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The Corrosion Behavior of Carbon Steel Pipes Materials Used at Nuclear
Power Plants Between Deactivated and Decommission Processes

*mEE © wilu@nari.org.tw
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h5é il (carbon steel) &) > FE A H2 67K = (boiling water reactors, BWRS){% BE 2% 8 it~ S &
BA/KERS ~ RAIKER BT ~ BN S B RERE) 2 405 » [k (corrosion) & FR15% 4
TR B s IR T RN — » MR #E Cr S &R K SAP AR A birE
J& o AT RFIR A106 B EM TR S PE B/ KRR 2 JEah B By - DURIE S AL
BRI B #Z R o HIE =40 E 5 (—) B ()RR 18 E IS B 58 29 A 7K Bl
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B st E B Bm (3) 22 R /K /M & SRS e 2R A T 1 E B B Q)R Bt & (/R BRI gk
RGNS - FERRO)MEAFE K P Eah R T B A B R E AEER 126
ppm KT - HE RS EEaER B RNVARE 0 ARSI S E ek -

BREEE - R - FEER - KB
Abstract

Carbon steel is widely used in boiling water reactors (BWRS), which corrosion is one of the
main causes of material degradation during the decommissioning transition phase. This study
simulated corrosion experiments of carbon steel A106 B pipes in a static water environment, which
illustrated the decommissioning transition phase. The study includes three sets of experiments. First,
simulates a condition with no water flow during the decommissioning transition phase. The
corrosion rates for cold drawn and hot rolled specimens were 23 um/year and 19 pm/year,
respectively. Second, simulates a condition with fixed-time water flow during the decommissioning
transition phase. The corrosion rate for the cold drawn specimens was 11 pm/year. Third, simulates
a condition where water does not completely fill the piping. The corrosion rates for hot rolled
specimens were 9 um/year in air, 93 pm/year at the air-water interface, and 88 pum/year underwater.
In summary, the corrosion rate of carbon steel in static water is mainly influenced by the dissolved
oxygen content and ion concentration. When the dissolved oxygen levels are between 1 to 6 ppm,
higher ion concentrations lead to faster corrosion rates.

Keywords: Carbon Steel; Corrosion; Nuclear Power Plants.
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Abstract

In this research, Non-linear Ultrasound (NLU) technique was used to evaluate the degradation on heat damaged
cement mortar specimen behaving explicit nonlinear. Mortars of Portland cement type I (or normal cement, NC)
were chosen to mold the specimens with water cement ratios of 0.4, 0.5 and 0.6, and size of 5X5x5cm-cube and
5x5x2cm-brick. The specimens were grouped for heating at different temperatures (30, 200, 300, 400, 600, 800°C
for 24 hours) to create degradations of different levels. After curing process in water for 28 days, mechanical
property tests were carried out on each cube to get its stress-strain relation and strength. NLU tests were conducted
on the brick specimens. The RITEC SNAP System with 250kHz/transmit and 500kHz/receive transducers was
used to conduct the measurement of harmonics. The obtained amplitudes in spectrum of fundamental, 2™ and 3™
harmonics (A1, Az and A3z) and the amplitudes due to the background nonlinearity by facility (Aoi, Aoz and Ag3)
were analyzed to approach the nonlinear parameters for each specimen, such as the B and y. The [(Aoi-
A1),(Aos/Aoi*-As/Ar3)] and[(Aoi-A1), |Ac2/Aci® -Ax/A12|] were applied as a nonlinear characteristic index to mark
the quality of the microstructure of material, which could be related to the durability and workability of the material.
The results showed a promised quantification method using NLU. Extended application can be expected.

Keywords: Non-linear Ultrasound, Nonlinear parameters, Cement Mortar, Heat damage, Microstructure

1. Introduction

The defects arising out of environmental degradation, dynamic loading or material processing
were concerned about when the recent use of high performance or safety related structures.
Most damaged or aging materials behaved explicitly nonlinear and could be shown in stress-
strain diagrams by traditional loading test. Since the defects, pores or plastic deformation in
microstructure mainly created this character, to measure or quantitate the nonlinearity could be
regarded as a possible diagnosis method of the material before fracture. Furthermore, if the non-
destructive method (NDT) was developed, the life-span monitoring could be carried out by the
repeatable detections on the same object.

Theoretically, stress wave should not be distorted when passing through an ideal elastic medium,
where nonlinearity was absent. However, nonlinearity existed in most materials, and caused the
distortion in wave propagation. The change of longitudinal ultrasonic wave by propagating
through the object material could be measured through the spectrum analysis on the received
ultrasonic signals. It could be a measurable nonlinearity. The nonlinear stress-strain relation:
c=E(e-1/2p&+ /3y &+ ) and the finite amplitude method were introduced to develop the
nonlinear ultrasound technique (NLU), where the o, &, E, f, y were the stress, strain, Young's
modulus, 2" and 3™ order nonlinearity parameters respectively[1~5]. The longitudinal wave in
the material can be represented as: p (02u/0%t) = 0 0/0 x. After the strain-displacement
relation ¢ = d u/0d x was introduced into the stress-strain relation and the higher order items
were omitted, the nonlinear wave equation in terms of  became:
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After neglecting the attenuation in material, an approximate solution of displacement u
matching the boundary condition could be shown as [1,2,3]:

u(x, t) = Ay cos(kx — wt) + gkz A% x cos2(kx — wt) + £k3 A3 x[cos3(kx — wt) + 3cos(kx — wt)]

Where A1, A2, and A3 were the amplitudes in spectrum of the fundamental harmonic, the 2"
harmonic and the 3™ harmonic, respectively. The k was wave number per meter (i.e.
fundamental frequency f/ wave or phase velocity V,); z was thickness of specimen and w was
2 7 f- Both A> and A3 were variables dependent by A;. The nonlinearity parameters £ and y could
be shown as [1,2,6]:
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A high-power tone burst was introduced into the target material to create wave propagation
with sufficiently large strain amplitude for NLU test. The produced tone burst was a group of
ultrasonic waves with modulating waveform and certain frequency, usually same as the main
frequency of transmitter. The applied single-frequency tone burst waves would be distorted
when propagating through the specimen. The higher frequency harmonics could be revealed
through the spectrum analysis on the received wave signal. The obtained harmonic amplitudes
provided information to search the higher order nonlinearity parameters.

Ultrasonic test (UT) for inspecting defects or material properties was to measure certain features
or coefficients of wave signal based on linear theory. It was known that UT is sensitive to gross
or opens defects but less sensitive to distributed micro-defects or degradation. By contrast, NLU
technique was based on nonlinear theory to analyze the harmonic change of the wave passing
through the target material. The obtained results could be used to evaluate the distributed
defects or weakness within the medium, as well as the microstructure change like fatigue. In
previous studies [1,7,8,9], NLU could be used for the flaws evaluation of the range from
lum~1nm depending on the main frequency of the chosen transducer (i.e. the fundamental
harmonic). Metals were frequently studied for its familiar mechanical properties, and the mostly
used frequency range was about 2M~20MHz.

In this study, high porous composite material of cement-mortar-type was for the NLU
evaluation. Since the material was brittle, rough and weaker in tensile strength, the parameters
p and y of mortar could be much more visible than those of metals. However, the distributed
pores causing the large parameters, also caused a high decay rate in wave propagation.
Therefore, RF tone burst of lower frequency had to be considered. The RITEC SNAP System
with 250kHz transmit transducer was to produce single-frequency tone burst waves and to
conduct the measurement (see Fig.1). The results indicated that the NLU test in lower frequency
range was able to apply on nonlinearity detection for concrete/ceramic type composites or
skeletal type materials.

2. Preparation for Experiment

2.1 Background of Material and Preparation for Experiment



Fig. 1. The settlement of NLU technique for cement mortar specimen inspection

Cement was composed of four minerals, dicalcium silicate (C2S), tricalcium silicate (C3S),
tricalcium aluminate (C3A), tetracalcium aluminoferrite (C4AF), and a few minor components.
Cement mortar was formed by mixing cement, sand and water. After the hydration process, the
mixture of calcium-silicon-hydrate (C-S-H, about 55% of the volume), calcium hydroxide
crystal (CH, 10pm~1mm in diameter, about 20% of the volume) and calcium aluminate hydrate
would be molded till hardening. The air content in mortar could be up to 15% of volume, which
caused noticeable porosity [11].

In this experiment, heat damage and water cement ratio controlling were two ways to make
different degradation in specimen. Since the C-S-H began decomposing when the heating
temperature rose to and over 200°C, the strength of concrete/cement mortar (f°c) started to
decrease. When the temperature was over 400°C, the mismatched expansion of aggregate and
cement paste would cause more cracks. The quartz in fine aggregate would have a crystalline
phase transformation at 573°C. The crack due to the volume change would increase sharply and
reduce the strength. The CH in mortar started to decompose at about 580°C, where CH was the
secondary source of the strength. Only about 20% of the Young's modulus (E) was kept when
over 500°C. The microstructure collapsed after 600°C. More than half of the strength (f”c) would
be lost at 800°C. In addition to the heat damage, the cement mortar of higher w/c ratio could be
more porous but lower in mechanical properties. Where the w/c ratio was was measured and
controlled during the mortar mixing. [12~15]

However, the heat damage was not irreversible. Selt-healing would happen when the damaged
specimens were under curing process or full saturation. The cracks or broken microstructure
could be improved by the saturated water mixing with the remaining un-hydrated cement or the
decomposed calcium. The mortar with lower w/c ratio usually kept more un-hydrated cement
after hardening.

The pores within the mortar were about 10um~10nm in diameter [11] and the contented air
could shield and scatter the incident stress wave. To overcome this obstruction, the mortar
specimens were produced and cured under full saturation to remove the air. The longitudinal
ultrasonic wave would pass the water content pores but keep its nonlinear presentation. In this
experiment, UT with IMHz transducer was available in the wave speed measurement on the
saturated specimen of 2cm thickness; the 250kHz and 500kHz probes were surely available for
the NLU tests. In the both methods, water was used as the couplant.

