedure is an
eyeball adjustment that reduces errors in the data due to the misalignment between
the accelerometer and hammer which causes the accelerometer to sense non-

bending modes);

. Set the swing angle of the hammer by adjusting the pendulum’s angle adjustment

feature (refer to Figures B.1 and B.3);

. Firmly hold the base of the pendulum with one hand, simultaneously raise the

hammer with the other until the hammer is in contact with the angle adjustment
stop, release the hammer and impact the specimen, then catch the hammer

immediately afier impact to prevent a double hit (refer to Figures B.11 and B.12);

. Once the green light on the DSP starts flashing gently, grasp the specimen to

dampen out the remaining vibrations and stop the specimen {rom swinging (Refer

to Figure B.13);

. Repeat Steps 1 to 6 three times;

. (After the third impact at an impact location, Siglab displays an averaged FRF of the

specimen on the PC monitor.) Record by hand the maximum value for the first four
peaks of the FRF and store the data on disk, Siglab also provided the sign of the

displacement (positive or negative); and

. Repeat Steps 1 to 8 for each impact location.



By following the procedure outlined above, the magnitude of the system response at
location i {(accelerometer location: Location 4) due to an excitation at location j j =1 to
9) can be measured. At the conclusion of the modal test, a complete set of mode shapes

for the first four modes was collected.

B.3.5. Description of Experiments

The experiment was conducted in two steps: preliminary and final experiments (Refer to
Table B.1). The preliminary experiment (Experiment Number 1 through lIc) was
performed on a homogeneous steel rod (Specimen S_1), to gain insight into how varying
certain parameters would affect damage detection using the current NDD algorithm, The
preliminary specimen was not welded. The final experiment (Experiment Number 2
though 23) was conducted on the non-welded and welded reinforcing rod specimens. The

#6 and #9 specimens were used in the final experiment.

B.3.5.1. Description of Preliminary Experiments

In order to determine the smallest detectable defect, the depth of the groove was initially
set at (1,02 inches. However, the current NDD algorithm showed that at this depth damage
detection was not repeatable, Consequently, the damage was incrementally increased

until the NDD algorithm could detect the damage repeatedly.

During the preliminary testing stage, the same type of boundary conditions (i.e., free-free
boundary condition) were used for all specimens (Refer to Figures B.1 and B.3). The
parameters of interest were the specimen length, hammer impact repeatability, number of
impact locations and the accelerometer and damage locations. First, preliminary results
indicated that if 13 data points were used, both 24 inches and 48 inches specimens had
asymmetrical and non-smooth curvatures for Mode 1, which led to the use of 24 inches
specimens {(Refer to Figure B.14). Second, a pendulum was constructed in an attempt to
improve hammer impact repeatability. Impact repeatability is essential if good data were
to be collected using a non-contact excitation method such as an instrumented impact
hammer. Third, the number of impact points was decreased from 13 to 9. This decision

was made in an attempt to improve the quality of the curvature of Mode 1 (Refer to
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Figure B.14). A cubic spline numerical routine was used to compute curvatures at
intermediate impact points. In actual field testing, the number of measurable mode shapes
may be limited; thus the reason for the emphasis being placed on Mode 1. Last,
preliminary results from Experiments 1-1¢ (Refer to Table B.1) conducted on Specimen
S_1, showed that if the accelerometer and damage locations were not at the specimen’s
midpoint, damage was detectable using the current NDD algorithm (Damage was at
x=16: Element 60) (Refer to Figure B.15). This finding is attributable to the fact that the
midpoint corresponds to a node point for modes two and four. Therefore, in moving the
accelerometer and damage locations off center, the first four modes could be used for

damage detection.

B.3.5.2. Description of Final Experiment

The objective of this section is to provide a general description of the experiments
conducted and an experimental proof of concept for the approach. Here, the proof of
concept refers to repeatedly detecting specific sized defects in unwelded #6 and #9 rod
specimens using the current NDD algorithm. Proof of concept will also be extended to
include full penetration butt welds. In this study damage was a cut inflicted with an
ordinary hacksaw, Note that saw cut depths of interests ranged from 0.02 inches to 0.04

inches.

Unless otherwise stated, all specimens had the same support locations (Locations 2.5 and
7.5) and 9 data / impact potnts (3 inches pitch). The accelerometer was attached at
Location 4 and damage was inflicted at Location 6, In this study, Location | corresponds
to X = 0 inches, Location 2 corresponds to x = 3 inches, and so on. Based on the data
gathered, the threshold value to be used for hypothesis testing was z, = 0.45, which
corresponds the smallest encountered value for which damage was correctly predicted.
The threshold value corresponds to a 67.36 % level of significance of correctly predicting
the damage. When viewing a damage indicator, z, graph for a specimen, the damage
location corresponds to element number 30 (Location 6: x=15 inches). The clement
length used in the NDD algorithm was 0.5 inches. The element corresponding to damage

(DE) can be computed with the following expression:
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(Damage Location .r\"umber—l)* pitch
DE = x / Element Length = (B.4)
Element! Length

The homogencous steel rod, Specimen S_2, had support locations at 2.5 and 5.5 and 7
impact points (4 inch pitch). For the steel rod, Location 1 corresponds to x = 0 inches,
Location 2 corresponds to x = 4 inches, and so on. The accelerometer was attached at
Location 3 and damage was inflicted at Location 5. The element number corresponding
to damage is 32 for Specimen S_2. The element length used in the NDD algorithm was
0.5 inches. A listing of the experiments conducted along with the experimental objectives

and results are presented in Table B. 1.

Experiments 2 — 3b were conducted on unwelded Specimen S_2 (3/4 inch diameter)
using the set-up previously defined, Specimen S_2 was inflicted with two damage sizes,
1/16 inches and 1/14 inches. Experimental results showed that the current NDD
algorithm could be used to detect damage at Element 32 as small as 1/16 inches (Refer to
Figure B.16) using all modes, This finding in conjunction with the findings from
Experiments | — lc provided proof of repeatability. The next step would be to extend the

concept to actual rod specimens and damage less than or equal to 1/32 inches.

In Experiments 4 — 6, several iterations of modal testing were conducted on Specimens
6_3 and 6_3a. Baseline and damaged mode shapes coliccted demonstrated that a 1/32
inch defect was detectable combining all modes using the current NDD algorithm (Refer
to Figure B.17, Element 30). At the conclusion of Experiments 4 through 6, proof of
concept and repeatability of procedure were established. The next question to be
answered was whether or not changing support locations might have an affect on damage

detection.
In Experiments 7 and 7a, Specimen 6_3 was tested in an attempt to determine the effect

of changing the support locations. Specimen 6 3 was re-tested with two different sets of

support locations: 1) Support 1 had supports at Locations 3.5 and 6.5; and 2) Support 2
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had supports at Locations 1.5 and 8.5. The level of damage was the same as in
Experiments 4 through 6. Combining all modes both, support location scenarios predicted
damage at the proper location. The curvatures for Mode 1 were not as symmetric here as
compared to the ones generated in Experiments 4 — 6 (Refer to Figure B.18). Mode 1

curvatures in Figure B, 18 correspond to those of damaged Specimen 6_3.

In Experiments 9 through 9d, Specimen 6 1 was tested in an attempt to address the
asymmelry effect associated with changing support locations. Two different sets of
support locations (SC1 and SC2) were used: 1) SC1 had support locations 2.5 and 7.5;
and 2) SC2 had support locations at 3.5 and 6.5. For each support case, baseline and
damaged mode shapes were collected. The level of damage was 0.02 inches. SCI
correctly predicted damage with modes 1,2 and 4 and combining all modes (Refer to
Figure B.19). SC2 correctly predicted damage with only Mode 4 (Refer to Figure B.20).
Resuits indicate that it would be better to use SC1 for future experiments. Notc here that
the results of Experiments 9 — 9d did not yield Mode | curvatures that were anymore
symmetric than for Experiments 7 and 7a (Refer to Figure B.21). Experiment 9d was a

re-test of Specimen 6_1. which successfully verified repeatability.

In Experiments 10 and 11, tests were conducted on Spectmens 6_2 and 6_4. Only
baseline mode shape data were collected. At the conclusion of Experiment 11, Speeimens

6 1,6 2and 6_4 could be welded and tested.

Unwelded #9 rod Specimen 9 2 was tested in Experiments 12 — 12f. Due to the naturat
frequencies of Specimen 9 2 being higher than the corresponding modes for the #6
specimens, a metal impact tip was used instead of a nylon tip. The metal tip provided a
better auto-spectrum for the impact hammer; also, a harder tip was recommended in the
PCB owner’s manual for higher frequencies. The test results showed that a defect of 0.02
inches and 1/32 inches were detectable using the current NDD algorithm (Refer to

Figures B.22 and B.23).
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In Experiments 13 — [3a, tests were conducted on Specimens 6 3 and 9_1. Specimen 6_3
was welded at Location 6 with a 50° V-groove using GMAW and electrode specification
ER70S-6. The width of the weld was approximately 0.5 inches. The weld joint was

prescribed by current Caltrans specifications.

In preparing the welded joint, two problems surfaced: 1) there was difficulty in the
alignment of the weld joint surfaces; and 2) warpage resulted in Specimen 6_3 duc to
heat transfer. The mode shapes of the baseline and welded specimens were generated in
independent tests. Specimen 9_I was not welded, and both the baseline and damaged
(1/32 inches defect) mode shapes were generated via independent tests. Test results
showed that a 1/32 inches defect was undetectable in Specimen 9 _1 using the current

NDD algorithm.

In Experiments 14 and 14a, Specimen 9 3 was tested. Both the bascline and damaged
mode shapes were generated via independent tests. The inflicted damage level was a 1/32
inch deep saw cut. Test results indicate that a 1/32 inch defect could be detected using the
current NDD algorithm (Refer to Figure B.24), Experiment 14b was conducted on
welded Specimen 6 3. The level of damage was 0.02 inches at Location 6. This level of

damage was undetectable using the current NDD algorithm.

In Experiment 15, the level of damage in Specimen 6_3 was increased to 1/32 inches, At
this level of damage, the current algorithm was able to detect the damage location with

only Mode 4,

Experiment 16 was a re-test of Specimen 6 3 with the level of damage increased to 0.04
inches. Results of the current tests were similar to the ones reported in Experiment 15.

The current results show that Modes | and 4 detected the damage (Refer to Figure B.26).

Experiments 18, 21 and 23 were performed on Specimen 6_1. Specimen 6_1 was welded
at Location 6 using a double U-groove weld joint. A welded baseline was taken, then a

0.02 inch deep saw cut was inflicted at Location 6. Subsequently the damaged mode



shapes were taken. To better localize the damage using the current algorithm, the element
size was reduced to 3/20 inches. The damaged element corresponds to Element 100 (refer
to Figure B.27). Results indicate that a (.02 inch defect is detectable and repeatable. The

results also verified the proof of concept for #6 welded rod splices.

B.4. DISCUSSION OF RESULTS

B.4.1. Overview

The validation results for the proposed methodology and experimental procedure are
discussed here Iirst, mode shape repeatability is discussed using the proposed
experimental procedure. Second, verification of the assumed free-free boundary based on
computed Modal Assurance Criteria (MAC) values is discussed. Third, the effects of
support interaction are presented. Finally, verification of concept based on the proposed

methodology and experimental procedure are presented.

B.4.2. Mode Shape Repeatability

The eftect that the number of data points had on the curvature of Mode | is seen in Figure
B.14. Seven data points yielded curvatures that were smoother and more symmetric as
compared to mode shapes generated using 9 and 13 data points. It is hypothesized that the
primary cause of the reduction in smoothness and symmetry for the 9 and 13 data point
experiments may be caused by a variation in the data due to a lack of precision of the
experimental procedure. Here precision refers to the ability to accurately center the
impact hammer’s tip with the impact locations. The current experimental procedure
requires the experimenter to reposition the impact hammer at cach impact location. If, for
cxample at Location 4 the hammer was positioned slightly to the left or right and the
specimen impacted, the resulting data would not be truly accurate for Location 4. The
hypothesis being made here is that variations, due to experimental procedure, in the data
taken resulted in asymmetrical curvatures for 13 data point experiments (Refer to Figure
B.16). It is also hypothesized that specimen inhomogeneities and support interactions
caused secondary variations in the data. Here inhomogeneities are rib pattern variations,

manufacturer lettering and cross-sectional area differences.
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The MAC values for the experimental mode shapes for the rod specimens were computed
using Equation (C.1) (See Appendix C for details) and are displayed in Tables B.2 — B.7
and B.9 — B.11. The MAC values for both the #6 and #9 rod specimen are consistently
greater than 0.99. This finding indicates a very strong correlation between experimental
mode shapes and finite element mode shapes. This finding also indicates that as long as
the support locations arc kept reasonably close to Locations 2.5 and 7.5 mode shapes will
not be effected too much. The repeatability of the experimental procedure is
demonstrated by the high MAC values, since support conditions had apparently little
effect on mode shapes. It is known that MAC values do not take into account systematic
errors such as improper scaling of mode shapes or poor modal analysis of the measured
data. However, if signiticant systematic errors had been present the MAC values would
have been lower indicating poor correlation but this eventuality was not the case

observed here.

B.4.3. Verification of Free-Free Boundary Assumption

In Tables B.8 and B.12, the MAC values for specimens 6 3 and 9 2 indicate a very
strong correlation with the FE results. In the FE model the specimen was modeled as a
free-free beam. Computed MAC values, which are greater than 0.99, indicate that the
hypothesized free-free experimental boundary condition were closely related to the FE

model generated free-free boundary conditions.

B.4.4. Support Interaction

Upon inspection of Figures B.19 and B.20, it appears that the location of the supports has
an cffect on the damage detection and localization. In the case where the supports are
further away from the accelerometer and damage locations (Support condition SC1), the
value of the damagc indicator is 2. Based a standard normal distribution, z = 2
corresponds to a 97.72 % level of significance, indicating that the damage location was
clearly detected. Whereas in the case where the supports are closer to the accelerometer
and damage locations (Support condition SC2), the damage indicator value is negative

which is an indication that the damage was clearly undetectable. The discrepancy
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between support locations is probably due to boundary movement during the test and

signal dampening by the supports.

B.4.5. Verification of Concept

The results of Experiment 1 (Refer to Figure B.15) verified the proof of concept by
detecting a 1/8 inch defect using the current NDD algorithm. Subsequent experiments
(refer to Figures B.16 through B.27) showed repecatability of results. The current NDD
algorithm was able to detect defects as small as 0.02 inches and 1/32 inches in both #6
and #9 specimens, If we consider a defect size to rod diameter ratio (r), our current value
for r = (0.02 inches) / (0.75 inches) = 0.026. Where the defect size is 0.02 inches and the
nominal diameter of a #6 specimen is 0.75 inches. For the #9 rod, the r = 0.02/ 1.125 =
0.0178. Figure B.27 shows that the current NDD concept was applicable to welded
specimen (r = 0.026). Note that the current algorithm successfully predicted damage at

the proper location repeatedly.

B.5. SUMMARY AND CONCLUSIONS

The objective of this experiment was to verify the current field tested NDD algorithm
developed at Texas A&M University via laboratory experiment. To meet the objective
the following four tasks were performed. First, materials and equipment used in the
experiment are described. Second, the experimental configurations were described. Next,
the details of the modal tests were described. Iinally, the Damage Index Mcthod was

employcd to localize and estimate the inflicted known damage.

On the basis of the observations on the results from the experiment, the following

conclusions are drawn:

L. By decreasing the number of impact points from 13 to 9 improved the curvature of
Mode 1. (It 1s hypothesized that the reduction of impact points reduces the affects of

variation in the data due to the experimental procedure used);

I~

. Initially it was hypothesized that the optimal location for the accelerometer and the

damage was the midpoint of the specimen. However, if this configuration had been
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used, Modes 2 and 4 would have been of no use, because the midpoint corresponds to
a node point for all even modes. By locating the accelerometer and the damage
locations at Locations 4 and 6 respectively, allowed the first four bending modes to be
used for damage detection and localization. By increasing the number of useable
modes (information) to be used for damage detection and localization, the possibility
of detecting damage was increased. This finding was witnessed in Experiment 23
which shows Modes 1,2 and 4 correctly predicted the inflicted damage. It is worth
mentioning that in Experiment 23, Modes 2 and 4 were very sensitive to the inflicted
damage;

3. At this time, the extent of support interaction is not fully understood. However,
cxperimental results indicated that the closer the support locations are to the
accelerometer and damage locations, the lower the chances of predicting the inflicted
damage;

4, Note that there were support location differences between the baseline and damage
configurations. The support location differences were a result of having to remove the
specimen and then 1o re-place the specimen into the supports. Provided that reasonable
care is used, experimental rcsults show that small support location differences alone

are not sufficient to prevent damage detection.

In conclusion, it has been shown that the current NDD method is sensitive enough to
detect damage in both #6 and #9 reinforcing rod specimen. For the #6 specimen, a 0.02
inch defect in both the unwelded and welded beams was detectable. For a unwelded #9

specimen a 1/32 inch defect was detectable.



Table B.1 Experimentation Sequence (UW = Unwelded; W = Welded)

Exp. | Speci- | Configu | Damage Objectives of Test Results of
No. | men -ration Magnitude Tests
1 - S 1 Uw 1/87(3.2mm), | Collect baseline and Successful for
lc 1/4”(6.4mm) | damaged mode shapes. all 3 damages
3/87(9.6mm) | Verify proof of concept.
2- S 2 Uw 1/167 Collect baseline and Successful for
2a (1.6mm) damaged mode shapes. both damages
1/14” Verify proof of concept.
(1.8mm)
3— | S2 Uw 1/14” Retest of S 2 with same Successful
3b (1.8 mm) size damage. Confirm
repeatability.
4— 163 Uw 1/327 Collect baseline and Successtul
4a (0.8 mm) damaged mode shapes.
Verify proof of concept.
5-— 6 3a Uw 1/32” Collect baseline and Successtul
Sa (0.8 mm) damaged mode shapes.
Verify proof of concept.
6 6 3 Uw 1/32” Confirm repeatability. Successful for
6 3a (0.8 mm) hoth.
7- {63 Uw 32" To determine if changing Boundary
7a (0.8 mm) boundary locations has an | location has
affect on mode shapes and | an affect.
damage detection.
9- |61 Uw 0.02” Collect baseline and Successfully
9¢ (0.5 mm) damage mode shapes with | detected
different boundary damage
locations for the same Successful
specimen. Verify proofof | with boundary
concept.
9d 6 1 Uw 0.02” Confirm repeatability. Successful
(0.5 mm)
10 62 Uw None Collect baseline mode Successtul
shapes.
11 6 4 Uw None Collect baseline mode Successtul
shapes.
12— 192 UwW 1/32” Collect baseline and Successful
12f (0.8 mm) damaged mode shapes.
0.02” Verify proof of concept.
(0.5 mm)
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Table B.1 (continued)

Exp. | Speci- | Configu | Damage Objectives of Test Results of
No. | men -ration | Magnitude Tests
13- | 6.3 W None Collect baseline mode Successful
13a shapes of welded
specimen.
91 Uw 17327 Collect baseline and Not successful
(0.8 mm) damaged mode shapes.
Verify proof of concept.
14— |63 W 0.02” Collect damaged welded Not successful
14a (0.5 mm}) mode shapes. Verify proof
of concept.
93 Uw None Collect baseline and Successful
damaged mode shapes,
Verify proo{ of concept.
15 6_3 W 1/32” Verity proof of concept Not successful
(0.8 mm)
16 63 W 0.04” (1 mm) | Verify proof of concept Not successful
18, 6 1 W 0.02” Collect welded baseline. Successtul
21 & (0.5 mm) Verify proof of concept. Successful
3 Verify repeatability. Successtul




Table B.2 Modal Assurance Criteria for Speeimen 6_3 and 6_1

Mode 1(6_1) 2(6.1) 3 (6_1) 4 (6.1)
1(6.3) 0.9992 0.0001 0.1349 0.0012
2 (6.3) 0.0006 0.9985 0.0003 0.1585
3 (6.3) 0.1512 0.0011 0.9983 0.0013
4(6.3) 0.0022 0.1678 0.0032 0.5978

Table B.3 Modal Assurance Criteria for Specimen 6_3 and 6 2

Mode 1(6_2) 2(6_2) 3(6_2) 4(6_2)
1(6_3) 0.9993 0.0001 0.1596 0.0002
2(6_3) 0.0001 0.9983 0.0033 0.1797
3(6.3) 0.1519 0.0004 0.9935 0.0002
4 (6_3) 0.0016 0.1603 0.0006 0.9934

Table B.4 Modal Assurance Criteria for Specimen 6_3 and 6_4

Mode 1(6_4) 2 (6_4) 3 (6_4) 4 (6_4)
1(6.3) 0.9997 0.0002 0.1470 0.0024
2 (6.3) 0.0001 0.9989 0.0000 0.1637
3 (6.3) 0.1494 0.0010 0.9992 0.0024
4 (6.3) 0.0013 0.1672 0.0039 0.9983

Table B.S Modal Assurance Criteria for Specimen 6_1 and 6_2

Mode 1(6_2) 2 (6_2) 3 (6.2) 4(6_2)
1(6_1) 0.9998 0.0001 0.1618 0.0000
2(6.1) 0.0003 0.9994 0.0007 0.1811
3(6.1) 0.1384 0.0000 0.9953 0.0000
4 (6._1) 0.0016 0.1538 0.0002 0.9948




Table B.6 Modal Assurance Criteria for Specimen 6_1 and 6_4

Mode 1(6_4) 2 (6_4) 3 (6_4) 4 (6_4)
1(6.1) 0.9998 0.0012 0.1498 0.0039
2(6_1) 0.0003 0.9998 0.0007 0.1664
3(6.1) 0.1359 0.0002 0.9994 0.0033
4(6.1) 0.0013 0.1602 0.0026 0.9995

Table B.7 Modal Assurance Criteria for Specimen 6_2 and 6_4

Mode 1(6_4) 2 (6_4) 3(6. 4) 4 (6_4)
1(6_2) 0.9998 0.0005 0.1505 0.0031
2 (6.2) 0.0000 0.9990 0.0002 0.1587
3(6.2) 0.1605 0.0008 0.9947 0.0008
4(6.2) 0.0001 0.1803 0.0000 0.9932

Table B.8 Modal Assurance Criteria for #6 FE Model and Specimen 6_3

Mode 1(6_3) 2 (6 3) 3 (6_3) 4 (6._3)
1 (FE) 0.9983 0.0000 0.1552 0.0007
2 (FE) 0.0001 0.9972 0.0018 0.1823
3 (FE) 0.1494 0.0017 0.9965 0.0021
4 (FE) 0.0001 0.1585 0.0000 0.9953

Table B.9 Modal Assurance Criteria for Specimens 9 1 and 9_2

Mode 1(9.2) 2(9_2) 3(9.2) 4(9 2)
1(9_1) 0.9997 0.0001 0.1376 0.0000
2(9 1) 0.0000 0.9995 0.0001 0.1542
3(9_1) 0.1368 0.0001 0.9997 0.0006
4(9_1) 0.0000 0.1511 0.0001 0.9995
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Table B.10 Modal Assurance Criteria for Specimens 9_1 and 9 3

Mode 1(9_3) 2(9_3) 3 (9_3) 4 (9_3)
1(9_1) 0.9993 0.0001 0.1455 0.0002
2(9_1) 0.0001 0.9986 0.0000 0.1599
3(9.1) 0.1325 0.0000 0.9977 0.0000
4(9.1) 0.0000 0.1425 0.0002 0.9975

Table B.11 Modal Assurance Criteria for Specimens 9_2 and 9_3

Mode 1(9.3) 2(9.3) 3 (9_3) 4(9.3)
1(9.2) 0.9997 0.0003 0.1512 0.0001
2(9.2) 0.0001 0.9994 0.0000 0.1623
3(9.2) 0.1390 0.0000 0.9986 0.0000
4(9.2) 0.0000 0.1482 0.0000 0.9984

Table B.12 Modal Assurance Criteria for #9 IFI£ Modcl and Specimen 9_2

Mode 1(9_2) 2(9_2) 3(9_2) 4(9_2)
1(FE) 0.9997 0.0003 0.1484 0.0001
2 (FE) 0,0000 0.9994 0.0003 0.1638
3 (FE) 0.1490 0.0000 0.9991 0.0007
4 (FE) 0.0000 0.1622 0.0001 0.9986
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Figure B.5 Milling out Impact and Accelerometer Locations

Figure B.6 Inflicting Damage with Hacksaw
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Figure B.8 Welding of Joint Using GMAW (ER70S-6)
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Figure B.9 Effect of Random Vibration in the Data on Mode 1 Curvatures
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Figure B.13 Dampening out Vibrations between Inpacts
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Figure B.17 Damage Localization for Specimen 6_3 with 1/32 inch Deep Saw Cut
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APPENDIX C

MODAL ANALYSIS AND SYSTEM IDENTIFICATION RESULTS FOR
REINFORCING ROD SPECIMENS

C.1. MODAL ANALYSIS RESULTS FOR FIELD WELDMENTS

The results of modal analysis performed on the thirty reinforcing rod specimens
discussed in Chapters 3 through 5 arc presented here. Figures C.1 through C.10 present
the results for the #14 specimens. Dimensions shown at the top of the figure include the
specimen length and the locations of the response sensors and impact points. The table at
the bottom of the figure presents extracted resonant frequencies and modal amplitudes of
first five bending modes. The results for #11 and #8 specimens are presented in Figures

C.11 through C.20 and Figures C.21 through C.30, respectively.
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Date: 3/22/2000
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V)

Specimen: #14 Unwelded

L

244

# of Average: 10

' . R . . - @ . . . . .

- 3 { 5 G 7 B 0 T

arlee | agwe ] o [ ] o fawlm o L))

- ¢ aceel location [nit = inch

« : mpact locations
Location Mode | Mode 2 Mode 3 Mode 4 Mode 5

124,375 Hz 339.375 Hz 660.625 Hz 1081.25 Hz 1595.625 Hz
1 1.276329 -1.145695 -7.522711 2625223 9.989457
2 0.719392 -0.294250 0.320810 -0.840936 -5.671723
3 0.194711 0.406394 5084199 -1.945810 -5.179162
4 -0.229361 0.773209 4605553 -0.196035 5849179
5 -0,5613026 0.787481 0.963348 1682112 7.858977
6 -0.733818 0.474287 -4.000925 1.904190 -2.172142
7 -0.806941 0.058728 -5.972417 0.251319 -8.569771
8 -0.7374086 -0.468224 -4.058122 -1.897834 -2,.327856
9 -0.508710 -0.787823 1.054724 -1.672288 7.956505
10 -0.220214 -0.766168 4621854 0.238485 5625322
11 0.203921 -0.394456 5.006230 1.983516 -5.270992
12 0.719013 0.311202 0.143028 0.779231 -56.363556
13 1.236178 1.124022 -7.294550 -2.626894 9.702783

Figure C.1 Modal Analysis Reporting Sheet for #14 Unwelded

Reinforcing Rod Specimen
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Date: 2/11/2000

244

Specimen: #14 BP1
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelcrometer: 0.16V)

Weldmenl

# of Average: 10

f 1 " 1 3 rls '7775{_ 9 Eu_—;'i 5= ::i
- ¢ accel localion Unit = inch
« - impact locations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
124.375 Hz 340.00 Hz 650.375 Hz 1082.50 Hz 1594.375 Hz
1 1.404909 -1.282583 -4.783577 2931191 4.927509
2 0.929618 -0.486502 -0.325953 -0.800917 -3.399085
3 0.389350 0.344592 3.538561 -2.841161 -9.121664
4 -0.160435 0.946174 4161955 -1.017281 2.569802
5 -0.584583 1.045914 1.151759 2.265089 6.174643
6 -0.855003 0.668857 -2.948812 2.888652 -0.764019
7 -0.943852 -0.040678 -4,705144 -0.220718 -5.880666
8 -0.827059 -0.718310 -2.611217 -3.037034 0.121370
Y -0.5743500 -1.049508 1.272662 -2.249495 6.373253
10 -0.130890 -0.943017 4,405890 1.254697 2.183606
11 0.393484 -0.339983 3.670367 2.942045 -5.291241
12 0.944467 0.530165 -0.495022 0.742080 -3.379922
13 1.472204 1.442209 -5.836123 -3.486152 6.103178

Figure C.2 Modal Analysis Reporting Sheet for #14 BP1
Reinforcing Rod Specimen



Date: 2/14/2000 Specimen:; #14 BP2 # of Average: 10
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V)
- 1 - R
L 244 . oz ) |
L_th i = o
Weldment — 13 _
e —— ey e+ =« e =
! 4 1 5 6 8 9 11 1
! (] o4 | JEE L e 4] 4] 4 | ”
- aceel lecation Unit = inch
= - impact locations
Location Mode 1 Mode 2 Mode 3 Made 4 Mode 5
118.75 Hz 327.50 Hz 633.125 Hz 1041.25 Hz 1628.75 Hz
| 1.185648 -1.003541 -5.613608 3.415163 6.707610
2 0.815483 -0.438287 -0.948728 -0.434863 -2.943713
3 0.396632 0.159413 3.254346 -2.998906 -6.601202
4 -0.049183 0.636882 4.647780 -1.794422 1.046932
3 -0.409880 0.777134 2.105518 1.790009 7.433197
6 -0.672038 0.549790 -2.383654 3.277059 1.004603
7 -0.7754786 0.064047 -4.841553 0.452969 -6.822301
8 -0.699062 -0.497460 -2.978033 -3.032635 -0.688017
9 -0.479589 -0.768670 1.182918 -2.391609 7.053168
10 -0.205032 -0.739836 3.979064 0.409231 4.624547
11 0.231595 -0.356193 4116735 2.969395 -4.894874
12 0.713830 0.281218 0.240489 1.305334 -4.843040
13 1.193242 1.018440 -5.672058 -3.494898 7.028580

Figure C.3 Modal Analysis Reporting Sheet for #14 B2
Reinforcing Rod Specimen




Date: 2/14/2000

Specimen: #14 BP3
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V)

Welduent

e

O
—

# of Average: 10

— S T S R N T e

| 3 | 5 6 7 I ‘l W oar 412

1 S, o S U U L 4 . L . 0 . O I W

+ - aceel location Lnit = inch

s impact localions
Location Mode | Mode 2 Mode 3 Mode 4 Mode 5

118.75 Hz 327.50 Hz 633.125 Hz 1041.25 Hz 1528.75 Hz
1 1.274309 -2.021691 -5.337311 4,323769 4.128648
2 0.748864 -0.510144 0.546670 -2.058585 -3.307057
3 0.323412 0.599040 3.857264 -4.108704 -3.693482
4 -0.155644 1.470516 4,362866 -1.452708 2.014722
5 -0.559339 1.584594 0.867044 3.491465 4.361448
6 -0.807500 0.911403 -3.511331 3.810481 -1.355518
7 -0.862795 -0.075399 -4.942903 -0.334971 -4.530640
8 -0.779950 -1.050095 -2,997278 -4.184684 -0.357607
g -0.513233 -1.625242 1.5115659 -3.033541 4.811690
10 -0.084170 -1.384560 4693422 2.188171 1.163817
11 0.409376 -0.428714 3.590119 4121020 -4.331180
12 0.809768 0.625243 0.139058 1.689735 -3.161086
13 1.244653 1.871658 -4.863157 -3.635895 3.381602

Figure C.4 Modal Analysis Reporting Sheet for #14 BP3

Reinforcing Rod Specimen
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Date: 2/14/2000 Specimen: #14 PH3
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V)

# of Average: 10

Weldment

S ——" g v el

| s 3 '1 i (.i ? Ill 4] 10 1 | §i 14

- ¢ aceel localion Unit = inch

« - fmpact locations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

121.875 Hz 334.375 Hz 647.000 Hz 1065.00 Hz | 1565.625 Hz
1 1.514647 -2.158968 -5.388621 5.901907 4646202
2 0.800734 -0.297988 1.386563 -3.981096 -4.748459
3 0.191373 1.037105 4612207 -5.469604 -2.635669
4 -0.232531 1.642122 4.278944 -1.466827 3.097421
5 -0.720132 1.664884 0.217675 5.668621 4770087
6 -0.971804 0.905777 -3.780717 5.192900 -2.240653
7 -1.010579 -0.231505 -4.644254 -1.514499 -5.049224
g -0.863041 -1.342388 -1.943408 -5.890089 1.643481
9 -0.494310 -1.763122 2.644444 -2.521583 5513736
10 -0.068508 -1.427140 4688407 3.405508 0.731203
11 0.510405 -0.357132 3.251757 5.349266 -5.034881
12 1.037936 0.909044 -0.719231 1127673 -2.548647
13 1.552162 2.239238 -5.660893 -6.470678 5.350400

Figure C.5 Modal Analysis Reporting Sheet for #14 PH3

Reinforeing Rod Specimen
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Date: 2/15/2000

Specimen: #14 S1
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V)

Weltdment

# of Average: 10

. . »+ (e e = . .
| 3 ! ) 6 7 t H w1l 1
accel location Imt = inch
= - impact localious
Location Mode 1 Mode 2 Mode 3 Mode 4 Modc 5
118.75 Hz 327,50 Hz 633.125 Hz 1041.25 Hz 15628.75 Hz
1 1.176926 -1.630588 -4.307001 4.066268 3.683925
2 0.653647 -0.310681 0,795598 -2.442919 -3.395014
3 0.258142 0.557444 3.370062 -4.119456 -3.122748
4 -0.185521 1.207444 3.347150 -0.811858 2634397
5 -0.521489 1.232227 0.406483 3.782482 3901730
G -0,718298 0.711503 -2.810562 3.757185 -1.284498
7 -0.773375 -0.121148 -3.819561 -0.744497 -3.994191
8 -0.684143 -0.848672 -2.129720 -4.116724 0.070441
9 -0.415389 -1.269331 1.630299 -2.314063 4.215388
10 -0.075136 -1.059278 3.542783 2100654 0.913459
11 0.390728 -0.259687 2502427 3.814889 -3.705138
12 0.785881 0.631100 -0.4258662 0.847805 -2.033865
13 1.148283 1.548830 -3.902781 -3.858451 3.208955

Figure C.6 Modal Analysis Reporting Sheet for #14 S1
Reinforcing Rod Specimen
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Date: 2/16/2000 Specimen: #14 82
Sensitivity: Chi (Hammer: 10V) Ch2 (Accelerometer: 0.16V)

# of Average: 10

18

Weldment - 11

« o accel location

I'nif

« ¢ impact locations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

118.75 Hz 327.50 Hz 633.125 Hz 1041.25 Hz 1528.75 Hz
1 1.461763 -1.095001 -6.089436 2.897752 8.917595
2 0.880165 -0.298082 0.427110 -1.286041 -6.319191
3 0.432832 0.251212 4.144212 -2.791844 -§.181819
4 -0.064847 0.716247 5310952 -1.673344 1.3756179
5 -0.524442 0.877529 2451770 1.595983 9.519840
6 -0.852113 0.648255 -2.489347 2.987455 1.862129
7 -0.996686 0.134371 -5.466800 0.803214 -8.761017
b -0.953018 -0.405148 -4.514275 -2.264385 -4.952101
9 -0.704257 -0.823852 0.155462 -2.701124 8.051594
10 -0.290731 -0.837715 4.441241 0.2180861 6.865249
11 0.279139 -0.415344 4.847935 2.798042 -6.303506
12 0.923516 0.327812 0.218970 1.194587 -65.416607
13 1.542556 1.162459 -6.631076 -3.343786 10.785730

Figure C.7 Modal Analysis Reporting Sheet for #14 82
Reinforcing Rod Specimen
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Date: 2/15/2000

Specimen: #14 S3
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V)

Weldment -

141

......