Specimens of three water cement ratios (w/c= 0.4, 0.5 and 0.6) were grouped and heated at six
different temperatures (30, 200, 300, 400, 600, 800°C) for 24 hours to create degradations of
different levels (see Fig.2). There were 18 groups of three 5x5x5c¢m cube specimens for loading
tests, and 18 groups of six 5x5x2cm brick specimens for NLU tests. Specimens of the same



group were produced in the same condition. After curing in water for 28 days, loading tests
were carried out to obtain the stress-strain relation and strength of each cube; the NLU tests
were conducted on the saturated bricks keeping wet all the time.

- e
specimens
making

kain jiuge,f,
loading test

Fig. 2. Experiment design and specimen preparation for NLU

2.2 Measurement

In this study, RITEC SNAP System with a duplexer filter kit (see Fig.1 and 3) was used for
measurement. A ten-cycle RF burst of 250 kHz sine-wave, produced by square wave
modulation and through a set of filters and attenuators, would be output to the transducer for
detection. The above probe contained a ¢38mm piezoelectric element of dominant frequency
250kHz. On the other side of specimen, a 500kHz probe (Fig.1) was attached for clear
observation in higher frequency domain. The obtained waveform (see example in Fig.3) was
zoned for Fast Fourier Transform (FFT) and harmonic analysis. The PC connected to SNAP,
functioning as user interface and data processor, could display the spectrum with amplitudes
and precise frequencies of fundamental (1), 2"¢, 3™, or even more harmonics (see Fig.4).

It was noted that the parameters £ and y should be dimensionless in the nonlinear wave equation
(Eq.1); thus, the amplitude unit of 4;, A2, and 43 should be length (nm). In order to calculate
the B and vy, the conversion from the displayed reading on UT oscilloscope (unit of Volt.) to the
real displacement of waveform had to be known. However, it might need other measurement
like laser vibrometer technique to solve the problem, but were not addressed here [1]. Since the
probe and power were same for all tests; the £ and z could be measured for each specimen, the
obtained results were still available to analyze the trend of nonlinearity (see Eq. 3).
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2.3 Harmonic Analysis for the Background Nonlinearity Due to Equipment

Nonlinearity due to transducers, couplant and system could be fairly stable on the harmonic
generation experiment if all the measurements were well controlled and the equipment was
same. Through particular NLU tests, in which the transmitter directly docked the receiver using
water as couplant, the background amplitudes of 1%, 2™, 3™ or more harmonics by the above



installations could be displayed. During this experiment, a series of NLU tests were interspersed
to obtain the amplitudes, which were the A, A9> and 493 shown in Fig.5.

RITEC ADVANCED MEASUREMENT VT 7‘ - = _w 0= L} .-A,'
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Fig. 4 FFT for harmonic analysis were displayed

The 250kHz probe would usually generate pulse waves containing a fairly stable and
large fundamental harmonic and a smaller third harmonic, which could be clearly displayed
through FFT analysis. Since the above docking detection was unlikely to cause attenuation, the
background amplitudes 49; and 4¢3 should be higher than most 4; and 43 obtained in general
NLU detections. The frequency of 2" harmonic was close to 500kHz, and its amplitude was
quite low. The 42, due to the background nonlinearity caused by the sidelobes of fundamental
harmonic and equipment/probe/couplant, was not explicit like the 49; and Ap3 in spectrum. In
Fig.5, the distributions of [4os, (A02/A%01)] and [Aos, (Aos/A%01)] could indicate the deviation of
the experiment system. The average of all 49; was 2.192; 4> was 0.024; and 493 0.357, and the
coefficient of variation (CV) of Ay, Ag> and Aps were 0.94%, 11.67% and 8.72% respectively.
The average of obtained (A492/4%01) was 0.00507 and (493/401) 0.0338, and the CV were 10.16%
and 7.08%. The averaged Aos, Aoz, Aos, Ao2/A%0; and Aps/A%01 would be used to figure out the
harmonic amplitudes caused by the specimen itself (see Fig.6).
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Fig. 6 The nonlinearity caused deduction from background amplitudes Aoz, Aoz, Ao3

3. Experiment Case Study
3.1 Loading Tests for Heat Damaged Cement Mortars

In this study, specimens of three water cement ratios (0.4, 0.5 and 0.6) were heated at six
different temperatures (30, 200, 300, 400, 600, 800°C) to create different degradations. The
loading test results on cube specimens of every group were averaged and shown in Fig.7. The
solid curves in the charts were for presenting the cement mortars of different w/c ratio. The dot
lines indicated the possible trends of the remaining strength and E if no curing proceeded (see
2.1). The damaged specimens could be improved by self-healing, the saturated water mixing
with the remaining cement or the decomposed calcium. However, the condition of recovery
was unpredictable.



In Fig.7, the remaining strengths (f°c) of mortar specimens were mostly higher than the possible
trend lines (the dot lines) figured in 2.1, and the strengths of all w/c ratio mortars rose noticeably
by heat damage at 400°C. It is speculated that a notable amount of dehydrated and decomposed
C-S-H at this stage might be rehydrated at later curing. However, the self-healing could no
longer maintain the strength when over 600°C. Some irreversible fractur or lots of cracks
decreased the f’c. The strength would approach the dot lines at 800°C.

After curing, the Young's modulus (compression) increased significantly on the specimens of
heat damage over 300°C. After re-hydration at curing, most heated mortars became more brittle
and harder. Only the specimen group of w/c ratios 0.6 and heat damage at 800°C lost both the
strength and stiffness.

Maximum strength f.' vs. Heating temperature Young's modulus E vs. Heating temperature
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Fig. 7 The remaining strength and E of three mortars after heating and curing

3.2 P-Wave Speed of Heat Damaged Mortars

The P-wave speeds (V) of brick specimen were obtained using UT detection; the group
averages were charted for the following analysis. The left chart in Fig.8 revealed that the V,
curves of w/c=0.4, 0.5 and 0.6 mortars followed the top-down order in velocity, regardless of
the heat damage temperature. The wave speeds of all mortars at heat damage of 400°C
noticeably rose like the f°c in Fig.7. Generally, a cement mortar with higher w/c ratio would be
more porous but lower in mechanical properties including the wave speed.

Theoretically, V, = [Ea(1-v)/(p(1+v)(1-2v))]”*, where p was the density; v the Poisson’s ratio;
and Eq4 the dynamic modulus of elasticity. The right chart in Fig.8 showed the averaged E¢” of
the cube specimen group. The Eo was the initial elasticity modulus close to Eq, which was

NC UT Wave speed vs. Heating temperature

1o Initial elasticity modulus (Ey)"* vs. Heating
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Fig. 8 Vp and Eo” of mortars of w/c=0.4, 0.5 and 0.6 at all heating temperatures



obtained by figuring the stress-strain curves of loading tests. Even though the specimen shape
was different from the brick one and the loading test had some uncertainty, the top-down order
was mostly similar to the V,. However, the varying degrees of degradations by heat damage
did not result in the trend of V,, like w/c ratio. The V, by detection seemed less discriminative
on the heat damage of specimen after curing and self-healing.

3.3 NLU Test : Results of Fundamental Harmonic Analysis

Since the thickness z and & (Eq.3) of each brick specimen could be accurately measured, the
amplitude of fundamental (1%) harmonic in each NLU test could be adjusted by normalizing z
to 20mm to eliminate specimen deviation and make better comparison. The obtained A,
relating to the wave displacement on the probe surface, could display the remaining energy of
the ultrasound wave passing through the saturated specimen. The saturated voids or pores in
microstructure would cause wave attenuation, and make difference between 4¢; and A4;. Fig. 9
showed the 4; of specimen groups under different heating temperatures and of different w/c
ratios. The three average A; curves were close to each other at the heat damage under 400°C.
The curves of the w/c= 0.5 and 0.6 groups dropped deeply at heat damage of 600°C. At this
stage, the CH in mortar started to decompose and the microstructure began to collapse. The
self-healing or re-hydration in curing might be short for the recovery. But the w/c= 0.5 and 0.6
curves rose back at 800°C. It demonstrated that the uncertainty of the self-healing was hard to
predict.
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Fig 9. The average A, vs heating temperature curves of different w/c ratios

3.4 NLU Test : Results of Second Harmonic Analysis

In order to eliminate the specimen deviation and facilitate subsequent comparison, the obtained
amplitude of of 2" harmonic could be corrected by normalizing the measured z to 20mm. The
obtained 4> was a variable dependent on 4;; so A2/A;° was derived to establish independent
parameter. The nonlinear parameter B relating to the 42/4,° was quite sensitive to the micro-
level dislocation in most metals. But in this study, the f of cement mortar might correspond
with some other fracture behaviours different to the metal, such as closed flaws, shear cracks,
cracks by crystalline phase transformation, or plastic deformation.

In the left chart of Fig.10, 42/4/° curves had a downward trend when the heating temperature
raised. Their contrariety with heat damage behaviours indicated the existence of 42, the 2™



order background nonlinearity due to the couplant/experiment facilities and fundamental
harmonic sidelobes (see 2.3). In the right chart, the |402/40/> -A2/A/%|s, related to the 2™ order
nonlinear parameters, were displayed according to the heat damage temperatures and w/c ratios.
Since the displayed scale of average amplitude 4> was smaller, about 1/5 of 43 or 1/123 of 4,
the caused large divergence and uncertainty in 42/4,° of the specimens in same group should
be noticed.

The curves of w/c=0.5 and 0.6 specimen groups showed an upward trend at 600°C. The CH
decomposition and the microstructure breakdown could be the reasons to increase the
nonlinearity. The specimens of w/c= 0.4 behaved stably at all heat damage temperatures. The
mortar had less porosity but might contain more un-hydrated cement, which could re-hydrate
at curing for self-healing.