# of Average: 10

. ; - v M d¥ie——s e 4 & ¥

B 3 | 5 6 7 4 9 I

« ¢ accel localion Uit = inch

« - hmpact locations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

122.50 Hz 335.625 Hz 651.25 Hz | 1066.875 Hz 1573.125 Hz
| 1.267950 -0.858566 -5.049547 2.503551 6332195
2 0.842709 -0,306157 -0.145108 -0.870515 -4.701522
3 0.311583 0.275413 3.942708 -2.591585 -6.116153
4 0.095444 0.593366 4.474490 -1.291559 2.154899
5 -0.514285 0.690004 1.454120 1.907996 7.954417
6 -0.780154 0.443331 -2.940635 2670783 -0.849622
7 -0.834790 0.032017 -4.638691 0.256395 -7.22251
8 -0.782029 -0.415654 -3.230845 -2.611045 -1.842611
Y -0.553486 -0.684310 0.806807 -2.329932 7.536716
10 -0.152950 -0.631167 4269423 0929594 3.625279
11 0.314451 -0.266140 3.858769 2.712877 -6.227402
12 0.774056 0.245786 0.317747 1.186774 -5.283791
13 1.300873 0.910372 -5.674758 -3.114979 7.737588

Figure C.8 Modal Analysis Reporting Sheet for #14 S3
Reinforcing Rod Specimen
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Date: 2/16/2000 Specimen: #14 W1
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V)

# of Average: 10

B T - o - N
L 24 _ e 238 |
i 1

It
r ; ! it
- » - - .- -

Weldinent — 11
N i i

—ic ).

I oy
=

o = oaccel location

= impact locations

Uhil

= inch

Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

121.25 Hz 332.50 Hz 645.00 Hz 1058.75 Hz 1558.75 Hz
1 1.585883 -0.373505 -7.662610 1.201084 10.835970
2 1.058499 -0.153848 -1.125759 -0.162674 -4.662353
3 0.431370 0.088993 4942249 -1.012855 -9.113845
4 -0.180833 0.255652 5859303 -0.353667 4717238
5 -0.636174 0.281865 1.618427 0.784393 10.450650
3] -0.892324 0.207816 -3.154223 1.080300 1.706024
7 -1.015584 0.063539 -6.257472 0.386378 -9.250368
8 -1.001195 -0.115088 -5.666794 -0.731469 -6.683199
9 -0.755189 -0.257359 -0.351419 -1.013579 8.240518
10 -0.344931 -0.275335 4907272 -0.037551 8.462012
11 0.243642 -0.149884 5.929631 0.957471 -6.238715
12 0.863805 0.070812 1.231554 0.567897 -8.800649
13 1.525925 0.342870 -6.821333 -0.973078 8.795525

Figure C.9 Modal Analysis Reporting Sheet for #14 W1

Reinforcing Rod Specimen
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Date: 2/15/2000 Specimen: #14 W2

Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.16V) o Average: 10

e - R 1 | B _
e 4 . o i
S . S e ) * " :
Weldmen! I,
s R T B T <. . - .
L2 { 1 5 6 7 a Y T TR
*”1'1}1_;1_,1317_1_51<:f|'|,1’111”
« . accel location Lnit = inch
o ©impact loeations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
118.75 Hz 327.50 Hz 633.125 Hz 1041.25 Hz 1528.75 Hz
1 1.936778 -1.283486 -7.750375 4.224053 11.948140
2 1.310172 -0.560484 -1.481609 -0.224758 -3.662248
3 0.677156 0.136665 3.570688 -3.142327 -10.154030
4 -0.034010 0.746868 5.826383 -2.477017 0.407976
5 -0.663806 0.948504 2.461226 1.919090 11.095820
6 -1.083887 0.663951 -3.031713 3.564844 1.119681
7 -1.252941 0.127993 -6.211236 0.832045 -10.565010
8 -1.163214 -0.532498 -4,284755 -3.147068 -3.268335
9 -0.884171 -0.886356 0.090080 -3.304272 8.931194
10 -0.328696 -0.904553 4960373 0.466797 7.110238
11 0.388081 -0.423981 5225931 3.407486 -7.994855
12 0.998031 0.189627 1.438739 2.097848 -9.097986
13 1.837344 1.155541 -6.588790 -3.373300 9.362475

Figure C.10 Modal Analysis Reporting Sheet for #14 W2




Date: 3/22/2000 Specimen: #11 Unwelded
Sensitivity; Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

# of Average: 10

« oacce] Jocation ['nil = inch

« o dmpact localions

Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

100.00 Hz 276.875 Hz 536.875 Hz 886.25 Hz 1305.0 Hz
] 2642717 -1.651349 -12.759580 7.712157 22.528510
2 1.838160 -0.742463 -2.891993 0.018941 -4.744377
3 0.781463 0.281149 6.644575 -5.684423 -16.148550
4 -0.1898563 0.975884 8.877866 -2,889264 4,521648
5 -1.022637 1.150487 2.754236 4.115277 17.972760
6 -1.529532 0.760437 -5.766568 5.724473 -1.309145
7 -1.721360 0.039591 -0.844878 0.269155 -18.400100
g -1.565722 -0.702880 -6.307574 -5.567464 -3.248002
9 -1.073802 -1.123691 2105931 -4.479693 17.353050
10 -0.262034 -1.004812 B.744285 2.353817 6.700514
11 0.732218 -0.342951 7.163521 5.684114 -16.419250
12 1.783533 0.664295 -2.021485 0.663831 -6.815749
13 2.706531 1.625058 -12,452360 -7.348738 20.948240

Figure C.11 Modal Analysis Reporting Sheet for #11 Unwelded

Reinforcing Rod Specimen
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Date: 2/17/2000

Specimen: #11 BP1
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

Weldment

A0

# of Average: 10

" N " - o ‘7-;7._' " . * " w .|
L2 3 I 5 G 7 8 9 (w1 1213
- < aceel location Unit = incly
« impact locations
Location Mode | Mode 2 Mode 3 Mode 4 Mode 5
100.00 Hz 274,375 Hz 53250 Hz 879375 Hz | 1295623 Hz
] 1.847030 -1.252280 -9.772936 5.076704 15.084110
2 1.110341 -0.351164 0.304726 -1.718170 -9.365152
3 0.371269 0.420175 6.894417 -4.239812 -10.240690
4 -0.275397 0.874137 6.898463 -0.901445 8.359417
5 -0.782535 0.897063 1.156594 3.721286 13.442500
6 -1.094588 0.632911 -5.5689913 3.938174 -3.650182
7 -1.142325 0.038325 -7.849927 0.255103 -13.104540
8 -1.105056 -0.515821 -5.688565 -3.939499 -4.159839
9 -0.799444 -0.891468 1.067684 -3.799800 13.044800
10 -0.294463 -0.869239 6.839723 0.838403 8.384089
11 0.352750 -0.420367 6.922371 4202659 -9.766574
12 1.071391 0.329360 0.484914 1.822923 -9.36831
13 1.813612 1.229388 -9.583649 -4.884706 14.210060

Figure C.12 Modal Analysis Reporting Sheet for #11 BP1

Reinforcing Rod Specimen

C-13




Date; 2/18/2000 Specimen: #11 BP2 # of Average: 10
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

af

e o acee] localion it = inch

= - dmpact locations

Location Mode | Mode 2 Mode 3 Mode 4 Mode 5

100.00 Hz 276.25 Hz 533.75 Hz 883.125Hz | 1299.375 Hz
1 1.844336 -1.829320 -7.354769 5.928245 9.903382
2 1.081636 -0.453512 0.778047 -2.684484 -8.200095
3 0.333873 0.712002 5918875 -5,376110 -7.266950
4 -0.249635 1.313917 5848812 -1.501779 5767517
5 -0.788355 1.367194 1.216931 4.648910 10.855750
6 -1.126613 0.849325 -4.494952 5.253962 -2.386171
7 -1.254111 -0.079713 -6.895038 -0.465733 -11.134360
8 -1.122133 -0.860502 -4.405220 -5.241536 -2.244088
Y -0.783699 -1.409509 1.336324 -4.547162 10984170
10 -0.239303 -1.321655 5.897407 1.576295 5.676335
11 0.307915 -0.747321 6.030140 5.250168 -6.931093
12 1.048425 0.394878 1.057725 2.898295 -8.912643
13 1.845912 1.809306 -7.325980 -5.669753 9552143

Figure C.13 Modal Analysis Reporting Sheet for #11 BP2
Reinforcing Rod Specimen



Date: 2/18/2000

Specimen: #11 BP3
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

s

Weldment —

# of Average: 10

G T I - - R TR T TR

l & 3 | ql 0 7 i 4 8] L1 12 14

10 0 X . S L O O . VR o O . S S (A O . I OO 018

« = aceel location Tnit = inel

s impact locations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

100.00 Hz 276.875 Hz 536.875 Hz 886.25 Hz 1305.0 Hz
1 2.000127 -2.199298 -9.918913 8.113558 12.153690
2 1.210438 -0.706299 -0.492468 -1.709793 -5.098009
3 0.436532 0.603036 6.098875 -5.993570 -7.509105
4 -0.232934 1.408054 6.670134 -1.854766 4 547439
5 -0.777018 1.519382 1.638951 4.892342 9,368880
6 -1.143360 0.926919 -4,950870 5838734 -1.895793
7 -1.249498 -0.092407 -7.496823 -0.658969 -9.331895
3 -1.100333 -1.011638 -4,200068 -6.047224 -0.083021
0 -0.717203 -1.515284 2.349172 -4.198930 9.829450
10 -0.164492 -1.332784 6.889282 2.515924 3.348181
11 0.518676 -0.478430 5.625820 5.965468 -8.533648
12 1.283863 0.851994 -1.388676 0.860885 -4.190472
13 1.889241 1.959512 -8.330822 -6.485774 9.195808

Figure C.14 Modal Analysis Reporting Sheet for #11 BP3

Reinforcing Rod Specimen
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Date: 2/18/2000 Spectmen: #11 PH2
Sensitivity; Chl (Hammer: [0V) Ch2 (Accelerometer: 0.31V)

# of Average: 10

2:h4

o |

acee]l loealion

Weldment —

Coumpact locations

18

— iy
2
- -

= 1nch

Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

100.625Hz 276.25 Hz 535625 Hz 883.75 Hz 1302.5 Hz
i 2117469 -1.432958 -11.306340 5949988 19325130
2 1.145229 -0.310468 0.912428 -1.866030 -10.430910
3 0.313116 0.518319 7.507518 -3.918019 -8.583077
4 -0.380621 0.941521 6.532759 -0.201544 10.877470
5 -0.909667 0.908540 0.125614 3.948116 12.211180
6 -1.174007 0.574915 -5,395624 3.865958 -2.870447
7 -1.278506 0.103809 -7.990543 0.750573 -13.700960
8 -1.216963 -0.467840 -8.420005 -3.340027 -7.1150983
9 -0.912320 -0.908295 -0.025813 -4.038058 12.017410
10 -0.388289 -0.949050 6.383710 0.137617 11.085000
11 0.292541 -0.533616 7.391312 3.895490 -8.453494
12 1.095364 0267207 1.289434 2176243 -11.544940
13 1.942241 1.245265 -8.986640 -4.379912 13.930070

Figure C.15 Modal Analysis Reporting Sheet for #11 PH2

Reinforcing Rod Specimen
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Date: 3/13/2000 Specimen: #11 S1 # of Average: 10
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0,31V)
- _ 161 .
.- g aia 24 =]
Lo B L2 PR |- S
| Weldienl - N |
s w dwogtel e Jee 0w 4 a4 e
| 2 3 4 3 b 7 i 9 T 2 14
. - accel localion Unit = inel
o impacl lecations
Location Mode | Mode 2 Mode 3 Mode 4 Mode 5
100.00 Hz 276.875 Hz 536.25 Hz 885.625 Hz 1304.375 Hz
| 2.159447 -2.344633 -9.587693 8239686 8.162815
2 1.309640 -0.709273 -0.145854 -2.116835 -4.628910
3 (.474190 0.696692 6.218038 -6.239890 -5.690906
4 -0.279980 1.556741 6.568517 -1.780673 3.670593
5 -0.890904 1.652897 1.368161 5288912 6.926419
6 -1.287661 0.951174 -5.327599 5810294 -2.179312
7 -1.397428 -0.086208 -7.807645 -0.525888 -£5.918082
3 -1.274419 -1.013342 -4,968988 -6.061039 -1.484940
9 -0.890880 -1.655944 1.436543 -5,321224 6.876401
10 -0.287512 -1.5608486 6.513906 1.800774 3.667270Q
11 0.498072 -0.684424 8.158734 6.468073 -5.623406
12 1.359305 0.732574 -0.270111 2.096109 -4.366010
13 2,226750 2.346337 -9.531126 -8.393258 8.014813

Figure C.16 Modal Analysis Reporting Sheet for #11 S1

Reinforeing Rod Specimen




Date: 2/17/2000 Specimen: #11 §2
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

# of Average: 10

244 ) ) ) 24

Weldment 1!

o oacee]l localion Unit = inch

» o ohmpact lecations

Location Mode ! Mode 2 Mode 3 Mode 4 Mode 5

100.625 Hz 276,875 Hz 537.5 Hz 886.875 Hz 1308.125 Hz
1 1.998368 -1.632762 -7,293608 7.660407 11.665450
2 1.234944 -0.515765 -0.183819 -1.969616 -6.031837
3 0.552547 0.365601 4,320130 -5.954231 -9.839685
4 -0.269283 1.116927 5.184759 -1.556541 6.043432
5 -0.774328 1.203668 1.694386 4.374117 11.107480
6 -1.159222 0.788121 -3.402465 6.026582 -0.699448
7 -1.293099 0.020700 -5.804482 0.069110 -10.260890
8 -1.200346 -0.837775 -4.196924 -5.248274 -3.982984
9 -0.864548 -1.144816 0.563449 -5.386133 9.882747
10 -0.323688 -1.163620 4.807445 0.939641 7.350083
il 0.393967 -0.5636106 4,932819 5.889182 -8.307162
12 1.201668 0.485458 0.031875 2.166056 -6.617638
13 2.032878 1.675788 -7.584061 -7.622951 11.809280

Figure C.17 Modal Analysis Reporting Sheet for #11 S2

Reinforcing Rod Specimen




Date: 2/17/2000
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

Specimen:

1484

Weldment — 1!

#1183

# of Average: 10

R e s . . - N

a: 3 5 b 7 B ) 1l i3

1l oy 14 | 4 W _7:}1.;;7 b4 L4 ] b | i

. accel location Unit = inch

s unpact locations

Location Mode | Mode 2 Mode 3 Mode 4 Mode 5
100.625 Hz 276.25 Hz 536.875 Hz 883.75 Hz 1306.25 Hz

1 2.060574 -1.636298 -10.870840 7.647366 156.663130
2 1.263922 -0.516254 -0.246231 -1.904592 -8.435830
3 0.561470 0.364010 6.397657 -5.809519 -12.082780
4 -0.194638 1.051755 7.810483 -2.430934 5.103025
5 -0.792399 1.179438 2.420612 4.354460 14.145820
6 -1.172996 0.769327 -4.967552 5.869433 -0.709681
7 -1.308116 0.054183 -8.423970 0.535274 -12.905380
R -1.217759 -0.671395 -6.070173 -5.311109 -4.309259
0 -0.874172 -1.158694 1.049530 -5.205013 12.750130
10 -0.316254 -1.135715 7.199295 1.150866 8.409094
11 0.402947 -0.541248 7.264121 5766693 -9.865037
12 1.371649 0.688744 -1.777092 0.664403 -5.414910
13 2.070677 1.662800 -10.871840 -7.412736 15.768150

Figure C.18 Modal Analysis Reporting Sheet for #11 S3
Reinforeing Rod Specimen
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Date: 2/16/2000

Specimen: #11 W1
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

Weldment

LA

24h

# of Average: 10

4 v %« v e v Jes s . = __» e

| ¥ 3 i 5 6 7 f ) 1w 111 18
X A A R | e ja el | o4l ln

« :aceel location Unil = inch

« o impacl locations

Location Mode | Mode 2 Mode 3 Mode 4 Mode 5
100.625 Hz 277.50 Hz 536.25 Hz 888.1256 Hz | 1311.875 Hz
1 1.452180 -0.984744 -5.182952 2.896992 5133323
2 0.974509 -0.394721 -0.496395 -0.752002 -3.284352
3 0.377329 0.287840 3.960194 -2.991775 -5.470145
4 -0.176771 0.718051 4.444759 -1.022363 3.085349
5 -0.540288 0.843506 1.941122 1.800350 6.956404
6 -0.862340 0.576849 -2.311868 3.138363 0.719752
7 -1.016329 0.105994 -4.996110 0.710197 -6.672929
8 -0.929726 -0.415639 -3.602933 -2.555064 -2.456126
9 -0.675361 -0.762675 0.419355 -2.644084 5764083
10 -0.261459 -0.749128 4179811 0.439995 4,375953
11 0.274893 -0.380279 4.327481 2.851153 -4.445312
12 0.878939 0.263163 0.369985 1.326692 -4.729217
13 1.499331 1.007006 -5.565024 -3.196150 6.241135
Figure C.19 Modal Analysis Reporting Sheet for #11 W1

Reinforcing Rod Specimen
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Date: 2/16/2000

[V
Lo

o aceel Joeation

s copmparl Jocations

Specimen: #11 W2
Sensitivity: Chl (Hammer: 10V) Ch2 (Accelerometer: 0.31V)

Weldmienl —

Unit

# of Average: 10

= inch

Reinforeing Rod Speciinen

Location Mode | Mode 2 Mode 3 Mode 4 Mode 5

103.75 Hz 285.625 Hz 565.00 Hz 91280 Hz | 134S5.375Hz
1 2.474447 -2.173014 -10.736570Q 7.090058 15.048320
2 1.372937 -0.473978 1.214830 -3.034673 -10.852730
3 0.396063 0.828185 7.911837 -5.911370 -8.947223
4 -0.473240 1.548448 6.929392 -0.326707 10.825250
5 -1.140294 1.480543 0.028013 5.867631 12.097180
6 -1.638924 0.752139 -7.121065 4.886016 -7.739628
7 -1.619068 -0.210797 -8.868468 -1.402014 -14,930300
8 -1.446674 -1.049480 -5.160064 -6.253816 -0.803941
9 -0.962019 -1.678481 2.485761 -4.402927 15.389720
10 -0.396262 -1.494991 7.284328 1.113495 0.463482
Il 0.255139 -0.975825 8.162465 5.674709 -6.509051
12 1.245072 0.248959 2.524281 4.095655 -13.395640
13 2.308499 1.801307 -8.124737 -5.180470 10.153870

Figure C.20 Modal Analysis Reporting Sheet for #11 W2



Date: 3/22/2000

« o oavceel location

cimpact localions

Specimen: #8 Unwelded
Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)

# of Average: 10

= 1mch

Location Mode | Mode 2 Mode 3 Mode 4 Mode 3

74.375 Hz 205.625 Hz 401.875 Hz 662.50 Hz 985.0 Hz
1 2.200758 -2.562322 -14.979340 12.204100 25.030600
2 1.485841 -0.856881 -0.772472 -2.535390 -11.782790
3 0.588085 0.655461 9.210306 -9.422123 -17.415260
4 -0.364774 1.737717 10.096830 -2.296965 11.748380
5 -0.895855 1.867355 3.885321 6.297743 21.589570
§) -1.361436 1.175346 -7.491052 9.218836 -2.997354
7 -1.492352 0.082640 -12.133350 0.658111 -21.642170Q
8 -1.397013 -1.101767 -8.085062 -8.806037 -5.075965
9 -0.990127 -1.794656 1.609853 -8.128494 19.369480
10 -0.313231 -1.696951 10.469420 2.822892 10.383150
11 0.507950 -0.785564 9.980119 9.377535 -15.404500
12 1.420232 0.747634 0.114064 3.412365 -13.387290
13 2.304044 2.490388 -14.357560 -10.900640 21.611290

Figure C.21 Modal Analysis Reporting Sheet for #8 Unwelded
Reinforcing Rod Speeimen

C-22



Date: 2/22/2000

G

Specimen: #8 BP1
Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)

Weldmenl —

# of Average: 10

e

. . - . v . . - . . .
| 3 | 5] i i t} a9 110 [l ]2 %3_
« - accel localion (nit = inch
« impact lecations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
73.125Hz 200.625 Hz 389.375 Hz 645.00 Hz 953,125 Hz
| 1.953285 -1.5669237 -8.232833 3.387958 6.831103
2 1.087793 -0.377715 0.577163 -1.193921 -4.349802
3 0.287517 0.612506 6.019255 -2.540130 -3.534349
4 -0.327930 1.082031 5.439490 -0.312011 4.110445
5 -0.810264 1.108139 0.810068 2412707 5.589521
6 -1.133622 0.680260 ~4.496146 2.564949 -1.457467
7 -1.234212 0.035217 -6.589090 0.071095 -5.878393
8 -1.132348 -0.625590 -4.641814 -2.453409 -1.863523
0 -0.827989 -1.070737 0.535534 -2.501604 5.410300
10 -0.260771 -1.049195 5.767020 0.710690 3.375040
11 0.376081 -0.500565 5668586 2638552 -4.099304
12 1.091143 0.336338 0.833267 1.359140 -4.376795
13 1.994517 1.546851 -8.238025 -3.522344 6.909818

Figurc C.22 Modal Analysis Reporting Sheet for #8 BP1
Reinforcing Rod Specimen

C-23




Date: 2/23/2000

LIS

= impact locations

i<

el location

Specimen: #8 BP2
Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)

14

nil

i of Average: 10

= ineh

Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

73125 Hz 200.00 Hz 388.75 Hz 643.125 Hz 952.5 Hz
1 2.259648 -1.432200 -14.990630 6.403974 22639320
2 1.361204 -0.454320 -0.366165 -1.729661 -12.682270
3 0.476726 0.400371 9.899885 -5.294729 -16.951880
4 -0.183888 0.932827 11.317990 -2.146036 7.683502
5 -0.797637 1.047986 4117264 3.575035 21.311970
6 -1.244296 0.735645 -5.958352 5382382 2.601056
7 -1.435001 0.057472 -11.913820 0617274 -19.514740
8 -1.331274 -0.611597 -8.356189 -4.745988 -5,505231
0 -0.957866 -1.011498 1.166769 -4.695574 18.622050
10 -0.286230 -0.980866 10.474030 1.173634 12.011450
11 0,359278 -0.509021 10.644880 5123719 -13.911040
12 1.235271 0.305351 1.677838 2681349 -15.792510
13 2.257210 1.432061 -14.934630 -8.512627 23.295830

Figure C.23 Modal Analysis Reporting Sheet for #8 BP2
Reinforeing Rod Specimen
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Date: 2/22/2000 Specimen: #8 BP3 # of Average: 10
Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)
. _ - 8 _
L - 204 Py 244 o
T o= 3 2 .
_J Weldment -~ §
ooty e f e = = v w9
| 2 3 ! 5 6 7 8 9 1 il 12 13
WAt | W ’ | 5 ' A5 I 0 S | & S ’ 3 3|y
o - acee! location Cnit = inch
« : impact localions
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
78.125 Hz 210.00 Hz 405.00 Hz 674.375 Hez 991.25 Hz
[ 0.944550 -1.073364 -11.381540 4,357970 12.605560
2 0.550771 -0.368412 -0.807715 -0.899034 -5.847174
3 0.227726 0.257244 6.867758 -3.481764 -9.206415
4 -0.150702 0.696789 7.605709 -0.968311 5481188
5 -0.362770 0.757653 2432745 2.702402 10.935450
6 -0.520323 0.497055 -5.122400 3.635130 -0.410186
7 -0.583812 0.087859 -9.353710 0.833676 -11.121040
8 -0.528505 -0.439745 -6.329314 -3.234204 -3.771490
9 -0.355346 -0.777458 1.859121 -3.057582 10.445340
10 -0.081913 -0.699248 8.147489 1.398048 4.279700
11 0.210543 -0.304876 7.252857 3.617346 -8.699774
i2 0.548301 0.321101 -0.076895 1.265481 -6.811587
13 0.880747 1.048830 -10.562720 -4.294819 11.789540

Figure C.24 Modal Analysis Reporting Sheet for #8 BP3

Reinforcing Rod Specimen



Date: 2/21/2000

Specimen: #8 PH1

Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)

Weldment -

# of Average: 10

T R T . T
12 3 1 ) b 7 f y T 12 13
Hlad |4 ,_:”_i,_” LA | 34 B S ) 11 it . ’|'
» ¢ oaecel location Tnil = inch
» . impact localions
Location Mode | Mode 2 Mode 3 Mode 4 Mode 5
73.750 Hz 206.875 Hz 398.75 Hz 665.00 Hz 976.25 Hz
l 2.079040 -1.678522 -13.157760 5.490192 17.965500
2 1.092242 -0.369889 1.457346 -2.187034 -12.622980
3 0.360334 0.5672996 9.382046 -4.325876 -11.697720
4 -0.241286 1.130835 9.494562 -1.078681 9.194222
5 -0.760988 1.207523 2.786676 3.430782 16.927270
6 -1.114621 0.800278 -5.952467 4.320727 0.142814
7 -1.291418 0.072653 -10.275770 0.456602 -15.888250
8 -1.189636 -0.689581 -7.161739 -3.890908 -4.603583
9 -0.862795 -1.174243 1.021380 -4,035428 15.052050
10 -0.355089 -1.204591 8.568519 0.156468 12,700770
11 0.221820 -0.741141 10.193670 4.128885 -8.733235
12 1.061680 0.330805 1.800823 2.372554 -13.172580
13 2.006204 1.6512386 -12.928270 -5,295966 17.349620

Figure C.25 Modal Analysis Reporting Sheet for #8 PHI1
Reinforcing Rod Specimen



Date: 2/22/2000 Specimen: #8 S1 # of Average: 10
Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)
. 181 B -
L 24k o 20 J
T 13 L O
teldment e
e % . e . . N
| 3 5 6 7 8 i 1l TC )
i 44 g3 | 3""",..,.. 3 ‘77-5.'. | | :_;_?'__7’ 1 )| 34 | 3} o it L 44 L]
. . accel localion Unit = inch
o o impact locations
Location Mode | Mode 2 Mode 3 Mode 4 Mode 5
72.500 Hz 200.625 Hz 390.00 Hz 646.875 Hz 955.625 Hz
1 2.430399 -2.304628 -13.513030 9.245727 14.560520
2 1.444904 -0.731492 -0.241381 -2.650688 -8.132593
3 0.549352 0.650830 9.128220 -7.904045 -11.034080
4 -0,.206163 1.542003 10.420460 -3A77377 4.899595
5 -0.844656 1.752557 3.845443 5.396210 13.407150
6 -1.381913 1.124497 -6.958481 7.832200 -1.315741
7 -1.515187 -0.029354 -11,179700 -0.134480 -13.315360
8 -1.410587 -0.9890565 -7.826989 -7.435764 -3.302613
0 -0.996307 -1.645018 1.293685 -7.159326 11.771300
10 -0.385462 -1.644562 9.410630 0.901027 8.994121
11 0.328370 -0.931539 10.429740 7.631002 -7.676086
12 1.379212 0.630004 0.525530 3.337556 -8.648780
13 2504292 2.365345 -14.751440 -10.369480 15.613060

Figure C.26 Modal Analysis Reporting Sheet for #8 S1
Reinforcing Rod Specimen
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Date: 2/21/2000 Specimen: #8 S2
Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer; 0.625V)

# of Average: 10

« o oaceel location

s impact locations

—
=

'nit = inch

Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

72.500 Hz 199.375 Hz 288.125 Hz 642,50 Hz 951.25 Hz
1 2.322576 -2.870922 -14.599070 10.818000 16.674710
2 1.286785 -0.723220 0.599624 -3.3757086 -8.847980
3 0.342268 1.042950 9.881834 -7.764741 -7.932633
4 -0.349489 1.920580 9,298460 -1.356638 8.201952
5 -0.932146 2.003196 1.818942 7.094379 12.703920
6 -1.317904 1.225406 -7.602349 7.839117 -2.961604
7 -1.451271 -0.072612 -11.429640 -0.380830 -13.178450
8 -1.296723 -1.290648 -6.894214 -§.214065 1.229631
9 -0.904612 -1.979372 2.336042 -6.797413 12.996680
10 -0.308827 -1.878436 9.757956 1.987865 7.304014
11 0.400540 -0.968511 9.891071 8.124833 -8.794019
12 1.366617 0.863315 -0.171632 3.207666 -10.634710
13 2281647 2.747458 -14.030040 -11.045920 17.914860

Figure C.27 Modal Analysis Reporting Sheet for #8 S2
Reinforcing Rod Specimen



Date: 2/23/2000

Specimen: #8 S3

# of Average: 10

Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)

Weldment

144

e

1%

-

o, @ & 3 s 2 e s ¢ ® " v w3
- 1 1 5 6 7 8 9 w1123
+ - aceel location Unil = inch
« ©impact locations
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
73.125 Hz 200,625 Hz 390.625 Hz 645625 Hz 956.25 Hz
1 2.224443 -2.465880 -11.813170 9.086929 14.780080
2 1.344390 -0.795287 -0.262075 -2.538291 -8.7569719
3 0.500413 0.687622 7.833978 -7.786632 -11.440480
4 -0.288418 1.727089 8.410636 -1.887982 8.141359
5 -0.902535 1.825417 2.010779 £.485389 13.562270
6 -1.357675 1.027968 -7.054943 7.174107 -4,733480
7 -1.461119 -0.088987 -10.139830 -0.655191 -14.327730
8 -1.352494 -1.096865 -6.597342 -7.516603 -3.099986
0 -0.956369 -1.801218 1.306843 -7.053002 13.161280
10 -0.459271 -1.843050 7.480780 -0.495077 11.907510
11 0.207145 -1.173562 9.530993 7.1056731 -5.975595
12 1.137658 0.383838 2.352286 4910233 -12.021600
13 2.157576 2.325371 -10.980160 -8.190817 12.885250

Figure C.28 Modal Analysis Reporting Sheet for #8 S3

Reinforcing Rod Specimen
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Date: 2/21/2000 Specimen: #8 W1

# of Average: 10

Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)

18

i<
&n

£
-

3
|-
F ol

_‘ Weldment —. ]
\\. I N

- _l l_ L ] [ ] » :iﬂ [ ] L ] L] [ ] [ ] L [ ] i

T 4 { f 7 f 4 T N T -

[i | i | i ' i ; |
I T A S | ! aF Loar Loar | oar om | Iy
. i - -+ -, - v * rd Fd ’ o
« oaceel focation Uil = inch
= hpact locations

Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

71.875 Hz 198.75 Hz 384.375 Hz 639.375 Hz 941,875 Hz
1 2.195383 -3.989592 -13.385830 17.285820 14.636330
2 1.343751 -1.351244 -1.045695 -3.077304 -6.089260
3 0.429946 1.120843 8.232249 -12.637950 -8.970531
4 -0.215533 2.456381 8.931444 -4.340517 5107193
5 -0.855623 2.637801 1.335188 11.123620 10.785410
6 -1.255579 1.388082 -7.502880 10.590440 -4.795083
7 -1.333693 -0.306183 -0.987376 -2.534464 -11.381800
8 -1.116446 -1.944830 -4.882572 -13.038430 1.556905
9 -0.717591 -2.735176 3.434783 -8.658497 12.373030
10 -0.182409 -2.421941 9,230929 4 906649 4 650730
11 0.451662 -1.041824 8.144313 12.471300 -9.776941
12 1.253517 1.134116 -0.083375 4,415436 -7.536208
13 1.945217 3.206718 -0.858888 -10.774370 8.564082

Figure C.29 Modal Analysis Reporting Sheet for #8 W1
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Reinforcing Rod Specimen




Date: 2/23/2000

Specimen: #8 W2
Sensitivity: Chl (Hammer: 5V) Ch2 (Accelerometer: 0.625V)

__ A%

# of Average: 10

b - 244 i oo 24 j
0 , [ 4 kd |
bl '-1*Ir r- h-l
il Weldment - | I |
- i, S o e A L
; T =
|| I
-;¥ - ] » L] imf & ] » ] " " » |
-} | { 4] G 7 H Y 14 11 s L3
| IR .
Llat | o i | 3 | 4k [0 | 3 | M ] M | 4 | M|
« o awccel localion nit = inch
v ooimpact localions
Location Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
72500 Hz 200.625 Hz 388.125 Hz 646.25 Hz 950.625 Hz
1 2465713 -1.7563886 -14.909280 8.609170 19.989730
2 1.5617336 -0.601302 -1.028727 -1.696747 -0.753351
3 0.590503 0.423944 9.094388 -6.774673 -15.082530
4 -0.177332 1.106546 11.048360 -3.038168 5.069979
5 -0.897614 1.264806 3.009487 5.188184 17.975360
6 -1.335144 0.861063 -6.620320 6.791659 0.089825
7 -1.519346 -0.033456 -11.854690 0.301315 -17.520000
8 -1.355235 -0.795173 -7.337601 -5,369437 -2.185292
0 -0.923396 -1.240436 2234176 -5.423406 17.664560
10 -0.333614 -1.191725 10.162800 1.215538 10.709330
11 0.379792 -0.630547 10.474280 6.303625 -11.694060
12 1.434759 0.539795 -0.305107 2.180642 -10.909640
13 2.338758 1.693935 -14.206130 -7.665238 18.733950

Figure C.30 Modal Analysis Reporting Sheet for #8 W2

Reinforcing Rod Specimen
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C.2. MODAL ASSURANCE CRITERION
The modal assurance criterion {MAC) is a measure of the strength of the correlation
between two mode shapes. A MAC value close to one indicates a strong correlation, or
similarity between modes while a MAC value close to zero indicates a weak correlation.
The MAC can be computed using the following expression.

ROH

(coy, (017 Koy, 037

MAC i, ) = (C.1)

Tables C.1 through C.10 present MAC’s for #14 specimens which compare experimental

.th h

and baseline modes. In the tables, i"" column represents MAC values between i
experimental mode shape and five FE mode shapes and " row represents MAC values
between j™ FE mode shape and five experimental mode shpaes. MAC values for #11 and
#8 specimens are presented in Tables C.11 through C20 and Tables C.21 through C.30,

respectively.