The fracture and degradation mechanisms due to heat damage, w/c ratio and produce process
were quite complicated, but the nonlinear feature of the voids caused by them could be
quantifiable. In Fig.11, the |402/Ao/° -A2/A/°| of all specimens were displayed to reveal the
common feature for the quantification. The distribution of [(4oi-41), |Ao2/Aor’ -A2/A|] of 91
specimens could point out the correlation between the 2" order nonlinearity and the attenuation
at wave transmission. When both the (49;-41) and |4o2/Ao/’ -A2/A /7| increased, the degradation
became more serious or the material was more porous. The mortar of lower w/c ratio could be
less porous, and might be more uniform during the heating process in oven. The specimens of

NC A,/ A;? vs. Heating temperature NC |Agy/Agy? -Ay/A,? | vs. Heating temperature
0.007 0.003

0.0065 —o—NC w/c=0.4 —e—NC w/e=0.4

0.0025 = —e—NC w/c=0.5

0.006 ¢ ? —e—NC w/c=0.5
’ ~ ——NC w/c=0.6
/o=t o
0.0055 #-INCwic).6 2 0002
—_~ = "
; 0.005 :—
S ) 20,0015
2.0.0045 bl
g F
< 0.004 3 0001
~ -~
< 0.0035 =
0.003 0.0005
0.0025 .
0.002 0 100 200 300 400 500 600 700 800 900
002 pos
0 100 200 300 400, 500 600 700 800 sw

Fig 10. The 2" order nonlinearity 42/A;” and |492/Ao* -A/A?| changed by heating temperature

NC |Ag2/Agi*-As/As? | vs. (A1 g-Ay)
0.003

0.0025 S
) |
4
/7
—_ 0.002 7 3
o 4 LA
< , ; ’/I *NC w/c=0.4
< 0.0015 /‘l/ /;"/ - NC w/c=05
B 2 ’;’/ . '.' . ANC w/c=0.6
1,; R Y “w/e=0.5-600-800C
* |
< T w/e=0.6 600-800C
3

b
0.0005 Li_ \\.. -
Wy A

§ /

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 11 [(4o1-A1),|A02/A0r? -A2/A/?|] distribution of heat damaged specimens with different w/c ratio



three w/c ratios, 0.4(blue points), 0.5(red) and 0.6(green), distributed from the bottom-left to
top-right in figure, reflecting the rationality of the index.

3.5 NLU Test : Results of Third Harmonic Analysis

The 3 order nonlinearity parameter y was rarely discussed for metallic material, but could be
important when evaluating the nonlinear characteristics of porous material or some non-
metallic composite materials. The obtained 3™ harmonic amplitudes were first adjusted for the
specimen deviation. The corrected 43 was a variable dependent on A4, thus A3/A;° was derived
to establish independent parameters (see Eq. 2). The A3/4,° relating with the y was able to
evaluate the damage or degradation of cement mortar.

In the left chart of Fig.12, the revealed trend of 43/4,° disagreed with the possible trend of heat
damage in microstructure. Therefore, the 4y a 3™ harmonic amplitude mostly due to some
background nonlinearity created by the transmitter and couplant/experimental system (see 2.3),
had to be considered and used for adjustment. In the right chart, the (493/Ao/>-A3/A°) derived
from the NLU test result was to estimate the 3™ order nonlinearity of the specimen. When the
heat damage temperature was below 400°C, the un-hydrated cement contents in all type of
mortars directed a fine self-healing during the curing. The (403/Ao*>-A3/A1°) group averages of
the w/c=0.5 and 0.6 rose highest at 600°C, corresponding with the damage in specimens. The
CH decomposition stared at about 600°C, and should be serious at about 800°C. However, re-
hydration of the decomposed CH and un-hydrated cement reduced the (4o3/Aor’-A3/Ar°) of
800°C specimens, whose 3" order nonlinearity performed close to or lower than the 600°C ones.
The w/c=0.4 groups behaved still steadily. The mortar with less porous but more un-hydrated
cement were the possible factors.

Since the 3™ harmonic were mainly generated by the 250kHz transmitter, the decreases on
amplitudes of both of fundamental and the 3™ harmonics could quantitatively reveal the
voids/pores decaying the wave propagation. The 3™ harmonic was at about 750kHz. Its
response could be more sensitive to micro-pores or -voids. Fig.13 showed the [(40:-4)),
(Aos/Aor*-A3/A1°)] of all specimens by the colour points in coordinate. When the point close to
the origin, the material approached linear, or contained less nonlinearity of the
voids/pores/defects. Contrarily, when both the (40;-4;) and (4o3/Aor> -A3/A/°) tended to increase,
the material was more porous or more serious in degradation. In Fig.13, the specimen
distribution of different w/c ratios seemed to follow the above regularity.
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3.6 NLU Test : Coefficient of Variation of The Handmade Difference on Specimens

In the experiment, each group of specimens (with the same w/c ratio and heat damage
temperature) were cast with the same lump of mortar under the same lab environment. However,
the process of molding mortar into brick-shaped specimens and the heating in oven could not
keep the exactly same. The difference in produce process, or quality, could be displayed through
the analysis on A; and 43/A4;° of specimens in the same group. The ultrasonic source to create
Aj and A3 were directly generated by 250kHz transmitter, so the A; and 43 could be more stable
than 4. The Standard Deviation (SD) for 4; and 43/4,° of the same group of specimens (4 to 6
bricks) would be used to check the quality control.

In the left chart of Fig.14, the SDs of 4; were mostly below 0.1; only one group (w/c=0.4 at
30°C) was considerably higher than the others. This group of specimens had not been heated in
the oven; therefore, the discrete performance of the production quality could be from the
difference on hand-made pouring and tamping. The 3™ harmonic frequency was about 750kHz;
which was more sensitive to the smaller voids/pores. In the right chart, most SDs of 43/4,°
groups were below 0.003; the SDs of two groups (43/4,° of w/c=0.5/ 800°C and w/c=0.6/ 30°C)
were slightly high. The results showed most groups of specimens had some fairly control in
quality. This analysis indicated that the quality control could be quantified through NLU test.
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4. Conclusions

The cement mortars used on NLU detection in this study was a kind of porous composite with
obvious nonlinearity. Some of the nonlinear behaviour would be out of the previous
understanding of metallic materials. Through the NLU spectrum analysis on the variation (or
decrease) of harmonic amplitudes, nonlinear characteristics due to the distributed defects, pores
or voids within the specimen could be fairly quantified. The [(4o1-4/), |Ao2/Aoi*-A2/A/°|] and
[(Aoi-A1), (Aos/Aor’-A3/A°)] of each specimen were charted in coordinate to arrange its
nonlinear status of damage. The development could be applied as an index in nonlinear
characteristic to mark the quality of the microstructure of material, also a hint about the material
durability and workability.

The background nonlinearities Ap2/A%); and Ags/A%p; due to the system, low-frequency
transducers and water couplant were considered in this study. The coefficients of variation of
Aoz, Aos, AoalA%0; and Ags/A%p; were still noticeable even though the NLU tests had been
controlled well. The most possible reason was noted that the viscosity of water could have 20%
change when the temperature varied from 20°C to 30°C. In addition to the change in room
temperature, the temperature of coupling water on the 250kHz probe would rise due to its high-
power. The loss or increase of viscosity would affect the nonlinear presentation when the
ultrasonic wave transmitted in and out of the specimen. Thus, the temperature control for the
coupling water or other couplant should be considered in the NLU tests.

In this study, the cube and brick specimens of three different w/c ratios were heated at different
temperatures for 24 hours to create different degradations. However, the self-healing and re-
hydration during the next 28-day curing would recover some of the damaged microstructures,
and could disturb the known heat damage presentation. The saturation process was to keep
water contenting within the distributed pores or voids, thus the experiments using 250kHz and
IMHz probes for NLU and UT tests could be carried out. If the pores or voids in specimen were
full of non-aqueous liquid or the water filling process for saturation could be shortened to
suppress the self-healing, the NLU results might well approach the different heat damages.
Furthermore, if the saturated cube specimen could be directly used in NLU test, then the ASTM
loading test could be directly applied on the same specimen for a more reasonable comparison.
The above consideration may be used in the future study.

This article could demonstrate the application of NLU using low-frequency probes; and its
effectiveness in detecting nonlinear characteristics of non-metallic composites. Following this
experiment, NLU tests on another high porous material, the low-activated high alumina cement
mortar (HAC), will be shown. The test results of NC and HAC mortars will be discussed and
compared in the near future.
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Abstract

In this study, acoustic emission monitory (AE) was used to observe and evaluate the mechanical behavior of two
kinds of RC beam members, made of low-activation concrete and normal concrete, by general four-point bending
test and cyclic four-point bending test. During the loading, acoustic emissions due to cracking, shearing, rubbing,
de-bonding or interlocking could be monitored and recorded using a real-time high sampling rate DAQ system
and proper sensors; besides, beam displacement, cracking situation and loading were also measured
simultaneously. The experiment goals included: (1) to observe the damage mechanisms of the beams under
bending test and their corresponding AE performance; and (2) to observe the material fracture and corresponding
AE in the beams under the cyclic bending test of 0.5Hz (periodic dynamic condition). After experiments, the
fracture history of the beam under general loading test could be revealed through the comparison for the chronicled
AE signal density and load/strain data. The damage on beam under the cyclic test could be analysed through the
chronological comparison for the cumulative sum of AE signal counts obtained for different test periods and stages.
Both the irreversibility on fracture mechanism (affected by the Kaiser effect) and the “remainder toughness” could
be discussed through the quantitative analysis on AE characteristics for two different beams. They might relate to
the durability and toughness of material for beam.

Keywords: Acoustic Emission Technique, low-activation concrete, cyclic four-point bending test, Kaiser effect

1. Introduction

Reinforced concrete (RC) is a composite material with complex micro-properties. Under
loading, the flaws, crack tips, or rebar-concrete bonding interface in specimen would be prone
to stress concentration. When cracking or fracture occurred, acoustic emission (AE) would
accompany. AE of frequency below 20kHz could/might be received by human hearing; most
of them were from noticeable cracking damage, peeling, or debonding. Such fracture often
occurred at the end-period of destruction. AE of frequency over 20kHz belonged to the
ultrasonic domain beyond the auditory. The possible causes were initial cracking, friction by
crack extension/closing, or the separation, interlocking and wear between rebar and concrete.
They might produce acoustics of frequency up to 100kHz. The AE events were diverse and rich,
but only could be recorded and analysed through certain monitor equipment. AE occurred when
the material was fracturing, and the wave source was close to the inside destruction hot zone.
Therefore, the analysis and comparison for the AE event chronicle during the destruction could
be a quantitative study to explore the internal fracture. [1]- [4].