Table C.1 Modal Assurance Criteria (FE Model vs. Mecasured)
for #14 Unwelded Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9998 0.0000 0.0018 0.0000 0.0014
2/FE 0.0000 09999 | 0.0001 0.0018 0.0000
3/FE 0.0020 0.0000 0.9999 0.0000 0.0028
4/FE 0.0000 0.0023 0.0000 0.9998 0.0001
5/FE 0.0018 0.0000 0.0028 0.0001 0.9998

Table C.2 Modal Assurance Criteria (FIE Model vs, Mecasured)
for #14 BI’1 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9994 0.0013 0.0352 0.0007 0.0064
2/FE 0.0001 0.9989 0.0023 0.0174 0.0015
3/FE 0.0244 0.0002 0.9973 0.0046 0.0206
4/FE 0.0001 0.0150 0.0010 0.9976 0.0052
5/FE 0.0091 0.0005 0.0188 0.0010 | 0.9971

Table C.3 Modal Assurance Criteria (FE Model vs. Measured)
for #14 BI’2 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9998 0.0000 0.0101 0.0000 0.0186
2/FE 00000 | 0.9999 0.0000 0.0130 0.0000
3/FE 0.0154 0.0000 0.9993 0.0000 0.0079
4/FE 0.0000 0.0144 0.0001 0.9997 0.0000
5/FE 0.0144 0.0000 0.0135 0.0002 0.9986
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Table C.4 Modal Assurance Criteria (FE Modecl vs. Measured)
for #14 BP3 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9999 0.0009 0.0217 0.0007 0.0285
2/FE 0.0006 0.9999 0.0003 0.0228 0.0010
3/FE 0.0248 0.0004 0.9994 0,0004 0.0133
4/FE 0.0006 0.0217 0.0001 0.999 0.0000
5/FE 0.0212 0.0003 0.0176 0.0000 0.9982

Table C.5 Modal Assurance Criteria (FE Modcl vs. Measured)
for #14 PH3 Reinforeing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9999 0.0002 0.0103 0.0017 0.0197
2/FE 0.0003 0.9999 0.0004 0.0143 0.0002
3/FE 0.0154 0.0004 0.9988 0.0000 0.0084
4/FE 0.0005 0.0150 0.0001 0.9989 0.0001
5/FE 0.0145 0.0002 0.0116 0.0000 0.9986

Table C.6 Modal Assurance Criteria (IFE Model vs. Measured)
for #14 SI Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9997 0.0013 0.0226 0.0001 0.0173
2/FE 0.0007 0.9997 0.0012 0.0244 0.0012
3/FE 0.0280 0.0006 0.9987 0.0008 0.0249
4/FE 0.0003 0.0246 0.0011 0.9993 0.0001
5/FE 0.0240 0.0002 0.0214 0.0006 0.9921
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Table C.7 Modal Assurance Criteria (FE Model vs. Measured)
for #14 S2 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9997 0.0003 0.0079 0.0002 0.0094
2/FE 0.0003 0,9998 0.0002 0.0098 0.0002
3/FE 0.0107 0.0001 0.9995 0.0005 0.0051
4/FE 0.0001 0.0101 0.0000 0.9993 0.0006
5/FE 0.0087 0.0001 0.0094 0.0001 0.9986

Table C.8 Modal Assurance Criteria (FIE Model vs. Measured)
for #14 S3 Reinforcing Rod Specinien

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9995 0.0009 | 00120 0.0005 0.0212
2/FE 0.0006 09999 | 0.0007 0.0162 0.0005
3/FE 0.0169 0.0005 | 0.9991 0.0015 0.0090
4/FE 0.0008 0.0170 0.0004 0.9994 0.0004
5/FE 0.0185 0.0004 0.0130 0.0007 0.9981

Table C.9 Modal Assurance Criteria (FE Model vs. Measured)
for #14 W1 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9999 0.0019 0.0134 0.0014 0.0184
2/FE 0.0011 0.9999 0.0013 0.0141 0.0005
3/FE 0.0152 0.0009 0.9997 0.0011 0.0090
4/FE 0.0012 0.0148 0.0004 0.9999 0.0005
5/FE 0.0141 0.0007 0.0127 0.0006 0.9990
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Table C.10 Modal Assurance Criteria (FE Model vs. Measured)
for #14 W2 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 1.0000 0.0032 0.0098 0.0034 0.0111
2/FE 0.0024 0.9998 0.0027 0.0113 0.0017
3/FE 0.0121 0.0020 0.9996 0.0019 0.0080
4/FE 0.0023 0.0099 0.0014 0.9997 0.0013
5/FE 0.0100 0.0017 0.0086 0.0007 0.9996

Table C.11 Modal Assurance Criteria (FE Model vs. Measured)

for #11 Unwelded Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9996 0.0007 0.0008 0.0006 0.0009
2/FE 0.0003 0.9999 0.0004 0.0012 0.0006
3/FE 0.0013 0.0005 1.0000 0.0005 0.0017
4/FE 0.0006 0.0010 0.0005 0.9999 0.0006
5/FE 0.0010 0.0006 0.0010 0.0005 0.9998

Table C.12 Modal Assurance Criteria (FE Model vs. Measured)
for #11 BPP1 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9996 | 0.0004 0.0067 | 0.0003 0.0135
2/FE 0.0002 | 0.9999 0.0002 | 0.0098 0.0001
3/FE 0.0062 0.0002 | 09997 | 0.0001 0.0057
4/FE 0.0002 | 0.0089 0.0001 0.9999 0.0004
5/FE 0.0135 0.0001 0.0060 0.0002 0.9991
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Table C.13 Modal Assurance Criteria (FE Model vs, Mcasured)
for #11 BI'2 Reinforeing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9999 0.0008 0.0228 0.0006 0.0290
2/FE 0.0010 0.9999 0.0006 0.0218 0.0005
3/FE 0.0229 0.0007 | 09999 0.0007 | 0.0165
4/FE 0.0007 0.0216 0.0006 0.9999 0.0003
5/FE 0.0255 0.0008 0.0153 0.0004 0.9996

Table C.14 Modal Assurance Criteria (FE Model vs. Measured)
for #11 BP3 Reinforeing Rod Speeimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 09999 | 0.0042 00040 | 00022 | 0.0083
2/FE 0.0028 09998 | 0.0034 0.0059 0.0033
3/FE 0.0040 0.0020 09997 | 0.0037 0.0032
4/FE 0.0021 0.0051 0.0019 0.9995 0.0024
5/FE 0.0059 0.0018 0.0036 0.0011 0.9990

Table C.15 Modal Assurance Criteria (FE Model vs. Mcasurcd)
for #11 PH2 Reinforecing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9998 0.0057 | 0.0031 0.0063 0.0066
2/FE 0.0056 0.9998 0.0065 0.0044 0.0038
3/FE 0.0046 | 0.0047 0.9994 0.0043 0.0024
4/FE 0.0048 0.0057 | 0.0045 0.9990 0.0041
5/FF 0.0080 0.0042 0.0036 0.0037 | 0.9983
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Table C.16 Modal Assurance Criteria (FE Model vs. Measured)
for #11 S1 Reinforeing Rod Speeimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9998 00000 | 00012 | 00000 | 0.0064
2/FE 0.0000 1.0000 | 0.0000 00016 | 0.0000
3/FE 0.0013 0.0000 1.0000 0.0000 | 0.0013
4/FE 00000 | 00023 | 00000 09999 | 0.0000
5/FE 0.0036 0.0000 | 0.0011 0.0000 | 09990

Table C.17 Modal Assurance Criteria (FIE Model vs, Mcasured)
for #11 S2 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9999 0.0006 00027 | 0.0005 0.0094
2/FE 0.0005 0.9998 0.0007 | 0.0046 0.0004
3/FE 0.0041 0.0002 | 0.999% 0.0007 0.0038
4/FE 0.0004 0.0049 0.0003 0.9999 0.0004
5/FE 0.0062 0.0004 0.0034 0.0004 | 0.9979

Table C.18 Modal Assuranee Criteria (FIE Model vs. Measured)
for #11 S3 Reinforcing Rod Speeimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9999 0.0006 0.0033 0.0010 0.0105
2/FE 0.0003 0.9998 0.0011 0.0048 0.0005
3/FE 0.0065 00002 | 09992 | 00012 | 0.0032
4/FE 0.0003 0.0074 00002 | 0.9989 0.0014
5/FE 0.0080 0.0003 00062 | 00002 | 0.9984
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Table C.19 Modal Assurance Criteria (FE Model vs, Measured)
for #11 W1 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9999 0.0001 0.0199 | 0.0002 0.0216
2/FE 0.0000 0.9994 0.0000 | 0.0205 0.0000
3/FE 0.0243 0.0000 0.9998 0.0001 0.0205
4/FE 0.0000 0.0241 0.0000 0.9995 0.0001
5/FE 0.0243 | 00002 | 00168 0.0001 0.9992

Table C.20 Modal Assurance Criteria (FE Modecl vs. Mcasured)
for #11 W2 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 1.0000 | 0.0036 0.0185 00023 | 00174
2/FE 00030 | 09999 | 00029 | 00172 | 0.0019
3/FE 0.0193 0.0030 | 0.9998 0.0012 0.0158
4/FE 00022 | 00174 | 00026 0.9998 0.0003
5/FE 0.0183 00017 | 00137 | 0.0010 0.9996

Table C.21 Modal Assurance Criteria (FIE Modecl vs. Mcasured)

for #8 Unwelded Reinforeing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9992 0.0001 0.0030 0.0001 0.0031
2/FE 0.0000 0.9999 0.0000 0.0029 0.0001
3/FE 0.0039 0.0000 0.9999 0.0003 0.0042
4/FE 0.0000 0.0025 0.0000 0.9998 0.0003
5/FE 0.0041 0.0001 0.0026 0.0000 0.9997
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Table C.22 Modal Assurance Criteria (FE Modcl vs. Measured)
for #8 BP1 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 1/M 5/M

1/FE 0.9998 0.0011 0.0034 0.0002 | 00077
2/FE 0.0002 0.9996 0.0005 0.0045 0.0003
3/FE 0.0034 0.0002 09997 | 0.0004 0.0039
4/FE 0.0003 0.0051 0.0002 0.9997 | 0.0007
5/FE 0.0048 0.0004 0.0036 0.0000 0.9992

Table C.23 Modal Assurance Criteria (FIE Model vs. Mcasured)
for #8 BI*2 Reinforcing Rod Speeimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9995 0.0002 0.0028 0.0000 0.0081
2/FE 0.0001 0.9998 0.0000 0.0039 0.0000
3/FE 0.0032 0.0000 0.9993 0.0000 0.0026
4/FE 0.0000 0.0046 0.0000 0.999 0.0000
5/FE 0.0038 0.0001 0.0039 0.0000 0.9991

Table C.24 Modal Assurance Criteria (FE Model vs. Mcasured)
for #8 BP3 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9996 0.0001 0.0031 0.0002 0.0053
2/FE 0.0019 0.9997 0.0002 0.0060 0.0001
3/FE 0.0027 0.0004 0.9993 0.0001 0.0041
4/FE 0.0006 0.0046 0.0003 0.9992 0.0002
5/FE 0.0052 0.0005 0.0037 0.0001 0.9992
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Table C.25 Modal Assurance Criteria (FE Model vs. Mcasured)
for #8 PH1 Rcinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9993 00100 | 0.0005 0.0036 0.0001
2/FE 0.0069 0.9998 0.0000 0.0042 0.0000
3/FE 0.0006 0.0000 0.9995 0.0000 0.0032
4/FE 0.0051 0.0070 0.0000 0.9990 0.0000
5/FE 0.0003 0.0000 | 00022 | 0.0001 0.9996

Table C.26 Modal Assurance Criteria (FE Model vs. Measured)
for #8 SI Reinforeing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9995 0.0002 0.0021 0.0003 0.0044
2/FE 0.0006 0.9998 0.0005 0.0037 0.0003
3/FE 0.0015 0.0002 0.9997 0.0006 0.0020
4/FE 0.0003 0.0046 0.0005 0.9999 0.0000
5/FE 0.0042 0.0004 0.0023 0.0003 0.9996

Table C.27 Modal Assurance Criteria (FE Model vs. Measured)
for #8 S2 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9999 0.0024 0.0038 0.0016 0.0125
2/FE 0.0021 0.9999 0.0015 0.0042 0.0031
3/FE 0.0039 0.0018 0.9997 0.0009 0.0005
4/FE 0.0021 0.0056 0.0010 0.9987 0.0001
5/FE 0.0049 0.0014 0.0046 0.0003 0.9875
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Table C.28 Modal Assurance Criteria (I'lX Model vs. Measured)
for #8 S3 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0.9999 0.0008 0.0092 0.0005 0.0130
2/FE 0.0003 0.9998 0.0003 0.0116 0.0004
3/FE 0.0100 0.0001 0.9996 0.0006 0.0090
4/FE 0.0006 0.0103 0.0000 0.9994 0.0002
5/FE 0.0090 0.0003 0.0094 0.0000 0.9997

Table C.29 Modal Assurance Criteria (I'E Model vs. Measured)
for #8 W1 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M
1/FE 0.9995 0.0095 0.0080 0.0060 0.0142
2/FE 0.0100 0.9999 | 0.0064 0.0094 0.0059
3/FE 0.0069 0.0055 | 0.9999 0.0069 0.0065
4/FE 0.0053 0.0093 | 0.0053 0.9998 0.0030
5/FE 0.0102 | 0.0063 0.0053 0.0026 0.9998

Table C.30 Modal Assurance Criteria (I'Il Model vs. Measured)
for #8 W2 Reinforcing Rod Specimen

Mode 1/M 2/M 3/M 4/M 5/M

1/FE 0999 | 0.0003 0.0022 | 00002 | 0.0099
2/FE 0.0009 | 09999 | 0.0001 0.0039 | 0.0002
3/FE 0.0016 | 0.0004 0.9999 | 0.0006 | 0.0024
4/FE 0.0003 00047 | 00005 | 0999 | 0.0000
5/FE 0.0044 0.0003 0.0019 | 00012 | 0.9993
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C.3. SYSTEM IDENTIFICATION RESULTS

The bascline modal parameter (i.c., resonant frequencies and mode shapes) identification
results for thirty reinforcing rod specimens are presented here. The convergence of the
system identification scheme is demonstrated in Tables C.3] through C.60, Tables C.31
through C.40 present the convergence results for #14 specimens. Tables C.41 through
C.50 and Tables C.51 and C.60 present the results for #11 and #8 specimens,

respectively. The identified baseline stiffness properties are summarized in Table C.61.
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Table C.31 System Identification for #14 Unwclded Reinforeing Rod Specimen

Frequency | Updated Frequencies (Hz) | Frequency Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 131.92 124.04 | 124.04 122.38 6.06 | 0.27
2 361.59 340.01 | 340.00 339.38 6.54 | 0.19
3 703.16 661.18 | 061.18 660.63 644 | 0.08
4 1150.2 1081.6 | 1081.6 1081.3 6.37 | 0.03
5 1696.6 15953 | 15953 1595.6 633 | 0.02

Table C.32 System Identification for #14 BP'1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 131.92 124.05 124.38 6.1 0.3
2 361.59 340.03 340.00 6.4 0.0
3 703.16 661.22 659.38 6.6 0.3
4 1150.2 1081.6 1082.5 6.3 0.1
5 1696.6 1595.4 1594.4 6.4 0.1

Table C.33 System Identification for #14 BP2 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 126.61 118.99 118.75 6.6 0.2
2 347.11 326.23 327.50 6.0 0.4
3 675.20 634.58 633.13 6.6 0.2
4 1104.9 1038.5 1041.3 6.1 0.3
5 1630.6 1532.5 1528.8 6.7 0.2
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Table C.34 System Identification for #14 BP3 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 129.89 122.13 121.88 6.6 0.2
2 356.06 334.78 335.63 6.1 0.3
3 692.48 651.09 649.38 6.6 03
4 1132.9 1065.2 1068.8 6.0 03
5 1671.4 1571.5 1569.4 6.5 0.1

Table C.35 System Identification for #14 PH3 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 129.22 121.81 121.88 6.0 0.1
2 354.24 333.92 334.38 5.9 0.1
3 688.97 649.44 647.50 6.4 0.3
4 1127.2 1062.6 1065.0 5.8 0.2
5 1663.1 1567.7 1565.6 6.2 0.1

Table C.36 System Identification for #14 S1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 128.89 120.56 120.63 6.8 0.1
2 353.34 330.50 330.63 6.9 0.0
3 687.23 642.81 641.88 7.1 0.1
4 1124.4 1051.7 1052.5 6.8 0.1
5 1659.0 1551.7 1551.3 6.9 0.0
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Table C.37 System Identification for #14 S2 Reinforcing Rod Speeimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 [ter. 2 [ter.3 | Structure | Initial | Final
1 128.56 121.91 121.88 5.5 0.0
2 352.44 334.20 334.38 54 0.1
3 685.49 650.01 649,38 5.6 0.1
4 1121.6 1063.6 1064.4 5.4 0.1
5 1654.9 1569.2 1568.8 5.5 0.0

Table C.38 System Idcntification for #14 S3 Reinforeing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency | Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 128.56 122.31 122.50 4.9 0.16
2 352.44 335.32 335.63 5.0 0.09
3 685.49 652.19 651.25 5.3 0.14
4 1121.6 1067.1 1066.9 5.1 0.02
5 1654.9 1574.5 15731 5.2 0.09

Table C.39 System Identification for #14 W1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Tter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 129.22 121.20 121.25 6.6 0.04
2 354.24 332.26 332.50 6.5 0.07
3 688.97 646.22 645.00 6.8 0.19
4 1127.2 1057.3 1058.8 6.5 0.14
5 1663.1 1559.9 1558.8 6.7 0.07
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Table C.40 System Identification for #14 W2 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter. 1 Iter. 2 Iter.3 | Structure | Initial | Final
1 130.22 123.06 12250 6.3 0.5
2 356.97 337.33 338.75 5.4 0.4
3 694.24 656.04 654.38 6.1 0.3
4 1135.8 1073.3 1078.1 5.4 0.4
5 1675.5 1583.3 1580.6 6.0 0.2

Table C.41 System Identification for #11 Unwelded Reinforeing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 110.83 10316 | 103.16 103.13 747 | 0.03
2 304.31 283.24 | 283.24 283.13 748 | 0.04
3 593.18 552,10 | 552.11 551.88 748 | 0.04
4 973.26 905.86 | 905.88 906.25 739 | 0.04
5 1440.7 13409 | 1341.0 1341.9 736 | 0.07