The motive of this research was to explore the difference of material properties between low-
activated high alumina concrete (LAC) and normal concrete (NC) through some loading test
and AE detection on beam specimen. The loading tests carried out in this study included:
general four-point bending test and cyclic four-point bending test at 0.5Hz. The compressive
strength, splitting strength and elastic modulus of the two materials were obtained through the
mechanic tests and shown in Table 1 [5]. The workability and strength of beam would be



evaluated through the above test results; the difference in durability and micro-properties could

be revealed by the AE monitoring and further quantitative analysis.

Table 1. The mechanical properties, yielding strength Py and ultimate strength Pu of beam members

28-day

Concrete Compressive Splitting Modulus of Yielding Ultimate
type strength, MPa strength, MPa elasticity, GPa | strength Py, KN | strength Py, kN
NC 38.5 2.73 18.9 198 (Py.nc) 270 (1.36Py.nc)
LAC 56.5 4.19 27.4 173 (Py.Lac) 224 (1.29Py.Lac)

2. AE Monitory and Analysis

The AE monitor equipment used here was specially assembled for RC materials. It was known
that the stress P-wave speed in concrete was about 3000~4600m/s. Because the grain size of
coarse aggregate in and high porosity of concrete could decay the ultrasound wave propagation,
the receivable and identifiable range of frequency for AE in concrete might be under 150kHz,
corresponding wavelength was about 2~3cm, just larger than the allowed maximal grain size
of aggregate. The received AE event by sensor were formed as some type of oscillation signal,
which could be digitized and recorded by qualified DAQ system and sensors. Where a NI-based
DAQ system with four 800kHz/16bits digital channels was suitable for this feature. The sensors
used here were with built-in amplification and filtering functions (40db Gain; Preamplifier);
whose main response frequency was about 150kHz.

In this study, AE signal density record [1-4] was used to quantitatively describe the fracture or
cracking along the bending test period. Where the AE density was the count number per unit
time (like second) of signal oscillations higher than the set threshold value. The value was
decided for each experiment or sensor according to the background noise and noise intensity.
The threshold setting could enhance identification for AE events and prevent the noise being
counted. The AE signal density chronicles for all sensors could be graphed with the obtained
loading/strain data from the test. The fracture mechanism close to the sensor areas during the
loading could be revealed detailly.

AE signal monitory for most loading test was less than 30 minutes. However, the cyclic four-
point bending test in this research could be lengthy. The continuous monitory for the full
experiment might be over 3 hours, and would be a problem to handle and display the huge AE
data (3.2M data/sec.). In this article, the cumulative sum (CS) for counting AE signal oscillation
numbers was used to display the mechanism for continuous fracture in the cyclic test. The CS
values chronicled for each loading stage in experiment was graphed in a semi-logarithmic chart
as the cumulative sum line (CS line) of AE, which could represent the damage cumulated within
that stage or certain cyclic test. In addition, the wear caused by cyclic loading could be
quantified through the analysis on CS line, and the stability on CS line could assess the change
of material in durability.

AE occurring on the beam specimen under cyclic loading/unloading would be affected by
Kaiser effect. Whose situation was less or even rare AE events when re-loading, revealing the
non-reversibility nature of material for fracture. When the specimen was loaded to "a certain
load," unloaded and re-loaded, the produced AE events were significantly reduced during the
re-loading, because the fully developed fracture would not be reversible and could not be
damaged again. When the re-loading was close to or exceeded the previous "certain load," there
would be a quite AE events generating because of new damage (cracking) happening.
However, there were two quantities revealing the material properties. One was that the
irreversible situation for material damage (Kaiser effect) could be evaluated through AE



analysis after the cyclic loading test. Secondly, some material portion that had not been
fractured during the previous cyclic loading test could be discovered in the following loading
test. The AE events under Kaiser effect, or the so called “remaining destructible quantity,”
would be discussed later.

3. Research Method, Experiment Plan and AE Sensor Configuration

In this experiment, two LAC and two NC beams were built according the reinforced concrete
(RC) design shown in Figure 1. The general four-point bending tests were firstly carried out on
LAC and NC beams with AE monitoring. Through these tests, the yielding strengths (Py or the
Py-nc and Py-Lac) and ultimate strengths Pu of two beams would be obtained and used to set
the 0.5Hz cyclic bending tests. Because of the differences on beam due to the fabrication, the
upper limit for the cyclic loading in test had to be conservative to prevent quick destruction due
to overloading. The upper limit would be gradually raised stage by stage according to the known
Py.

The procedure for the cyclic four-point bending experiment were designed as:

Stage One:

loading to 0.5Py—unloading—cyclic loading (1st to 5th cycles/0.1 to 0.8Py)—unloading—
loading to 0.5Py—unloading—cyclic loading (6th to 10th cycles)—unloading— loading to
0.5Py—unloading—cyclic loading (11th to 100th cycles)—unloading—loading to 0.5Py—
unloading—cyclic loading (101st to 1000th cycles)—unloading—

Stage Two:

loading to 1.0Py—unloading—cyclic loading (1st to 5th cycles/0.1 to 1.0Py)—unloading—

loading to 0.5Py—unloading—cyclic loading (6th to 10th cycles)—unloading—loading to
0.5Py—unloading—cyclic loading (11th to 100th cycles)—unloading—loading to 0.5Py—
unloading—cyclic loading (101st to 1000th cycles)—unloading—

Stage Three:

loading to 1.1Py—unloading—cyclic loading (1st to 10th cycles/0.1 to 1.1Py)—unloading—
loading to 0.5Py—unloading—cyclic loading (11th to 100th cycles)—>unloading—loading to
0.5Py—unloading—cyclic loading (101st to 1000th cycles)—unloading—

Stage Four:

loading to 1.2Py—unloading—cyclic loading (1stto 10th cycles/0.1 to 1.2Py)—unloading—
loading to 0.5Py—unloading—cyclic loading (11th to 100th cycles)—unloading—loading to
0.5Py—unloading—cyclic loading (101st to 1000th cycles)—unloading—

Stage Five:

loading to 1.3Py—unloading—cyclic loading (1st to 10th cycles/0.1 to 1.3Py)—unloading—
loading to 0.5Py—unloading—cyclic loading (11th to 100th cycles)—unloading—loading to
0.5Py—unloading—cyclic loading (101st to 1000th cycles)—unloading—loading to 1.4Py—
unloading

When carrying out the 0.5Py loading tests in above stages, the strains at certain points on beam
would be continuously measured. The cyclic loading test would stop if the beam was broken or
seriously damaged, so would the experiment and AE monitory. However, the general bending
test in the final of stage 5 concluded the LAC beam experiment. Whose loading was up to
1.32Py-Lac (228.83kN), already yielding but not approaching the ultimate. AE monitoring and
signal recording would be real-timely executed throughout the entire experiment (including the
unloading periods).



The configuration of the four AE sensors was shown in Figure 2. Sensor 1 and 4 were close to
two sides of the beam at which shear cracking were prone to occur. Sensor 2 and 3 were placed
near the middle section of the beam. Flexural cracking could happen there.

Fig.2 Configuration of four AE sensors on site

4. Results and Discussion

4.1.AE Performance and Failure Behavior of Two Kinds of Beams in General Four-point
Bending Test

The results of bending tests and AE monitoring on NC and LAC beams could be chronicled as
the load/strain and AE signal density history, and drawn together under the same time axis.
They were shown in Figure 3 for NC test and Figure 4 for LAC.

In the NC beam test, the initial crack occurred at 34 second when the loading was about 27.3kN.
From 34 to 100 second (27.3~88.7kN), the AE signal density lines for sensor 2 (purple) and
sensor 3 (green) revealed that the flexural cracking dominate the development of damage.
During the period of 100 to 220 second (88.7~189kN), the AE density lines for sensor 4 (red)
and sensor 1 (blue) rose, indicating that shear cracking continued the damage. During the 220
to 240 second period, the shear cracking and its AE no longer developed significantly; the beam
was yielding at the strength of 189~198kN. According to the stress-strain diagram, Py-nc was
198kN and the ultimate strength Pu-nc was 270kN at 487 second. At this moment, the AE
density line for sensor 2 rose again, indicating that the destruction by compression happened at
the middle-upper area of the beam, where was the so-called pressure zone.



In Figure 4, the initial crack on LAC beam occurred at 31 second and the loading was 39.4kN.
The AE density lines for sensor 2 and sensor 3 revealed that the flexural cracking dominated
the fracture during 31 to 80 second (loading at 39.4~96.4kN). After 80 second, the response of
the sensor 3 was still large, meaning that the fracture area close to this sensor continuously
developed till the buckling. At the period from 98 to 109 second, the AE density lines for sensor
4 and sensor 1 rose. The cracking on both sides of the beam dominated the development of
damage, but was not exactly the shear cracking according to the direction and location of the
cracks shown in the figure. At the period from 160 to 175 second, the cracks on both sides of
beam no longer developed significantly; the beam was under yielding at this stage. The yield
strength Py-Lac was about 171~179kN. According to the stress-strain diagram, Py-rac was
173kN and the ultimate strength Pu-Lac was 224kN (at 317 second). When the AE density line
for sensor 2 rose again, some compression damage occurred near the pressure zone.

This study would use the strengths and AE monitoring data obtained in the four-point bending
tests for the aforementioned beams, such as the yielding strengths, Py-nc and Py-pac, in the
subsequent cyclic four-point bending tests, as the basis to set the upper limit of cyclic loading
or other test loading.
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4.2 AE Performance and Failure Behavior of Two Kinds of Beams in 0.5Hz Cyclic Four-
point Bending Experiment

4.2.1 NC Beam Experiment

The loading parameters were decided according to the obtained yielding strength (Py-nc 198kN
in Sec 4.1) and the experiment procedure shown in Sec 3.1 for carrying out the cyclic tests on
NC beam. In this study, the AE signal oscillations were counted and cumulated to create the
CS lines for each cyclic loading test in each stage. CS line could quantify the cumulate damage
on certain period due to loading, unloading or cyclic loading; and would return to zero after
unloading. Since the CS line could have great differential between the summations for different
loading period, the semi-logarithmic chart was suitable for displaying.

Figure 5 shows both the CS lines (upper chart) and the AE signal density lines (bottom chart)
of Stage One, which lasted about 2900 seconds. The semi-logarithmic chart was adopted to
present the CS lines; could display the count numbers in different orders of magnitude. In this
figure, the cumulative counts on CS lines for the first and subsequent three 0.5Py-nc direct
loading tests showed the peak values decreased from the order of 10° to 10*. The damage also
shifted from the middle section of beam (green/purple line) to the sides of beam (blue/red line).
In the cyclic tests, AE signal density lines gradually decreased and flattened. The AE counts of
cycle became close, revealing that the material wear or mechanical friction due to the cyclic
deformation and displacement dominated a slow but continuous damage, rather than cracking
or crack extension. The average signal density within the flatten segment of CS line could be
known from its slope. Where sensor 1 (blue line) was 1363 hits/sec; sensor 2 (purple line) 1166



hits/sec; sensor 3 (green line) 1089 hits/sec; and sensor 4 (red line) 859 hits/sec. The
presentation of AE in cyclic loading of this stage was keeping stable.

Figure 6 shows the CS lines of Stage Two, which lasted about 2900 seconds. In this stage, the
initial loading test had a load increase from 0.5 to 1.0Py-xc, resulting a sharp AE increase at
about one order of magnitude in cumulative count number. The CS lines at the subsequent three
0.5Py-nc direct loading tests kept decreasing to the order of 10°. From the slopes of flatten
segment in CS line, the average signal densities were: sensor 1 / 1601 hits/sec; sensor 2 / 523
hits/sec; sensor 3 / 303 hits/sec; and sensor 4 / 2090 hits/sec. In this stage, the cyclic loading
tests still kept stable; the AE due to the cyclic deformation mainly occurred near the sides of
beam.
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Figure 7 shows the third stage of the experiment, which lasted about 2800 seconds. The initial
loading test had a load increase from 1.0 to 1.1Py-nc, also resulting the CS lines with sharp rise
at about one order of magnitude. Within the rising period, the fracture on sides of beam (shear
cracking, blue and red lines) no longer developed significantly. The beam was yielding with
the strength near 203~207kN (1.03~1.05Py-~c, 221~227sec.). The peak-values of CS line at
subsequent two direct 0.5Py-nc loading tests kept close to 1600, even lower than the peak-
values at the followed unloads. The cyclic loading tests here kept stable as the previous two
stages. The CS lines of the sensors near the sides (blue/red line) were obviously one magnitude
order higher than the ones for detecting the middle section (green/purple line). According to the
slopes of CS lines, the average signal densities at the flatten sections were: sensor 1 / 2307
hits/sec; sensor 2 / 399 hits/sec; sensor 3 / 219 hits/sec; and sensor 4 / 2501 hits/sec.
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Fig. 7 The CS lines of Stage Three in experiment for NC beam

Figure 8 shows the fourth stage of this experiment, which lasted about 2600 seconds. At the
end of this stage, significant fracture occurred on the beam and stopped the cyclic test at the
941st cycle. The cracks on the broken beam were shown on the photo for illustration. In this
stage, the initial loading test had a load increase from 1.1 to 1.2Py-nc, also resulting the CS
lines with sharp rise from 500~1000 to about 10°, almost two order of magnitude. The CS line
peak-values at subsequent two 0.5Py-nc loading tests were about 500~1300, lower than any
previous 0.5Py-nc test in this experiment. In the cyclic tests, the CS lines of the sensors near
the middle of beam (green/purple line) rose significantly at the end period of test. The AE
density in chart also verified the compression damage occurred near the pressure zone at the
last 200 seconds. From the slopes of the CS lines, the average signal densities in the stable
flatten sections were: sensor 1 / 1644 hits/sec; sensor 2 / 471 hits/sec; sensor 3 / 212 hits/sec;
and sensor 4 / 1817 hits/sec. But when close to the final destruction: sensor 1 / 1697 hits/sec;
sensor 2 / 4431 hits/sec; sensor 3 /4332 hits/sec; and sensor 4 / 1658 hits/sec. Where the average
AE densities of sensor 2 and 3 obviously rose.

4.2.2 LAC Beam Experiment

Not like the Stage One and Two of NC beam experiment (Sec 4.2.1), the cyclic tests of 1st to
5th cycle and 6th to 10th cycle would be combined to simplify the procedure in LAC beam
tests. The followed test setting would refer to the yielding strength Py-rac of 173kN according
to the test results in 4.1.

Figure 9 shows the CS lines (upper chart) and AE signal density lines (bottom chart) of Stage
One, which lasted about 2430 seconds. The CS lines was plotted on semi- logarithmic
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coordinate chart to present their large variation in magnitude. In this figure, the cumulative
counts on CS lines for the first and subsequent two loading tests revealed a reduction about two
orders of magnitude, from the order of 10° to 10°. The damage areas were shifted from the
middle of the beam specimen (green/purple line) to one side of beam (blue line). But the signal
density on the other side (red line) kept low, indicating that the fracture on this beam unevenly
developed. From the slope of the CS lines, the average signal densities on the flatten sections
were: sensor 1 (blue line) was 1390 hits/sec; sensor 2 (purple line) 1443 hits/sec; sensor 3 (green
line) 1191 hits/sec; and sensor 4 (red line) 514 hits/sec. Overall, the cyclic loading tests kept
stable.

Figure 10 shows the CS lines and AE signal densities of the second stage, which lasted about
2550 seconds. The initial loading test had a load increase from 0.5 to 1.0Py-Lac, resulting a
sharp rise on the CS lines from 500~1000 to 40000~60000, more than one order of magnitude.
The peak-values on CS lines at the subsequent two 0.5Py-Lac loading tests kept low at about
500~1200. Where Kaiser effect dominated the above performance. The damage development
in previous stage had already shifted from the middle to one side of the beam specimen. But in
this stage, the AE occurring on the other side (red line) of beam kept increasing, reflecting the
damage by flexural cracking did change to shear cracking. The slopes of the CS lines, also the
average signal densities, on the flatten sections were: sensor 1 / 1733 hits/sec; sensor 2 / 1215



hits/sec; sensor 3 / 754 hits/sec; and sensor 4 / 1020 hits/sec. The CS lines on cyclic loading
tests presented stable.
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Figure 11 shows the third stage of the experiment, which lasted about 2530 seconds. The initial
loading test had a load increase to 1.1Py-pac, also resulting a sharp rise on CS lines after1.0Py-
rac. The CS line peak-values at subsequent two 0.5Py-pLac loading tests occurred at the
subsequent decompressions, indicating that the AE due to crack-opening were less than due to
crack-closing friction. The CS lines development showed the overall fractures on beam sides
being more than those on the middle of beam. The signal densities on both beam sides became
close, indicating that the shear cracking finally developed evenly. From the slopes of the CS
lines, the average signal densities of the flatten sections were: sensor 1 /405 hits/sec; sensor 2
/167 hits/sec; sensor 3 / 198 hits/sec; and sensor 4 / 497 hits/sec. The CS lines on cyclic loading
presented stable, but the above averages dropped sharply comparing with the previous stages.
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Fig. 11 The CS lines (up) and AE signal density lines (bottom) of Stage Three for LAC beam

Figure 12 shows the Stage Four of the experiment, which lasted about 2530 seconds. The initial
loading test had a load increasement to 1.2Py-pac, also resulting a sharp rise on CS lines
(159~180 sec.). The CS line peak-values at subsequent two 0.5Py-Lac loading tests kept close
to 300~400. The cyclic tests presented stable before 2250 seconds. After that, the AE signals
increased. According to the CS lines of the sensors near the beam sides, the red and blue lines
were close; the cracking on beam sides still dominated the damage development evenly. From
the slope of the CS lines, the average signal densities of the flatten sections were: sensor 1 /383
hits/sec; sensor 2 / 145 hits/sec; sensor 3 / 177 hits/sec; and sensor 4 / 385 hits/sec. Which were
similar to the third stage. But after 2300 sec., the slopes of the CS line went high: sensor 1/ 885
hits/sec; sensor 2 / 263 hits/sec; sensor 3 / 270 hits/sec; and sensor 4 / 806 hits/sec. However,
the germination of burst seemed under control after 2400 seconds.
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Fig. 12 The CS lines (up) and AE signal density lines (bottom) of Stage Four for LAC beam

Figure 13 shows the fifth stage of this experiment, which lasted about 2830 seconds, including
the final loading test to 229kN (planned to 1.4Py-pac). The initial loading test had a load
increase to 1.3Py-Lac, resulting a steep rise on CS lines after the 1.2Py-pac (185~225 sec.) at
about two orders of magnitude. The CS lines for sensors near the middle of beam (green and
purple lines) rose significantly during the stage initial period, indicating that some new damages
formed in this area. The CS lines at the cyclic test revealed that fracture mainly occurred on the
beam sides, but was slightly unstable on the middle section of beam (green and purple lines)
during the initial period of cyclic test. From the slope of the CS lines, the average signal
densities of the flatten sections were: sensor 1 / 305 hits/sec; sensor 2 / 100 hits/sec; sensor 3 /
197 hits/sec; and sensor 4 / 326 hits/sec. The fracture in this stage seemed under control like
the previous stages. In the final test of this experiment, the loading under displacement control
could not increase to 1.4Py-Lac but stop at 229kN (could be the ultimate loading). There was
still some steep rise on the CS lines. However, no final breakage occurred on the beam.