Table C.42 System Identification for #11 BP1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) | Frequency Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 105.58 99.65 99.68 100.00 558 | 032
2 293.53 274.67 | 274.68 27438 698 | 0.11
3 562.93 532,81 | 3533.00 532.50 571 | 0.09
4 939.16 878.85 | 878.88 879.38 680 | 0.06
5 1369.1 12950 | 12955 1295.6 5.67 | 0.01
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Table C.43 System Identification for #11 BP2 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 106.67 99.93 99.96 100.00 6.67 | 0.04
2 296.55 276.16 | 276.16 276.25 7.35 1 0.03
3 568.66 533.74 | 533.98 533.75 654 | 0.04
4 948.66 88348 | 883.49 883.13 742 | 0.04
S 1382.9 1297.3 | 12979 12994 643 | 011

Table C.44 System Identification for #11 BP3 Reinforcing Rod Specimen

Frequency { Updated Frequencies (Hz) | Frequency Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 106.67 10042 | 10045 100.63 6.00 | 0.18
2 296.54 27699 | 276.99 276.88 7.10 | 0.04
3 568.67 536.73 | 536.92 536.88 592 | 0.01
4 948.63 886.13 | 886.13 886.25 704 | 0.01
5 1382.9 13044 | 13049 1305.0 597 | 0.01

Table C.45 System ldentification for #11 PH2 Reinforeing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 106.94 100.25 | 100.27 100.63 627 | 036
2 297.31 27634 | 27633 276.25 762 | 003
3 570.11 535.89 | 536.08 535.63 644 | 0.08
4 951.04 884.02 | 884.01 883.75 7.61 | 0.03
5 1386.4 13023 | 1302.7 13025 644 | 0.02
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Table C.46 System Identification for #11 S1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency | Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter, 2 Iter.3 | Structure | Initial | Final
1 106.40 100.20 | 100.24 100.00 640 | 024
2 295.73 276.81 | 276.82 276.88 6.81 | 0.02
3 567.45 535.35 | 535.59 536.25 582 | 0.12
4 945.64 88537 | 88542 885.63 6.78 | 0.02
5 1380.7 1301.6 | 1302.1 1304 4 585 | 0.18

Table C.47 System Identification for #11 S2 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) | Frequency Error (%)
Mode | of Initial of Target

FE Model | lter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 107.21 100.51 | 100.54 100.63 6.54 | 0.09
2 298.08 27706 | 277.07 276.88 7.66 | 0.07
3 571.51 537.30 | 537.53 537.50 633 | 0.01
4 953.59 886.33 | 886.36 886.88 752 | 0.06
5 1389.6 1305.6 | 1306.1 1308.1 6.23 | 015

Table C.48 System Identification for #11 83 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 106.39 100,39 | 100.41 100.63 572 | 0.22
2 295.79 27628 | 276.28 276.25 7.07 | 0.01
3 567.21 537.02 | 53713 536.88 565 | 0.05
4 946.28 883.90 | 883.93 883.75 7.08 | 0.02
5 1379.4 1305.0 | 13053 1306.3 560 | 0.08
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Table C.49 System Identification for #11 W1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 106.67 100.57 100.60 100.63 6.00 0.03
2 296.49 277.64 277.62 277.50 6.84 0.04
3 568.86 537.41 537.61 536.25 6.08 0.25
4 948.09 888.04 888.01 888.13 6.75 0.01
5 1384.0 1306.4 1306.9 1311.9 5.50 0.38

Table C.50 System Identification for #11 W2 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) | Frequency Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 109.74 103.72 | 103,74 103.75 577 | 0.01
2 305.03 28547 | 28548 285,63 6.79 | 0.05
3 585.07 554.64 | 554.76 555.00 542 | 0.04
4 974.98 91286 | 912.90 912,50 6.85 | 0.04
5 1423.0 1347.3 | 13476 1349.4 545 | 013

Table C.51 System Identification for #8 Unwelded Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) | Frequency{ Error (%)
Mode | of Initial of Target

FE Model | Iter. 1 Iter. 2 Iter.3 | Structure | Initial [ Final
1 79.313 74.702 | 74.701 74.375 6.64 | 0.44
2 218.19 20550 | 205.50 205.63 6.11 | 0.06
3 426.48 401.69 | 401.68 401.88 6.12 | 0.05
4 702.27 66145 | 661.44 662.50 6.00 | 0.16
5 104410 | 983.39 | 983.38 985.00 6.00 | 0.16

C-50




Table C.52 System Identification for #8 BP1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 75.427 72.685 | 72.684 73125 315 | 0.60
2 212.59 200.58 | 200.59 200.63 596 | 0.02
3 402.62 39046 | 39045 389.38 340 | 0.27
4 684.37 645.73 | 645.75 645.00 6.10 | 0.12
5 987.89 956.19 | 956.17 953.13 3.65 | 032

Table C.53 System Identification for #8 BP2 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency{ Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial { Final
1 75.047 72.616 | 72.610 73.125 263 | 070
2 211.46 200.01 | 200.00 200.00 573 | 0.00
3 400.70 390.37 | 390.33 388.75 3.07 | 041
4 680.53 643.89 | 643.85 643.13 582 | 0.11
5 983.61 955.98 | 955.89 952.50 3.27 | 0.36

Table C.54 System Identification for #8 BP3 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter. 3 | Structure | Initial | Final
1 75.245 75.801 | 75.872 | 75974 78.125 369 | 275
2 211.97 211.03 | 210.06 | 210.07 210.00 094 | 0.03
3 401.86 406.10 | 40717 | 407.89 405.00 078 | 0.71
4 681.85 679.08 | 67610 | 676.15 674.38 1.11 | 026
5 986.94 99557 | 997.58 | 999.21 991.25 043 | 0.80
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Table C.55 System Identification for #8 PH1 Reinforcing Rod Specimen

Frequency | Updated IFrequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 74.475 74.251 | 74.225 73.750 098 | 0.64
2 209.84 206.65 | 206.64 206.88 143 | 012
3 397.65 397.81 | 397.63 398.75 027 | 0.28
4 675.38 665.20 | 665.17 665.00 156 | 0.03
5 976.13 974.99 | 974.59 976.25 0.01 | 017

Table C.56 System Identification for #8 S1 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 75.427 72.620 | 72.621 72.500 404 | 017
2 212.59 200.76 | 200.76 200.63 5.9 | 0.06
3 402.62 389.87 | 389.87 390.00 324 | 0.03
4 684.37 646.29 | 646.31 646.88 580 § 0.09
5 987.89 954.84 | 954.83 955.63 3.38 | 0.08

Table C.57 System Identification for #8 S2 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 [ter. 2 Iter.3 | Structure | Initial | Final
1 75.044 72360 | 72.359 72.500 351 | 019
2 211.49 199.51 | 199.51 199.38 6.07 | 0.07
3 400.60 388.84 | 388.84 388.13 321 | 018
4 680.81 64228 | 642.30 642.50 596 | 0.03
5 983.06 952.26 | 952.24 951.25 334 | 010
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Table C.58 System Identification for #8 S3 Reinforcing Rod Specimen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial }{ Final
1 75431 72846 | 72.846 73.125 3.15 | 0.38
2 212.56 200.65 | 200.65 200.63 595 | 0.01
3 402.70 391.59 | 391.58 390.63 3.09 | 024
4 684.12 645.92 | 64594 645.63 596 | 0.05
5 988.40 958.91 | 958.90 956.25 336 | 0.28

Table C.59 System Identification for #8 W1 Reinforeing Rod Specimcen

Frequency | Updated Frequencies (Hz) |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 74.865 71.688 | 71.697 71.875 416 | 025
2 210.85 198.74 | 198.74 198.75 6.09 | 0.01
3 399.94 384.59 | 384.65 384.38 405 | 007
4 678.07 639.57 | 639.57 639.38 6.05 | 003
5 982.60 94255 | 942.68 941.88 432 | 0.08

Table C.60 System Identification for #8 W2 Reinforeing Rod Specimen

Frequency | Updated Frequencies (Hz)} |Frequency| Error (%)
Mode | of Initial of Target

FE Model | Iter.1 Iter. 2 Iter.3 | Structure | Initial | Final
1 75.428 72388 | 72394 72.500 404 | 0.15
2 212.58 200.70 | 200.71 200.63 596 | 0.04
3 402,63 38824 | 388.28 388.13 3.74 | 0.04
4 684.34 64611 | 646.13 646.25 589 | 0.02
5 987.95 951.01 | 951.11 950.63 393 | 0.05
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Table C.61 Summary of Identificd Bascline Stiffness Parameters (E)

Type of Rod Specimen Identified Young’s
Size Specimen Modulus (Ib/in®)
414 Unwelded 26.5x10°

BPI 26.5%10°
BP2 26.5%10°
BP3 26.5x10°
PH3 26.7x10°
S 26.2x10°
S2 27.0x10°
S3 27.2x10°
W1 26.4x10°
w2 26.8x10°
#11 Unwelded 26.0x10°
BP1 26.3x10°
BP2 26.0%10°
BP3 26.2x10°
PH2 25.9%x10°
Sl 26.3x10°
S2 25.9x10°
S3 26.2x10°
Wl 26.3x10°
W2 26.3x10°
#8 Unwelded 26.6x10°
BP] 26.7x10°
BP2 26.8x10°
BP3 29.4x10°
PHI 29.1x10°
S1 26.8x10°
S2 26.7x10°
S3 26.7x10°
Wl 26.6x10°
w2 26.7x10°
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APPENDIX D
TXDOT TENSILE TEST REPORTS FOR REINFORCING ROD SPECIMENS

This appendix contains rcproductions of the TxDOT tensile test report sheets for the
thirty 48-inch reinforcing rod specimens discussed in Chapters 3, 4, and 5. Each data

sheet is identified by the specimen code defined in Chapter 3. Table 3.1.
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LAB NO.

SPECIMEN ID 14C
SIZE 14
TECH th
Test Tensile Test
Procedure REBAR (TEX 427-R)
Test Date 04-07-2000 Tested By HAMILTON
Test Time 08:14:53 AM Test Counter N/A
Elapsed Time 00:04:37 Area 2.2500
Tensile Strgth 106130 PSI Peak Load 238780
Breaking Strgth 71812 PSI Breaking Load 161580
Modulus 1253800 PSI Correl Coeff 0.9983
2 ¥t Off Strs 80728 PSI 2 ¢t Off Load 181640
HOTL Yield Sts 73397 PSI HOTL Yield Lod 165140
Upper Yield Sts 73397 PSI Lower Yield Sts 73199
Upper Yield Lod 165140 Lba Lower Yield Lod 164700
Load vs Position
203000
/ / u—d-v-—znm]
232000 / / SOH-4+50—N
224000 A / ] —\\
194000 / V/
is99a0 A
g 146409 7 q
11299 [
g4aaa / /
Jeaaa
i/
s
Z9asa veer R T
BIZE 14
/ / TEGH  oh
a
9.00 @.54 1.@8 1.62 2.1¢ 2.70 3.24 3.7 4.3 4.96 3.40
(In)

Figure D.1 TxDOT Tensile Test Report for #14 Unwelded
Reinforcing Rod Specimen

D-2

kg §f ¢

E'U
L)
=



LAB NO.

SPECIMEN 1D BP1l
SIZE 14
TECH rh
Test Tenslle Test
Procedure REBAR ([TEX 427-A)
Test Date 04-07-2000 Tested By HAMILTON
Test Time 08:38:45 AM Test Counter 00000082
Elapsed Time 00:02:50 Area 2.2500
Tensile Strgth Bo812 PBSI Peak Load 181830
Breaking Strgth 80810 PSI Breaking Load 181820
HOTL Yield sSts 73698 PSI HOTL Yield Lod 165820
Upper Yield Sts 73698 PSI Lower Yield Sts 73685
Upper Yield Lod 165820 Lbs Lower Yield Lod 165790
Load vs Position
20000
0490a0az
04-§7—2 o0
iv8aGa 293¢5~
174009 S
/"4
134800
/
112009 //,//
5 119000 /
siaad /
& & W39 //
44099 /
22a09 v ¥FTrTRER f5—oYT
i
9 i
9.09 $.20 2,40 9.60 Q.89 1.0 L.29 1.4 1.6 L.80 z.0c
(In)

Figure D.2 TxDOT Tensile Test Report for #14 BPI
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID BP2
SIZE 14
TECH rh
Test Tensile Test
Procedure REBAR (TEX 427-A)
Test Date 04-07-2000 Tested By HAMILTON
Test Time 08:25:58 AM Test Counter N/A
Elapsed Time 00:03:09 Area 2,2500
Tensile Strgth 81587 PsSI Peak Load 183570
Breaking Strgth 81225 PSI Breaking Load 182760
HOTL Yield Sts 73434 PSI HOTL Yield Lod 165230
Upper Yield Sts 73434 PSI Lower Yield Sts 73362
Upper Yield Lod 165230 Lbs Lower Yield Lod 165060
Load vs Position
220000
@4-47-200
138009 S0+ 8-+ 50—
176000 —
154060 / /
132990
g 1i00aa /
LLld ] 4
L6 00a //
440080
2z000 ’// ey ,
7 EFECTRLN 1D n;:
TEGH h
a2
Q.00 Q.32 9,44 Q.66 a.80 1.32 1,34 1.7¢ i1.78 2.28

Figure D.3 TxDOT Tensile Test Report for #14 B2
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID BF1

SIZE 14

TECH rh

Tast Tensile Test

Procedure REBAR (TEX 427-A)

Test Date 04-07-2000 Tested By HAMILTON
Test Time 09:15:44 AM Test Counter N/A
Elapsed Time 00:03:22 Area +2.2500
Tensile Strgth 83196 PSI Peak Load 187190
Breaking Strgth 81273 PSI Breaking Load 182860
HOTL Yield Sts 69118 PSI HOTL Yield Lod 155510
Upper Yleld Sts 69118 PSI Lower Yield Sts 68629
Upper Yield Lod 155510 Lbs Lower Yield Lod 154420

4'1-“‘ us rﬂs “’-lu..

178009

o —

176 @Og

kG rad

134800

122003

(Lbs)
P
-

114

12003 >

Trrpth

8. 00 5.20 a.5s 9.804 1.1 1.40 1.40 1.796 .34

(In)

S0

Figure D.4 TxDOT Tensile Test Report for #14 BP3

Reinforecing Rod Specimen
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LAB NO.
SPECIMEN ID

2T PH2
14

SIZE

TECH rh
Tast Tensile Test
Procedure REBAR (TEX 427-A)
Test Date 04-07-2000
Test Time 08:59:21 AM
Elapsed Time 00:03:59
Tensile Strgth 90481 PS5I
Breaking Strgth 89343 PSI
HOTL Yield Sts 65491 PSI
Upper Yield Sts 69491 PSI

Upper Yield Lod 156350 Lbs

Tested By HAMILTON
Test Counter N/A

Area 2.2500
Peak lLoad 203580
Breaking Load 201020
HOTL Yield Lod 156350
Lower Yield Sts 69220
Lower Yield Lod 155740

Load vs Position—

249909 I
21€0Qa 22?551:2091
192000 — o
1£0000
144900 //,”ﬂd
é 12000@ // 1
scoaa //
72000
<8902 1///
4
race / bl S ile 14
TEQH i
:.oa 9.3¢ .76 1.14 1.2 1.%Q2 R.BE R.44 3.@4 3.4z 3.80

(Imn)

Figure D.5 TxDOT Tensile Test Report for #14 PH3

Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID 51
SIZIE 14
TECH rh
Test Tensile Test
Procedura REBAR (TEX 427-A)
Test Date 04-07-2000 Tested By HAMILTON
Test Time 09:26:45 AM Test Counter 00000083
Elapsed Time 00:03:12 Area 2.2500
Tensile Strgth 90353 PSI Peak Load 203250
Breaking Strgth 90052 PSI Breaking Load 202620
HOTL Yield sSts 73720 PSI HOTL Yield Lod 165870
Upper Yield Sts 73720 PSI Lower Yiald Sts 73681
Upper Yield Lod 165870 Lbs Lower Yield Lod 165780
e —={oad vs Fosltion
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Figure D.6 TxDOT Tensile Test Report for #14 S1
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID 52
SIZE 14
TECH rh
Test Tensile Test

Procedure REBAR (TEX 427-=A)

Test Date 04-07-2000 Tested By HAMILTON

Test Time 09:37:42 AM Test Counter 00000084

Elapsed Time 00:03:31 Area 2.2500 In»
Tensile Strgth 87931 PSI Peak Load 197840 Lbs
Breaking Strgth 87631 PSIX Breaking Load 197170 Lbs
HOTL Yield Sts 69463 PSI HOTL Yield Lod 156290 Lbs
Upper Yleld Sts 69463 PSI Lower Yield Sts 69082 PSI
Upper Yield Lod 156290 Lbs Lower Yield Led , 155430 Lbs

Lload vs Pocition
F ¥
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Figure D.7 TxDOT Tensile Test Report for #14 S2
Reinforeing Rod Specimen
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LAR NO.

SPECIMEN ID S3

SIZE 14

TECH rh

Test Tensile Tast

Procedure REBAR (TEX 427-A)

Teat Date 04-07-2000 Tastad By HAMILTON
Test Time 09:58:59 AM Test Counter N/A
Elapsed Time 00:02:18 Area 2,2500
Tensile Strgth 88442 PSI Peak Load 158990
Braaking Strgth 86208 PSIK Breaking Load 193970
HOTL Yield sSts 69587 PSI HOTL Yield ILod 156570
Upper Yield Sts 69587 PSI Lower Yield Sts 69501
Upper Yield Lod 156570 Lbs Lower Yield Lod 156380

Load vs Position
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94_47-2000
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~
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Figure D.8 TxDOT Tensile Test Report for #14 83
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID Wl
SIZE 14
TECH rh
Test Tenslle Test
Procedura REBAR (TEX 427-A)
Test Date 04-07-2000

Tast Time 09:49:28 AM
Elapsed Time 00:03:22
Tensila Strgth 79444 PSI
Breaking Strgth 77476 PSI
HOTL Yleld Sts 56079 PSI
Upper Yield Sts 56079 PSI

Upper Yield Lod 126180 Lbs

Tested By HAH%LTOH

Test Counter N/A
Area

Peak Load
Breaking Load
HOTL Yield Lod
Lower Yield Sts
Lower Yield Lod

2.2500

178750
174320
1261890

55430
124720

{oad vs Position
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Figure D.9 TxDOT Tensile Test Report for #14 W1
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID W2

SIZE 14

TECH rh .