Since the cyclic loading tests of 1000 cycles in each stage should be sufficient to trigger off
most of the possible bending/shearing damages due to the certain loading, through analysing
the CS lines and AE signal density lines on the initial direct loading tests of all stages, the Kaiser
effect performance and gradual destruction behaviour of NC and LAC could be more clearly
observed. Which will be discussed in detail later.

5. Conclusion and Discussion

In 4.2, the ultimate strength Pu-NC of NC beam obtained in cyclic test processes was about
238kN (1.2Py-nc); the Pu-pac of LAC beam was more than 229kN. But it could be under the
influence of the previous cyclic loading to find the yielding strength for beam using stress-strain
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Fig. 13 The CS lines (up) and AE signal density lines (bottom) of final stage in experiment for
LAC beam. The cracks occurred on the beam were shown on the photos.

diagram. The aforementioned yielding period usually began when the shear cracking (and their
AE) on beam sides had ceased. According to the AE density history of the initial loading tests,
the yielding strengths of NC and LAC beams would be 175~180kN and 180~190kN,
respectively. Comparing with the yielding and ultimate strengths in 4.1 (NC:198kN/270kN and
LAC:173kN/224kN), the NC beam in 4.1 could be too strong, while the LAC beam performed
somehow weaker. Although quality control might be imperfect when producing these beams,
AE monitory was able to reveal the microscopic mechanism and chronicle of fracture occurring
on the beams.

However, to continuously collect and stably store the huge AE data in cyclic loading tests was
a challenge. Even through, continual monitory could hold the consistency of peripheral
conditions for experiment, such as the signal reception and sensors coupling, etc., was helpful
to dispel the doubts about the data comparison with or without normalization. Like the initial
loading tests in all stages, with the load ranges of 0~0.5Py, 0~1.0Py, 0~1.1Py, 0~1.2Py and
0~1.3Py (NC beam only to 1.2Py, LAC beam 0~229kN), they could be directly analysed. The
irreversible damage happening before and after the Kaiser effect could be observed, like the
case of LAC beam as shown in Fig. 14.
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Table 2 and 3 list the Cumulative Sum value (CS values) for each initial direct loading test in
4.1 and 4.2, which could provide an overview for the damage development. In these tables, the
loading tests with range of 0~0.5Py had been carried out for all beams. Although the CS values
of this range were not enough to reveal the material difference, it could be noticed that the
higher CS value on the NC beam for cyclic process (see 4.2) indicated its weaker strength.
The direct loading tests in 4.1 could be divided into four divisions for AE analysis: 0~0.5Py,
0.5~1.0Py, Py~Pu and Pu~Fail. The proportion (%) of CS value for each division and sensor,
using the CS value for entire test as the denominator, could be obtained and listed in Table 2.
These proportions could quantify the damage situation near the certain sensor for each division.
The above expression could also normalize the deviation caused by different sensor. In Table
2, the CS proportions of 0~0.5Py from the sensors near the middle section of beam were higher
than those from the beam sides, indicating that the damage was dominated by flexural cracking.
However, the situation was changed in the range of 0.5~1.0Py; the CS proportions of the beam
sides went higher. It seemed that the fracture was mainly dominated by shear cracking. Within
the range of Py~Pu, both beams had exceeded the yielding state. When the compression zone
on the upper middle section of beam began damaging, the CS proportions close to the beam
middle were increasing. Overall, the analysis could point most fractures with AE occurring
within the 0.5~1.0Py range, then the failure within the Py~Pu. This trend might be to foresee
the circumstance of subsequent cyclic loading tests at various stages.

Table 3 lists the CS values for the initial direct loading tests before the cyclic experiment in all
stages. The result of the 0~1.0Py loading test in Stage 2 would be affected by the 1000-cycle
loading of 0.1~0.8Py in previous stage, and the CS value would drop significantly. The 0~1.1Py
test in the beginning of the third stage was affected by the previous cyclic loading of 0.1~1.0Py.
The same situation occurred in the subsequent stages. Except for the earliest test in first stage,
all the above initial loading tests included the loading ranges of the previous cyclic test (the part
being affected by Kaiser effect) and of increased loading. The proportion (%) of CS value for
0~0.8Py part within the 0~1.0Py test could be counted using the CS value of entire 0~1.0Py
test as the denominator. Following the same process to obtain Table 4, Kaiser effect could be
quantified for observation through the proportions. When the proportion was small, the fracture
development of concrete near the sensor was saturated under the cyclic loading range.



Contrarily, the high CS proportion might reveal some “remainder toughness” of material or
component still holding within this loading range. And this quantity might reflect the residual
energy providing the toughness of the component.

The Kaiser effect on middle section of NC beam was obvious, and gave a quite low CS
proportions (2.77~8.97%), or said a low “remainder toughness” after the cyclic test. This
phenomenon could reflect the little toughness provided by opening-closing mechanism of the
flexural cracking, and by limited region for tensional crack extension. However, Kaiser effect
on beam sides was some deficient. About 21.46~44.59% of the remainder (or AE) portions
could be released after the previous 1000-cycle loading. Most damages on beam sides were
from the friction by shear cracking due to the cyclic displacement. Even through sufficient
Kaiser effect occurred on the middle section of NC beam, the CS values for the loading over
1.0Py rose high and the increasement could be by some damage or plastic deformation within
the pressure zone of beam. In the experiment for LAC beam, Kaiser effect was clear on the
middle section but deficient on the sides, like the NC beam. The CS values for the tests of
loading at/over 1.1Py dropped sharply. Since these values, also the denominators, were too
small, some CS proportions in Table 4 would be enlarged. When the loading at/over 1.3Py, the
CS values for at the beam middle rose significantly, revealing some new compressional damage
happening within the pressure zone.

The gradual decrease and flattening on AE signal density in the later of cyclic loading test
indicated that the AE hit number per cycle became stable. The approaching number, also the
average AE signal density or the slope of CS line, could be used to quantify the mechanical
wear or friction caused by cyclic deformation/displacement. When the slope went down, less
wear/friction occurred. The slope closed to some fixed value expressed the cyclic wear/friction
tending regular. The flatten slopes demonstrated in 4.2 would be listed in Table 5. Except the
cyclic test of 0.1~0.8Py and the test period close to the destruction on NC beam (the last 60
cycles), the CS line slope for beam side were usually higher, revealing the friction mostly
occurred near the beam sides rather than at middle section. The slopes in LAC beam tests
exhibited a relatively small, meaning less wear/friction happened in LAC. In conclusion, the
durability of NC and LAC components could be quantified/evaluated using the slope of CS line.

The slope of flattening section in Table 5 could be regarded as AE signal density caused by
regular wear/friction during the cyclic test. The CS line of entire cyclic test could be corrected
by subtracting the part of cumulative sum by regular wear/friction, obtained by multiplying the
period time and the slope. The corrected CS values listed in Table 6 could quantify the damage
excluding regular wear/friction for better view on main fracture mechanism.

In Table 6, the corrected values of the three periods: 0-10 cycles, 11-100 cycles, and 101-1000
cycles in the cyclic tests, were listed for comparison. Although the 0~10-cycle period was only
1% of the total cycle number, the corrected CS values of the first 10 cycles were quite large,
and some of them even exceeded the values of the rest 990 cycles period. It revealed that the
fracture damage mostly happened in the first few cycles in the test. The final destruction on the
NC beam in the cyclic test could be traced back, which was at about 100~120 cycles (204~240
seconds) before the failure. More AE by compressional fracture were recorded through the
sensors on middle section of beam.

This research attempted to deal with more complicated experimental procedures and lengthy
cyclic loading tests, and to quantify and compare their AE characteristics. The obtained AE
monitory results could indicate: microscopic damage development on beam specimens, Kaiser
effect, “remainder toughness” of material or component after cyclic loading, and performance
of wear/friction during cyclic test. Many microscopic differences between NC and LAC
concrete could be revealed through the AE monitoring and analysis.



Table 2. The CS value and its proportion (%) for each division/sensor analyzed in Sec. 4.1

NC beam (Py.nc 198kN) LAC beam (Py.Lac 173kN)

Sensor #1 side #2 mid. #3 mid. #4 side #1 side #2 mid. #3 mid. #4 side
0.0~0.5Py 212720 370666 334235 266033 254757 548968 549992 230036
o 16% 27% 30% 18% 13% 24% 20% 14%
0.5~1.0Py 680391 361758 356599 963183 1067224 767983 1472346 920870
T 52% 26% 32% 66% 54% 34% 54% 56%
Py~ Pu 369219 557146 386830 214209 592146 936859 674912 451398

28% 40% 35% 15% 30% 41% 25% 27%
Pu~ Fail 54722 109007 25769 26498 61033 28235 15265 45007
4% 8% 2% 2% 3% 1% 1% 3%
Total 1317052 | 1398577 | 1103433 | 1469923 | 1975160 | 2282045 | 2712515 | 1647311

Table 3. The CS values for the initial direct loading tests in all stages before the cyclic test

NC beam (Pyxc 198kN)

LAC beam (Py.Lac 173kN)

Sensor | #lside | #2mid. | #3mid. | #4side | #lside | #2mid. | #3mid. | #4side
The initial direct loading tests in all stages (Sec. 4.2)

0.0~0.5Py | 543241 554187 | 1076323 | 373519 71884 215887 99513 24662
0~1.0Py 57758 62117 28496 31566 41039 43484 23742 9068
0~1.1Py 84412 160744 72404 47743 10379 25446 15346 5106
0~1.2Py 95986 131940 67398 33809 1597 2715 2465 462

0~1.3Py 2171 19151 19040 1475

0~1.4Py 2495 10403 2345 921

Table 4. The proportion of CS value for the division under previous cyclic test loading (Kaiser effect part)
in the initial direct loading test (the denominator)

CS division of Proportion of CS value (NC beam) Proportion of CS value (LAC beam)
Kaiser effect /

entire test #1side | #2mid. | #3mid. | #4side | #1side | #2mid. | #3mid. | #4 side
0~0.8/0~1.0Py | 21.46% | 5.63% 8.00% | 24.83% | 3.09% 1.99% 2.53% 5.46%
0~1.0/0~1.1Py | 35.33% | 5.26% 8.97% | 37.66% | 27.79% | 10.01% | 12.39% | 69.96%
0~1.1/0~12Py | 22.61% | 2.77% 3.25% | 44.59% | 62.43% | 15.84% | 19.92% | 91.13%
0~1.2/0~1.3Py 46.38% | 8.84% | 11.84% | 55.12%

Table 5. The CS line slope of flattening section (average AE signal density) of each stage

The flatten slopes on CS lines (NC beam) The flatten slopes on CS lines (LAC beam)

cyclic #1side | #2mid. | #3mid. | #4side | #lside | #2mid. | #3mid. | #4 side

loading
0.1~0.8P, | 1363 1166 1089 859 1390 1443 1191 514
0.1~1.0P, | 1601 523 303 2090 1733 1215 754 1020
0.1~1.1P, | 2307 399 219 2501 405 167 198 497
0.1~1.2P, | 1644 471 212 1817 383 145 177 385
0.1~1.3P, 305 100 197 326
the last 60 | 1697 4431 4332 1658

cycles




Table 6. The corrected CS values of the different cycle periods for NC and LAC beam

Corrected CS values (NC beam, Py=198kN) | Corrected CS values (LAC beam, P,= 173kN)
Sensor #1 side #2 mid. #3 mid. #4 side #1 side #2 mid. #3 mid. #4 side
O.CIOIOS;’ Y| 2589569 | 1835264 | 1842434 | 2114694 | 5297870 | 2477870 | 2283850 | 1241906
0~10c. 736726 436093 498912 678204 554916 503798 460667 338379
11~100 c. 941361 577682 601407 754269 1074490 1021827 884823 461457
101~1000 c. 911482 821489 742115 682221 3668464 952245 938360 442070
Oi;lé)gy 1917583 | 629959 211852 | 1364519 | 1776181 | 618135 650546 480581
0~10c. 308270 216593 95054 301907 304471 205572 133410 133897
11~100 c. 945980 272214 83506 624720 749499 305517 249857 276955
101~1000 c. 663333 141152 33292 437892 722211 107046 267279 69729
O'Cl(;l Cl;) Y| 1762003 | 353831 166991 908707 | 1886297 | 627132 270459 464847
0~10c. 405070 210298 80105 163226 94823 95608 51444 46066
11~100 c. 588580 121148 72789 373724 1018912 235153 121869 189469
101~1000 c. 768353 22385 14097 371757 772562 296371 97146 229312
O.CI(;Ié;’ Y| 655286 | 1402712 | 1209628 | 158831 246704 91430 122129 228632
0~10c. 205953 107896 45328 88720 13136 18783 14762 5826
11~100 c. 131115 91392 34925 47674 68778 41616 57934 85569
101~1000 c. 318218 1203424 1129375 22437 164790 31031 49433 137237
0.1~1.3Py 555241 253631 158450 236171
cor. CS
0~10c. 37613 82297 45941 18129
11~100 c. 164964 72749 57880 88032
101~1000 c. 352664 98585 54629 130010
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The Corrosion Behavior of Cold-Worked Carbon Steel Pipes Materials
Used at Nuclear Power Plants Between Deactivated and Decommission
Processes

Wen-Feng Lu, Kun-Chao Tsai

Abstract

Carbon steels are widely used in boiling water reactors (BWRs) as
components like feeding water piping, cooling water pressure boundary
piping, auxiliary systems, and the driving systems of control rods.
Corrosion is one of the main causes of steel degradation during the
decommissioning transition phase. Moreover, cold work processes (e.g.,
rolling, bending, or heat-affected zones near welds) cause the corrosion
rate to increase. This study utilized cold-worked A106 B piping to conduct
weight loss corrosion experiments and electrochemical corrosion tests to
simulate the static water environment during the decommissioning
transition phase. It was aimed to provide insights for regulatory agencies
managing nuclear power plants during this phase. The weight loss
corrosion experiments showed corrosion rates of 0.04 mm/year, 0.046
mm/year, and 0.048 mm/year for specimens with 0%, 5%, and 10% cold
worked specimens, respectively, indicating that the higher level of cold
work will lead to a fast corrosion rate. Residual strain caused by cold work,
which not only accelerates the breakdown of the oxide layer of steels, but
also increases the corrosion rate. Electrochemical tests suggested that a
1.75 wt% sodium chloride electrolyte solution with a scan rate of 1 mV/s
yields the corrosion rates, which was similar to the stabilized corrosion
rates observed in the weight-loss experiments after 3000 hours. In contrast,
a 3.5 wt% sodium chloride electrolyte solution with the same scan rate
yields corrosion rates which matched those observed in the weight-loss
experiments within the initial 3000 hours.

Keywords: A106, Cold work, Corrosion, Decommission processes

National Atomic Research Institute
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Condition Assessment Techniques for Delamination Failure at the Concrete
Containment of NPP Crystal River #3

by
Hung-Chang Hu and Kuang-Chih Pei

Abstract

The Crystal River #3 PWR unit on the west coast of Florida was shut down
in September 2009 for refueling operations. During the shutdown period, it was
also planned to replace the old steam generators (SG). This replacement will
enable the reactor to meet operating needs before the operating license expires
and the renewal extension period ends. The reactor containment was a three-
dimensional post-tension concrete cylinder with a steel lining to prevent leakage,
followed by a massive concrete wall and a concrete dome as the pressure boundary.
The concrete walls are lined with circular tendon sleeves containing steel tendons
that prestress the concrete walls to resist internal expansion pressures during the
LOCA incident. However, when a passage opening was cut into the side wall of
containment, the decompression, due to the removal of the prestressed steel
tendons and the opening, caused a considerable area of lamellar cracking in the
concrete wall. In order to obtain the scope of impact for decision-making, the
owner uses a number of civil non-destructive testing technologies. This report will
conduct a discussion of the used Condition Assessment Techniques to serve as a
reference for the use of domestic nuclear facilities.

Keywords: Delamination Failure, NPP Containment, civil non-destructive

testing technologies.
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s R OB AL E T g AR A e g BTk JF i e T
PP 3 BL2 T5 4 R84 R ret8 (Prestressed Concrete Containment, PCC)#t
R OBREPFOBREREY ORBEERN O DL FALE TSGR
W oZ e B ARV i 2009 E IR R A2 m ok iR 35 PCC
ﬂﬁ%%ﬁ%%ﬁﬁa+ SRR

AN PR wRE 0 TP R HF 3 B F kP (Condition

Assessment Techniques) > #/£# 1 7 f2/R 583 FIFEfg 7 LR o

15



3. B4 BAPM 2 HRRIFHE

Bk fe P 3P R BBt e Bl > B v 3 4 Bl (Impact Echo, IE)
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ASTM C1383 =442 » DAQ + ¥ F (20 853 $B~if 2 21 5L~
A S & 500kHz m b o> MR E 29 B 2 MELIEIE S G
2MHz - ASTM C1383 =% DAQ + %ﬁ%’:fﬁ%[ﬁi 425V 2 12-
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The latest international development of non-destructive testing technology used
in the detection of aging and deterioration of nuclear power plant buildings

by
Hung-Chang Hu and Kuang-Chih Pei

Abstract

This article is mainly obtained from the on-site information collection and
compilation of Dr. Kuang-Chih Pei’s participation in 2024 World Conference on
Non-Destructive Testing (WCNDT). It can be used to understand the latest non-
destructive testing technology used in nuclear power plant buildings for aging and
degradation detection. This report will introduce: the background and important
indicators of WCNDT, main academic development areas in 2024, future
development trends, health inspection of aging buildings, monitoring technology,
etc., explained in chapters. In addition, a visit to the WCNDT equipment
exhibition venue was also conducted to analyze and explain new equipment trends.
In this article and appendix, Subsection IWL in ASME B&PV Code Section XI
and the "Engineering Structural Monitoring Walkdowns " in Maintenance Rule of
Wolf Creek Power Plant (American) were referred to illustrate the evaluations,
regulations and standards in the past 30 years for examining structural degradation.
They could demonstrate the possible timing and scope to use the introduced
technologies.

Keywords: WCNDT, nuclear power plant building, aging and degradation

inspection.
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2. A 19 E(Al)f- NDE 4.0
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16. = A& & | (Terahertz)

17. #jpv% < it 13 & (Art & Cultural Heritage)



18. #=# 2 kw5 jp|(Vibration & Condition Monitoring)
19. — 4k 7 L i3 P (General & Advanced)
20. =27 % & ;2 (Modeling and Algorithm) -
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i ik R Bk AR 2 i (ECT for Aerospace Applications)
% @il T o ¥k B (Pulsed Eddy Current Inspection)

5% 1 iff T /% #k iP] £ 7(Enhancing Eddy Current Techniques)

F 9| #* 7 (Specific ECT Research)

I @ m m O

i % "7 & P (Eddy Current Array Testing)

IR 2_48 & 22 4 #t(Coupling and Lift-off on ECT)

[ ]

A2EZ p BT i PI(Al Eddy Current & Automation)
K. % &k & P|(Electromagnetic NDT)

L. % &R & PI# 7 (Researches of Electromagnetics)
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m Advanced ECT Applications
W Special Application of ET
= ECT Modeling
ECT for Aerospace Applications
® Pulsed Eddy Current Inspection
M Enhancing Eddy Current Techniques
M Specific ECT Research
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M Al_Eddy Current & Automation
M Electromagnetic NDT
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PimEbrafEtyta g E2 R az ER A ka2
FAREZ L EN P EE S A FE R guE (4080 £) o @ FEY 2
PIRREF4ofFu ka2 DR 5855 % 04 BUR & £ P RZRY
Frzo @ d o AR % “Section XI 2. IWL fr & o k2 2 r.f‘:;,iﬁ_;‘:j RIREAR
SARM R RERB PR RES/ S T TR TS S R
BH2ETRoHE 2 TRt B R Rl Ege s N R R
Pl Ap B ZEELIR R R o