Test Tensile Test

Procedure REBAR (TEX 427-A)

Test Date 04-07~2000 Tested By HAMILTON
Test Time 08:48:35 AM Tast Counter N/A
Elapsed Time 00:03:15 Area 2.2500
Tensile Strgth 78240 PSIX Peak Load 176040
Breaking Strgth 73806 PSI Breaking Load 166060
HOTL Yield Sts 69160 PSI HOTL Yield Lod 155610
Upper Yield Sts 69160 PSIX lower Yield Sts 69010
vpper Yield Lod 155610 Lbs Lower Yield lLod 155270

(Lbs)

Load vs Position
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Figure D.10 TxDOT Tensile Test Report for #14 W2
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID
SIZE
TECH

Test

Test Date
Test Time

11c
11
rh

Tensile Test
Procedure REBAR W/EXTENSOMETER

04=-06-2000
02:11:09 PH

Elapsed Time

Tensile Strgth
Breaking Strgth
Modulus T
.2 ¢ Off Strs

t Off strs .
HOTL Yield Lod
Lower Yleld Sts
Lowar Yleld Lod

27367000

00:04:46

1095890
578

PSI -

PSI

PSI

72638 PSI

111340
573
894

Lbs
PSI
Lbs

[

(PSI)

Tested By HAMILTON
Test Counter N/A

Area 1.5600
Peak Load 171420
Braaking Load 902
Correl Coeff 1.0000
.2 ¢t Off Load 113310
HOTL ¥leld Sts 71375
Upper Yield Sts 71375
Upper Yleld Lod 111340

Stress vs Positiow

140000
“:lﬁ.,::l
126900 &Lt
113000 ",,—4 \
Prad
200990
>
043009 /////
70040 //
96000 j{
42009 / - .
20000
Wd.
14009 SEL ‘fa‘.]l Alo
£I1df 11
_rnr rhy
] - -
9.0004000 | 1.16e+000 £.320+000 3.4804000 | €.64e+000 | 3.30e+000
3.80.-o01 1.742+000 2.90-¢000 4.96e+008 9.22+000
(In)

Figure D.11 TxDOT Tensile Test Report for #11 Unwelded
Reinforcing Rod Specimen
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LAB NO.

SPECIHMEN ID BP1
SIZE 11
TECH rh
Tast Tensila Teat
Procedure REBAR W/EXTENSOMETER
Test Date 04=-06-2000 Tastaed By HAMILTON
Tegt Time 02:50:34 PM Test Counter N/A
Elapsed Time 00:02:49 Area 1.5600
Tensile strgth 85732 PSIL PeaX Load 133740
Breaking Strgth 81 PSI Breaking Load 126
HModulus 26886000 PSI correl Coeff - 1.0000
.2 ¥t Off 5trs - 60258 PSI .2 ¥ 0ff lLoaad - 94002
Lt Off Strs HOTL Yleld Sts 60640
HOTL Yield Lod 94599 Lbs Upper Ylelad Sta GOG40
Lower Yield Sts -2267 PSI Upper Yield Lod 94599
Lowar Yield Lod -3536 Lbs
[ 53
Stress vs Poslition
y340Q
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Figure D.12 TxDOT Tensile Test Report for #11 BP1
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID BP2

SIZE il

TECH rh

Test Tensile Test

Procedure REBAR W/EXTENSOMETER

Teat Date 04-06-2000 Tested By . HAMILTON
Test Time 02:42:12 PK Test Counter N/A
Elapsed Tixe 00:02:44 Area 1.5600
Tensile Strgth 78532 PSI Paak Load 122510
Breaking Strgth 109 PSI Breaking Load 170
Modulus 26327000 PSI Correl Coeff “1.0000
.2 t Off Strs 61517 PSI «2 ¢ Off Load 95966

%t Ooff Strm
HOTL Yield Lod
Lower Yleld Sts
Lower Yield Lod

HOTL Yleld 8ts
Upper Yield sSts
Uppar Yield Lod

o

564009
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Figure D.13 TxDOT Tensile Test Report for #11 BP2
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LAB RNO.

SPECIMEN ID BPJ

SIZE 11

TECH rh

Test Tensile Test

Procedure REBAR W/EXTENSOMETER

Test Date 04-06-2000 Tested By HAMILTON

Test Time 02:59:46 PH Test Counter N/A
Elapsed Tina 00:03:02 Area 1.5800

Tensile Strgth 85159 PSI Peak Load 132850

Breaking Strgth =327 PSI Breaking Load ~510

Hodulus - 23206000 PSI Correl Coaff 0.9956
.2 ¥ Off Strs 51538 PSI .2 % Qff Load 80399
t off Strs HOTL Yield Sts 59603
HOTL Yield Lod 92980 Lbs Upper Yield Sts 59603

Lower Yield Sts =321 PSI Upper Yield Lod 92980
Lower Yield Lod -500 Lbs

[H

4009

-Stress vs FPositlow
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Figure D.14 TxDOT Tensile Test Report for #11 BP3
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LAB HO.
SPECIMEN ID
SIZE

TECH

Test

PH2

11
rh

Tensile Test

Procedure REBAR W/EXTENSOMETER

Test Date
Test Time
Elapsed Tine

Tensile Strgth
Breaking Strgth
Modulus -
.2 t Off Strs
% Off Stre
HOTL Yield ILod
Lower Yield Sts
Lower Yield Lecd

04-06-2000
03:25:01 PH

00:02:54

96705 PSI

79 PSI
37796000 PSIL
70190 PSI

110660 Lbs
79 PSI
124 Lbhs

U

1a600a

=——=Stress vs Position

Tested By HAMILTON
Test Counter N/A

Area 1.5600
Peak Load 150860
Breaking Load 123
Correl Coeff 0.9997
.2 § Off Load 109500
HOTL Yield sts 70937
Upper Yield Sts 70937
Upper Yield Lod 110660

160a0a

iy

’/,/’

s4UDa

72000
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&
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24000
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-1209a
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Figurce D.IS TxDOT Tensile Test Report for #11 PH2
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LAB NO.

SPECIMEN ID 51
SIZB 11
TECH rh
Tast Tensile Test
Procedure REBAR W/EXTENSOMETER
Test Date 04-06-2000
Test Time 03:08:18 PM
Elapsed Time 00:02:26
Tensile Strgth 84410 PSI
Breaking Strgth 59 PSI
Modulus 25775000 PSI
.2 %t Off Strs 59855 PSI

t Off sStrs
HOTL Yield Lod 93258 Lbs
Lower Yield Sts 57 PSI
Lower Yield Lad 88 Lbs

[ 1]

Tested By HAMILTON
Test Counter N/A

Area 1.5600
Peak Load 131680
Breaking Load 92
Correl Coeff 1.0000
.2 % Off Load 93374
HOTL Yield Sts 59781
Upper Yield Ste 59781
Upper Yield Lod 93258

Stress vs Position
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Figure D.16 TxDOT Tensile Test Report for #11 S1
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LAB NO.

SPECIMEN ID 52
SIZE 11
TECH rh
Test Tensile Test
Procedurse REBAR W/EXTENSOMETER
Teast Date 04-06-2000 Tested By HAMILTON
Test Time 03:17:01 PM Test Counter 00000081
Elapsed Time 00:02:28 Area 1.5600
Tensile strgth 85781 PSI Peak Load 133820
Breaking Strgth 85699 PSI Breaking Load 133690
Modulus 27520000 PSI correl Coetff 1.06000
.2 % Off Strs 70583 PS5I .2 % Off Load 110110
% Off Strs HOTL Yield sSts 71133
HOTL Yield Lod 110970 Lbs Uppoar Yield sSts 71133
Lower Yield sts 71063 PSI Upper Yield Lod 110970
Lovwer Yield Lod 110860 Lbs
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=Stress vs Position
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Figurc D.17 TxDOT Tensile Test Report for #11 S2
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID 53
SIZE 11
TECH rh
Test Tensile Test
Procedure REBAR W/EXTENSOMETER
Test Date 04=-06-2000
Test Time 02:32:5%9 PH
Elapsed Time 00:02:52
Tensile Strgth 646855 PSI
Breaking Strgth 79 PSI
Modulus 27672000 PSI_
.2 ¥ Off Strs 71252 PSI

t QOff Strs
HOTL Yield Lod 111150 Lbe
Lover Yield &ts 78 PSI
Lower Yield Lod 122 Lbs

u

HOTL Yield Sts 71253
Upper Yield Sts 71253
Upper Yield Lod 111150

Stress vs Position
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Figure D.18 TxDOT Tensile Test Report for #11 83
Reinforcing Rod Specimen
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Test Counter N/A
Araa 1.5600
Peak Load 132370
Breaking Load -123
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LAB NO.

SPECIMEN ID Wl

SIZE 11

TECH rh

Tast Tensile Test

Procedure REBAR W/EXTENSOMETER

Tast Date 04-06-2000 Tastad By HAMILTON

Teat Time 02:24:15 PM Tast Counter N/A
Elapsed Time 00:02:49 Area 1.5600

Tensile Strgth 67923 PSI Peak Load 105960

Breaking Strgth 572 PSI Breaking Load 892

Modulus 26006000 PSI Correl Coaff 1.0000
.2 & Off Strs 57433 PSI ) .2 § Off Load 89595
t Off Strs HOTL Yield Sts 60127

HOTL Yield ULod 93797 Lbs Upper Yield Sts 60127
Lower Yield sts 571 PSI Upper Yield Lod 93797
Lower Yield Lod 891 Lbs

u
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Figure D.19 TxDOT Tensile Test Report for #11 W1
Reinforeing Rod Specimen
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LAB NO.

SPECIMEN ID W2

S5IZE 11

TECH rh

Tast Tensile Test

Procedure REBAR W/EXTENSOMETER

Test Date 04-06-2000 Tested By HAMILTON

Test Time 03:33:06 PM Test Counter N/A

Elapsed Time 00:02:29 Area 1.5600 In»
Tenslla Strgth 81422 PSI Peak Load 127020 Lbs
Breaking Strgth 63442 PSI Breaking Load 98969 Lbs
Modulus 27144000 PSI " Correl Coeff 1.0000

.2 ¥ Off Strs 59752 PSI .2 ¥ 0ff Load 93212 Lbs
$ Off Strs HOTL Yield 5ts 59782 PSI
HOTL Yield Lod 53260 Lbs Uppar Yleld Sts 59782 PSI
Lower Yield Sts 59596 PSI Upper Yield Lod 93260 Lbs
Lower Yield Lod 92969 Lbs

[

Stress vs Position
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Figure D.20 TxDOT Tensile Test Report for #11 W2
Reinforcing Rod Specimen
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LAB HO.

SPECIMEN ID 8C
SIZE 8
TECH rh
Test Tensile Test

Procedure REBAR W/EXTENSOMETER

Tast Date 04=-07-2000 Tested By HAMILTON
Test Time 11:03:15 AM Test Counter N/A
Elapsed Time 00:02:28 Area 0.7900
Tenslle Strgth 106330 PSI Peak Load B4003
Breaking Strgth 96873 PSI Breaking Load 76530
Modulusg 27525000 PSI Correl Coeff 1.0000
.2 %t Off Strs 65909 PSI .2 ¥ Off Leoad 52068
% Off sStrs HOTL Yleld Sts 65848
HOTL Yield Lod 52020 Lbs Upper Yield Sts , 65848
Lower Yleld Sts 65756 PSI Upper Yield Lod 52020
Lower Yield Lod 51947 Lbs
" Stress vs Pogsition=—
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Figure D.21 TxDOT Tecnsile Test Report for #8 Unwelded
Reinforcing Rod Specimen
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LAB NO,
SPECIMEN ID
SIze

TECH

Test

Tensile Test

BP1
8
rh

Procedure REBAR W/EXTENSOMETER

Test Date
Test Time
Elapsed Time

Tengila Strgth
Breaking Strgth
Modulusa

.2 § Off Strs

% Off Strs
HOTL Yield Lod
Lower Yield Sts
Lowar Yield Lod

04=07-2000
11:15:17 AM

00:01:44

87308
875113
28316000
63933

PSI
PSI
PSI
PSI

50536
63866
50455

Lbs
PSI
Lbs

Tested By
Test Counter
Area

Peak Load
Breaking Load
Ccorrel Coeff

-2 § Off Load
HOTL Yield Sts
Upper Yield Sts

Upper Yield Lod

HAMILTON
N/A,
0.7900

69368
69135
1.0000
50507
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Figure D.22 TxDOT Tensile Test Report for #8 BP1
Reinforeing Rod Speeimen
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LAB NO.

SPECIMEN ID BP2 .
SIZE 8
TECH rh
Test Tensile Test
Procedure REBAR W/EXTENSOMETER
Test Date 04-07-2000 Tasted By HAMILTON
Test Time 11:25:08 AM Test Counter N/A
Elapsed Time 00:02:58 Area 0.7%00
Tensile Strgth 90595 PSI Peak Load 71570
Breaking Strgth 88138 PSI Breaking Load 69629
Modulus 28613000 PSI Correl Coeff 1.0000
.2 & Off Stre 64276 PSI .2 ¥ Off Load 50778
1 Off Strs HOTL Yiald Stsa 64233
HOTL Yield Lod 50744 Lbs Upper Yield. Sta 64233
Lower Yield Sts 64111 PSI Upper Yield Lod 50744
Laowar Yield Lod 50648 Lbs
Stress vs Foxition
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Figure D.23 TxDOT Tensile Test Report for #8 BP2
Reinforcing Rod Specimen
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LAB NO.
SPECIMEN ID BP3J
SIZE B
TECH rh
Test Tenslle Test
Procedure REBAR W/EXTENSOMETER
Test Date 04=-07=2000 Tested By HAMILTON
Test Time 11:45:33 MM Test Counter N/A
Elapsed Time 00:02:15 Area 0.7%00
Tenslle Strgth 82809 PSI Paak Load 65419
Breaking Strgth 80201 PSI Breaking Load 63359
Modulus 26378000 PSI correl Coeff 1.0000
.2 &% Off Stra .2 § Off Load
¥ Off Strs HOTL Yield Sts 64086
HOTL Yield Lod 50628 Lbs Upper Yleld Sts 64086
Lower Yleld Sts 63845 P5) Upper Yield Lod 50628
Lower Yield Lod 50438 Lbs
Strese us Position
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Figure D.24 TxDOT Tensilc Test Report for #8 BP3
Rcinforcing Rod Specimen
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LAB NO.

SPECIMEN ID phl

SIZE 8

TECH rh

Tesat Tenslle Test

Procedure REBAR W/EXTENSOMETER

Teast Date 04=-07-2000 Tested By
Test Tinme 11:57:32 AH Test Counter
Elapsed Time 00:02:55 Area
Tenaile Strgth 94802 PSI Peak Load

Braeaking Strgth 92030 PSI
Modulusa
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HOTL Yield Lod 50977 Lbs
Lower Ylield Sts 64436 PSY
Lower Yield Lod 50904 Lbs
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Figure D.25 TxDOT Tensile Test Report for #8 PH1
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID al

SIZE 8

TECH rh

Test Tensile Test

Procadure REBAR W/EXTENSOMETER

Test Date 04-07-2000 Tested By HAMILTON

Test Time 12:06:34 PH Tast Counter N/A
Elapsed Time 00:02;31 Area 0.7900

Tensila Strgth 86241 PSI Peak Load 68130
Breaking Strgth 78979 PSI Breaking lLoad 621394

Hodulus 26785000 PSI Correl Coeff ,1.0000
.2 § Off Strs 64113 PSI «2 ¥ Off Load 50650
% Off strs HOTL Yield sSts 64155

HOTL Yield Lod 50682 Lbs Upper Yield sts 64155

Lower Yield Sts 63803 PSI Upper Yield Lod 50682
Lower Yield Lod 50404 Lbs
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Stress vs Position

Figure D.26 TxDOT Tensile Test Report for #8 S1

Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID 52

SIZE 8

TECH rh

Test Tenelle Tast

Procedure REBAR W/EXTENSOMETER

Taest Data 04=-07-2000 Testaed By HAMILTON

Test Time 12:35:56 AM Test Counter N/A
Elapsed Time 00:02:52 Area 0.7900

Tensile Strgth B9094 PSI Peak Load 70384

Breaking Strgth 85713 PSI Breaking Lecad 67713

Modulus 28181000 PSI Correl Coeff 1.0000
.2 ¥ Off Strs 64732 PSI .2 ¥ Off Load 51139
t Off Strs HOTL Yield Sts ' 64565

HOTL Yield Lod 51006 Lbs Upper Yield Sts 64565

Lower Yield Sts 64524 PSI Upper Yleld Lod 51006

Lower Yield Lod 50974 Lbs
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Figure D.27 TxDOT Tensile Test Report for #8 82
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID s3
SIZE a
TECH rh
Test Tenslila Tast
Procedure REBAR W/EXTENSOMETER .
Test Date 04=07-2000 Tested By HAMILTON
Test Time 12:14:15 PH Test Counter N/A
Elapsed Time 00:03:18 Area 0.7%00
Tensile Strgth 94687 PSI Peak Load 74803
Breaking Strgth 94663 PSI Breaking Load 74784
Hodulus 27453000 PSI Correl Coeff 1.0000
.2 % Off Stre 64291 PSI .2 ¥ Off Load 50730
% Off Strs HOTL Yield Sts 64343
HOTL Yield ILod 50831 Lbs Upper Yield Sts 64343
Lowar Yield sts 64213 PSI Upper Yleld Lod 50831
Lower Yield Lod 50728 Lbs
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Figure D.28 TxDOT Tensile Test Report for #8 83
Reinforcing Rod Specimen
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LAB NO.

SPECIMEN ID wl
SIZE 8
TECH rh
Test Tensile Test
Procedure REBAR W/EXTENSOMETER
Teat Date 04-07-2000 Tested By HAMILTON
Test Time 12:23:44 PH Test Counter N/A
Elapsad Time 00:02:33 Area 0.7900
Tensile Strgth 82967 PSI Peak Load 65544
Breaking Strgth 78834 PSI Breaking Load 62279
Modulus 26485000 PSI Correl Coeff 0.9998
.2 ¢t Off Strs 62751 PSI .2 & Off Load 49573
t Off Strs HOTL Yield Sts 64800
HOTL Yield Leod 51192 Lbs Upper Yield Sts 64800
Lower Yield Sts 64697 PSI Upper Yleld Lod 51152
Lower Yield Lod 51111 Lbsg
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Figure D.29 TxDOT Tensile Test Report for #8 W1
Reinforeing Rod Specimen
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LAB NO.

SPECIMEN ID w2
SIZE 8
TECH rh
Test Tensile Test
Procedure REBAR W/EXTENSOMETER
Test Date 04-07-2000 Tested By HAMILTON
Teat Time 12:31:19 PM Test Counter N/A
Elapsed Time 00:02:12 Area 0.7%00
Tenslile Strgth 79191 PSI Peak Load 62561
Breaking Strgth 47270 PSI Breaking Load + 37343
Modulus 27057000 PSI Correl Coeff 0.9999
.2 ¥ Off Stre 62673 PSI .2 ¥ Off Load 49511
t Off Strs HOTL Yield Sts 64694
HOTL Yield Lod 51108 Lbs Upper Yield Sts 64694
Lower Yleld Sts 64521 PS) Upper Yield Lod 51108
Lower Yield Lod 50972 Lbs
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Figure D.30 TxDOT Tensile Test Report for #8 W2
Reinforcing Rod Specimen
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APPENDIX E

INDEPENDENT NONDESTRUCTIVE EVALUATION OF WELDED
REINFORCING ROD SPECIMENS

E.1 INTRODUCTION

The welded reinforcing rod specimens evalvated in Chapters 3, 4, and 5 were also
subjected to a second independent nondestructive evaluation (NDE) process. The
objective of this evaluation was to provide an independent review of specimen weld
quality using traditional NDE techniques. For comparative purposes two inspection
methods were used, dye penetrant inspection and radiographic inspection. A trained but
non-certified inspector performed the inspections. The results of this independent review
are organized into the following sections; a description of the dye penetrant inspection
procedures, the visual and dye penetrant inspection results, the results of the radiographic
record intcrpretations, and a discussion of these NDE results. Table 3.1 summaries the

specimen codes used to identify the specimens discussed in this appendix.

E.2 DYE PENETRANT INSPECTION PROCEDURES

Samples were visually inspected for surface irregularities and discontinuities, Weld
samples were then individually inspected using the dye penetrant method. A solvent
based cleaner was applied to lint-free cloths, then wiped across the surfaces. Special
attention was paid to open crevices and irregular surfaces. After the surface was cleaned,
a spray dye penetrant was applied, and then allowed to sit on the surface for a 5 minute
dwell time. The sample under inspection was then cleaned using the same technique as
stated previously, and then the spray developer was applied to the surface. After five
minutes, the sample was visually inspected for evidence of red indications. Figure E.1
depicts a typical specimen weld after cleaning of the weld surface was completed. In
Figure E.2 the same view of the specimen weld is shown after application of the dye

penetrant and developer,



E.3 RESULTS OF VISUAL / DYE PENETRANT INSPECTION

The irregular surfaces of the bars posed difficulties for the surface inspection with the
limited inspection facilities available. The surface irregularity also inhibited the level of
cleanliness that could be obtained in the dye penetrant inspections. This difficulty limited
the size of the indications that could be identified to those of more gross size. Overflow
from larger indications tends to obscure those of smaller size. The following is a detailed

summary of the individual specimen inspections.

BP1 (#8): Porosity is visible on the fusion line to the base metal. The top of the
joint is fairly flush. Scattered porosity, some large in diameter appear on the sides
which also have areas of large reinforcement and overlap. One side of the joint at
the base material has some lack of fusion.

BP2 (#8): Porosity is found scattered across the weld, especially at the tie in to
the base metal at one side of the joint. The porosity appears at every fusion line
between passcs from very tiny to fairly large size holes, but do not seem to be
very deep.

BP3 (#8): The facc of the weld is underfilled. The beads are too long for the
joint leading to a form of excessive reinforcement and oceasions of overlap.
Pinhole porosity can be seen everywhere, including the fusion lines between the
layers of beads.

PH1 (#8): Overlaps are present on the sides of the weld in several locations. The
face of the weld is flush with the face of the base material. There is large
diameter porosity at the fusion line to the base material and pinhole porosity
scattered across the surface of the weld.

S1 (#8): The surface of the bar appears to have been overheated; the dirty surface
oxidized during welding. Porosity is in the area of the backing bar weld at the
fusion line.

S2 (#8): There is an open area in the side of the joint with a large cluster of
porosity at this site. The weld has been ground flush at the face.

S3 (#8): The face of the weld has large diameter but shallow porosity while
pinhole porosity is scattered across the sides of the weld.

W1 (#8): On the surface can be seen isolated large diameter yet shallow porosity.
Pinhole porosity is found on the surface at the fusion lines between layers of
beads. The side surface is very irregular with extreme overlap in areas.
Undercutting is slight on the facc of the weld.



W2 (#8): A large crevice can be seen under an overlap on the side with
associated pinhole porosity. A ‘chimney’ is evident on the face of the weld where
the electrode was held in one spot to build up weld metal. A wormhole is in the
surface of this buildup as well as other large diameter porosity. The sides of the
weld are very irregular with many extreme overlaps. Pinhole porosity also is
seen at the overlaps.

BP1 (#11): The surface of the weld has been ground lightly. Pinhole and larger
diameter porosity are present under the top layer of beads. Pinhole porosity is
scattered on the surface of the weld, particularly at the fusion lines between layers
of beads. Shallow lack of fusion appears between some beads. The surface is
very irregular with one very large overlap.

BP2 (#11): Pinhole porosity is scattered across the weld cross-section with
several instances of large diameter porosity appearing at overlaps and the fusion
line to the base metal. The side surface is very irregular. Many overlaps are
severe, indicating the welds were made with high heat input.

BP3 (#11): There is pinhole porosity at the fusion lines between bead layers. A
surface opening is present behind a large spatter or weld wire adhered to the
surface. Large diameter porosity occurs in several places.

PH2 (#11): The surface is very irregular. Pinhole porosity is present at the many
overlaps on the sides of the weld. The weld crater on the face has pinhole
porosity. Larpe diameter porosity is open at the fusion line at the base material.

S1 (#11): Shallow pinhole porosity is scattered across the weld cross-section and
porosity is visible under the fusion line underneath layers of beads. There is some
lack of fusion at the fusion line to the base metal.

S2 (#11): There is pinhole porosity in the face of the weld, lack of fusion between
the beads as seen from the side of the weld, as well as overlap and under fill,
contributing to surface irregularity. Cluster porosity appears under the overlaps.

S3 (#11): Shallow scattered pinhole porosity is visible across the weld, with
larger diameter porosity concentrated near the top of the weld. Lack of fusion can
be seen at the fusion line to the base metal.

W1 (#11): Pinhole porosity is scattered across the face of the weld. The surface
is very irregular with many overlaps. There is a large opening near the face.

W2 (#11): This weld has no backing bar at inspection. There is apparent lack of
fusion at the sidewalls of the joint and under the overlaps. There is root porosity
and a large diameter pore in the side.



BP1 (#14): Scattered pinhole porosity and one large diameter pore are visible on
the sides. Lack of fusion is apparent at base metal. The surface is irregular.

BP2 (#14): Side surfaces are irregular with ends of beads clearly seen. Pinhole
porosity is scattered at all the fusion lines between bead layers.

BP3 (#14): The sidewalls of the joint still can be seen. There is large diameter
shallow porosity, and scattered pinhole porosity, with a crack or lack of fusion
near bottom third of the joint.

PH3 (#14): Shallow pinhole porosity is scattered across the weld, particularly at
the fusion lines between bead layers. Some overlap is on the side.

SI (#14): This weld has a more even surface than most. There is a small
indication of lack of fusion at the tie in to the base metal on the face. Scveral
instances of shallow porosity occur at the fusion line between the weld layers.

S2 (#14): The face of the weld is fairly uniform. Shallow pinhole porosity is
distributed across the surfaces with large isolated porosity. There 1s undcrcutting
at the fusion line to the base metal nearly all the way around the weld.

83 (#14): There are large amounts of very shallow scattered pinhole porosity,
with larger porosity at the fusion line at the basc metal.

W1 (#14): There are large diameter scattered porosity and apparent lack of
fusion under the overlaps on the side. On one side, there is a large area in which
the beads do not {ill the cross-section complctely.

W2 (#14): Scattered pinhole porosity is present at the weld bead interface
between layers. The sides of the weld exhibit marked overlaps in combination
with underfill in other areas. A large area of undercutting appcars on the face of
the weld.

E.4 INTERPRETATION OF RADIOGRAPHIC RECORDS

The radiographic records of each specimen weld recorded by Caltrans after fabrication of

the test specimens were shipped to Texas A&M for interpretation. Several images of

specimen welds were provided from two perpendicular viewing directions. The results of

the interpretation of these records are provided below for each specimen.

BP1 (#8): Some porosity is visible at fusion line to base metal. Shading of X-ray
indicates underfill or large variations in weld cross-section dimension.
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BP2 (#8): Lack of fusion or very connected linear porosity on one sidewall of the
joint at the fusion line to the base metal. Again shading indicated extremely
irregular surface, underfill and scattered porosity.,

BP3 (#8): Underfill can be seen on the face of the weld. There is lack of fusion
at sidewalls of joint. Some porosity can be seen in the radiographs, but not as
much as the other BP samples in this size.

PHI1 (#8): Large diameter porosity is scattered throughout the weld; some is
linear porosity at the fusion lines between the bead layers.

S1 (#8): Massive quantity and large diameter porosity in tack weld. Linear
porosity at fusion line of tack weld to base material and weld.

82 (#8): Large diameter porosity in body of weld located primarily at fusion line.
Scattered porosity in weld.

83 (#8): Large diameter and pinhole scatted porosity are found throughout weld.
This bar is not quite as bad as S2.

W1 (#8): Shading indicates extreme underfill in some locations. Lack of fusion
exists under top fill pass, also with a large hole. From the radiograph, no porosity
is apparent in the weld cross-section.

W2 (#8): Probable cracks are at both toes of weld and may extend to the HAZ.
Sides of the weld are very irregular.

BP1 (#11): The weld appears to be of good quality, with very small internal
porosity but heavy surface irregularity.

BP2 (#11): A small crack or lack of fusion, probably the latter, extends from toe
of weld along fusion line. [solated instances of large diameter porosity appear
near the top surface. No other discontinuities are observed.

BP3 (#11): A small area of lack of fusion is located on one side, which may be
surface underfill. The weld has fairly good internai quality, but has an irregular
surface area,

PH2 (#11): Scattered porosity is distributed evenly across the weld cross-section.
The last weld at the face has heavy larger diameter porosity. Lack of fusion
appears at the fusion line to the base metal.

S1 (#11): The condition of this weld is better than the S2 and S3 samples of the
same size. One large diameter pore is located near the centerline, as is some lack
of fusion between beads.
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S2 (#11): Porosity and lack of fusion are evident on the bond line. Linear
porosity is present across the weld. Some large diameter porosity and Jack of
fusion appears in the root area. The S2 sample is in better condition than the §3
sample discussed below.

S3 (#11): Large diameter porosity is present throughout the weld, especially in
the top third of the weld. Lack of bond line fusion occurs in several locations such
as at the root and in the center of the weld. Porosity is also concentrated at bond
lines between passes. On the face of the weld there is porosity and lack of fusion.

W1 (#11): A crack is located in the heat affected zone (HAZ). Large diameter
porosity is found on the center near the face of the weld. Lack of bond line fusion
or probably underfill is at the root of the weld. The original edges of the joint are
distinct. Large diameter porosity is at the bond line on same side as the crack but
near the face.

W2 (#11): Wormhole porosity is located at the face. Some lack of fusion
appears between the weld beads. Large diameter porosity is at the bond line necar
the face. The surface appears to be extremely irregular with underfill. One side
appears almost to have a crack extending down into the weld metal.

BP1 (#14): Lack of bond line fusion, on one side of the weld joint. One large
diamcter pore is evident. Overall, the weld has fairly good quality.

BP2 (#14): No discontinuities are visible except the lack of fusion at backing bar
welds. The weld is very irregular in density.

BP3 (#14): Some lack of bond line fusion is visible near the bottom third of the
weld. The surface of the weld is very irregular.

PH3 (#14): Cluster porosity i1s seen near the center of the weld cross-section.
Small lack of fusion appears near the face.

S1 (#14): Major amounts of large diameler cluster porosity appear in the last
welds in the joint face. There is some lack of fusion near root that may be in

backing weld.

S2 (#14): Large diameter porosity is scattered throughout entire weld cross-
section.

S3 (#14): Large diameter porosity is scattered throughout, though not nearly as
many as S2 above. The backing bar tack weld has large quantities of porosity.

W1 (#14): There is a lack of fusion to the base material near face. Lack of fusion
(underbead) also appears between passes near the top third of the weld.
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W2 (#14): There is a lack of fusion to the base matcrial at the face of the weld.
In an overlap, there is large diameter porosity. The bottom two-thirds of the weld
cross-section exhibits underfill.

E.5 DISCUSSION OF RESULTS

Indications of discontinuities were located on all of the welds, including surface
irregularities, porosity and suspected cracks. Shallow surface porosity was by far the
most commen indication. The welds for the reinforcing bar were apparently welded with
a high to excessive heat input. The welds were characterized by underfill and overlaps
visible on the side of the welds at the ends of the weld beads. The backing bars and their
associated tack welds were still in place on most of the specimens. All of these tack
welds had excessive reinforcement and large diameter cluster porosity, as well as some
lack of fusion to the base material. All the welds had the same types of discontinuity,
though some samples were worse than the others. Based on the results from the limited
NDE inspection, a relative rating of the samples based on the average weld quality was
prepared. There is error involved, so an absolute valuation cannot be provided. A
comparative evaluation is possible. Table D-1 presents this relative comparison sorted by
quality level. Table D-2 presents the same results sorted by specimen identification code

and rod size.

E.6 SUMMARY AND CONCLUSIONS

Independent NDE evaluations were preformed on the twenty seven welded reinforcing
rod specimens tested in Chapters 3, 4, and 5. Two inspection methods, dye penetrant and
radiographic record interpretation, were used to establish the relative weldment quality of

each specimen.

The welds exhibited indications of irregular surfaces, shallow surface porosity as well as
interior porosity, some large in diameter. Undercutting, overlaps and lack of fusion were

evident in some welds. Though all the welds did have some type of indication, it was not



apparent for most of the welds that these discontinuities would lead to tensile faiture at

appreciable low strengths.

A weld should fail in the heat affected zone (HAZ) located in the base metal immediately
adjacent to the weld metal. Failure occurs in the HAZ due 1o the grain growth created by
the high temperatures produced during welding. The HAZ should be minimized in order
to reduce the amount of grain growth; this HAZ would typically be smaller in the larger
diameter rebar, as the larger cross-section body produces greater amounts of body
quenching. This is true for equal heat inputs for the welds. Welds that might fail at
lower strengths in this test might have a large quantity of porosity, extreme lack of fusion
or cracks. Any of these might sufficiently reduce the weld cross-section as to produce

low strenath failure.



Table E.1 Welded Specimens Sorted by Relative Weld Quality

Specimen Best ¥ Worst
Code 2 3 4
BP(#8):
BP2(#8):
BP3(#8):
BP1(#11):
BP3(#11):
SI(#11):
BPI(#14):
BP2(#14):
PH3(#14);
PHI1(#8):
S3(#8):
WI1(#8):
PH2(#11);
S2(#11):
S1(#14):
S3(#14):
S1(#8):
S2(#8):
BP2(#11):
W2(#11):
BP3(#14);
S2(#14):
W2(#14):
W2(#8):
S3(#11):
WI#11):
WI1(#14):
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Table £.2 Relative Weld Quality of Specimens Sorted by
Specimen Size and Code

Specimen | Best d———¥ Worst
Code i 2 3 4
BP1(#8): X
BP2(#8): X
BP3(#8): X
PH1(#8): X
SH#8):
S2(#8):
S3(#8): X
WI(#8): X
W2(#8): X
BP1(#11) X
BP2(#11) X
BP3(#11) X
PH2(#11) X
S1(#11): X
S2(#11): X
S3(#11): X
WI1(#11): X
W2(#11): X
BP1(#14) X
BP2(#14) X
BP3(#14) X
PH3(#14) X
S1(#14): X
S2(#14): X
S3(#14): X
WI(#14). X
W2(#14). X

< |
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Figure E.1 A Typical Sample Bar with Irregular Surfaces
(Welds apparently were slightly ground)

Figure E.2 The Same Bar after the Developer Was Applied
(Note that surface irregularities preeluded proper cleaning of the weld area)