4.1 Section X1 2. IWL ;5% 2 4 % &

% Wi g #14 B € (Nuclear Regulatory Commission, NRC)i& 2 % = i@
32 3R 4 (3 1996 # )BT Fiav & R AR IERE 2 R Y aeARR G ALY
NI FE? T RBEZ e L2 - > VG 34 23FE (2 1996 £ )T (55
ARG B e XY PR LRI R - A

W grl xR E 2 YRR EHUEFD E ELE
NRC 1996 & 8 * 8 p £ ¥ 2 BF X7 2 2T fu#g 7 4 7 (61FR41303)
B RYPEY LRI EPMQ2001 £ 9 7 9 pw)ik ASME B&PV Code
Section XI ¢ 2 Subsection IWL (Requirements for Class CC Concrete
Components of Light-Water Cooled Plants) # Subsection IWE (Requirements
for Class MC and Metallic Liners of Class CC Components of Light-Water
Cooled Plants) 1992 # 3% 2 H *dgrp 7% > =2 - X FIIEMERZ S ~ 8583
A ES AR 2 R ) AR 2 H B o 12 O NRC > 1999 # 9 7 22
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P 10CFR50.55a 4 » % IWL 2 IWE 7| » 1% Ry & ¢ Hipl- 498 P

[e]

T

(In-Service Inspection program, ISI) > 12 Fx i [f] FE 48 = &4

1996 & 10 * BIp Fig €3k > & KEP THRE 53 NRC 2 IWL 1
TIETIRPIE o S RIF ST 2000 F 8 P Ae¥tH T = AR R E R IWL
1o B P AR B 1T Ko & 5 BCP Technical Services, Inc. © #75 1% & K2
RHFENARF 2001 £ A= > TIEX4RE o iz JiNA 0 FIEMERR
42 A IWL P AR RIS 71 & pPFAR A 4 2001 # 9 * 24 p 2 & 117
20 PR o« A kg 5|~ ISt 57 EHA- =

d ++ 1996~2001 #f FF 2. IWL 4p B P A4k ] 7% # B NRC 7 =t & £ %>
FERP T BRER SR EER oV Y LA AF LA RRAT PR
TRE 2T MRt /72 Bl 2t F 0 W IWL 22 g iR
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= dEE o FE P R IWL g2 ~IWL 31 % 20 2 RR 384 #2 ¢ ACI201.1R
B (e B8RP 2 22 ) 2 ACI3I8 SApMRfp = ¢ < 1L ip o
o Pl g 2 2 14/ 1 2 LB AIEP ~ 3R  HETE g SR o
RS R B HE A IWLAPK PARRRIL (T2 R 280 2 o

1P IWL 2 > B tiR si el R A £ 00 T4 | 7 i 2 i 5
# % | (Accessiblesurface) = % » H ¢ #7138 TiREL £ 5 | g B i 5 —
WA FEAAA S AAMAL S IER AL E R R 2 R T B R B S
PR F R  FARTERZ B o APz g < IWL
Bl P o 5543k (tendon gallery)2 B4t % & 4 2 e pld Bl o e dn e
L TRR AR bR R LR R R e g
FREE R AR CRPIABAEZEIRI X AR REREL BE B
T2 RS R MR %
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IWL 4p B P ARG BRI VI3C 2 & R 5 A% > HpARFBHFEP > Fip
Fem 2R F 3 550Lux 5 AT R E D AR RIPF > Rt 2
FEHLIE |3 AfL(1.2m) o VA B E KA 2 ® 8 0 R F AR AT 5 2
Tt Pl RN E o PR R F Ao BHEE E SRR FEY S

VI-3C PARKRRIGS* A F AP RRIZJRIFTHE > ALk
Jx 7~ j* American Concrete Institute Publication ACI 201.1R-68 ¥ #77 2_ £
A B AR TR DT L4 & (recordable) 2 4F 1§ HACiE 2 0 H & Rp
i 45 ACI349.3R -

EiBl AR TR OIWL FR7 35 372 & % § 1 42FF (Responsible
Engineer)% # B A B o &5 IWL-2320 SR 2> & §F 1 A2FF /f 4 3ip & F 55
(Registered Professional Engineer) » H JE¥H{% 7 B F B > K2 %51 4
FIEF ORI R RRTRBRRTRE BRI BV E L T ER
BITEE ERRRRIS R S o athml 4 | FH & 0 23k IWL-2310 %
d & FIAREFEFADIR o F R A IWA-2321 & R

B IWL HhRl® > 5 AT 4 et FIARIRGED W2 A

T

PR RN E Jedo et - R IER A S 2T S R F PR TR R

B AAFEDPTRPZ S - P E LT ERPIIAR R IHETFZ R
$# * 2. ASME 1999 Addenda > 2 # Section XI 2. TWL-3221.3(d) #F Tendon
Anchorage Areas 2_ # %X &% % ! crack in the concrete adjacent to the bearing
plates do not exceed 0.01in. in width ° 4r A :F £ X & > p]F & IWL-3300 i&
{7 4 173% % (Evaluation) » ¥ % S TG 4R L o L ¢ 41 H = o
@ IWL-3310 Evaluation Report ¥ L2324 p % F @ 35 ¢
() @+ XEHF2 7]
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() Flredmsd A RE2 MGFRE > AR IBR2ZFRT J
TR ERX(BYYE);

d) 4oF B4R/{ 4> HfER ~ 322 R1PFR

() s b2 AR ~ BHFEHF o

b HRP Y PR R TR A R R RS 2 R

1.

ASME B&PV Code Section XI ® 2. Subsection IWL (Requirements

for Class CC Concrete Components of Light-Water Cooled Plants);
ASME B&PV Code Section XI Subsection IWE (Requirements for
Class MC and Metallic Liners of Class CC Components of Light-Water
Cooled Plants);

IWL 4p B P AR4& B VT-3C 2_ P & Fo AL %,

American Concrete Institute Publication ACI 201.1R-68;

Report on Evaluation and Repair of Existing Nuclear Safety-Related
Concrete Structures ACI 349.3R;

i Py IWL-2320 22> % § 1 42FF F

Ry IWL-2310 24 B A R T+ > & R # & IWA-2321 & &,
ASME 1999 Addenda » # # Section XI 2. IWL-3221.3(d) ¥} Tendon
Anchorage Areas 2 £ < &%

IWL-3310 Evaluation Report ¥ L2 2 24 p 7§ o
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BN L SRR a Rl ek lhif,g\«—%! J e g v oA
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5.WCNDT B2 2 $ 2yt ithiha 2 CREm L

51 B3

poane BN PR RY RY hd A LEURRRIETL R G w5
{# v 4 # #](Impact Echo, IE) ~ #% 3% & #% /?](Impulse Response ,IR) ~ i%
,:F,
12

\}-‘_ gn\r

i #: iP|(Ground Penetrating Radar, GPR) » & 7 &3 |4 iR 57"&}%5'0 P~k
B g o Ae P AR 4L P AR # P (Core Bores Examination & Boroscopic
Inspection)  # ¢ &t # w 3 # RI(IE)fo*% #=8 t& RI(R) & Rl 4+~ 2 8 2%
ARETI RS A RFE T RBIT Y LA 0 MR 2 PR
KA AER > AR R R R R T O R A B AE T o

i% 3+ % i£ % Pl(Ground Penetrating Radar, GPR) 3. & §_%* >t pgzuis 48 v
G852 ARAEE BT R oA IR ¢ PR IR et R 25
s F& GPRfgPRIEF R EF FRH TR A x ¢ B2 p <P
P&A&® » 2 &3 Acoustic Control Systems =i 4 & B % 7% & fr
Proceq =17 GPR #& ] % 73K & » H#-o B 4 Hdris -

5.2 f&# g RIZ AP M B ATR R
bt NZEREURRRIAEE Y 0 A ¢ B ¢ Acoustic Control Systems %
PO HRIK A KA EERE o A2 2 B ARG > FulEirgl
(DPO)F g3 B 2 ¥ K & -

Bt BE G AARINA TGS FEFRER 3 2 F2 2R
AL RRAGEG AR B N RS Rk, £ 5 S
Jed A HRPIFTZ A& PR BIRGED HA Y L2 4k dp ML RURGR
RIL &G AL AR BEF TR 2 G AR E R R SRRl L
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Mgz e MAp AR 3 R IFFEH M, & ¥ 5 d B K Moscow Scientific
Industrial Association (MSIA)# ™ 2 f 3 = & Acoustic Control Systems,
Inc.(ACS)F¥ 3 %l > H 7% & B | 2 n MSIA 2. "SPECTRUM" 3*% 4 B pg°
"SPECTRUM"z 3+ % B th 3 &5t £ B AF & HR ~ 4o 1 2 X B2 R
B 5 2 F SR PIAP B HATE K o AP 3 2003 # A SEARER 2 K
K24 pwmafs LLMALP

DPC #Feg it % PZT H 8B TR A 2 B4 > BEs ks
War 3l Bh(wear tip) 0 R 4 L @ M R GRS 3R o TR ER P BRAE ) YRR
PRI ARE(- YL 40mm) FILA TSRS 2 2 R ML AR L o

Btpid b e DPC HFEE P 384F & BHAERTE~ > S BRTE 7]

PR EA Y E NI RTEAZTRIFRGRAAEE A H
AR PEE A LT S e A4 dRD > S PR AR L
T E

NP E SRR AL TR FRIGE oA H AL R %

%%Jqﬁ‘:};i{é% D83 G FTEAZLPH KRS P g bR S RN
bl Ag g P ' ff Bk 2 BeBFEIRTHEAEY A AL L 2T
Ao oWpdip iz A F ARG E AN (ST B S-De B* 2P HEMRIT ACS
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PR B AR R B & AT R R 5 (9 20~150kHz) 0 gt 0t 0 £

BRIV EUE S e T 0 SN 4o sp gt

o

B 5-4 5 € B 97w 2 4730 & o Sk L £ ORIk UKI1401 > d »0iR 582
W e PR R 3 g LS F 2 B o A FURSEE Tl {rilB
BREFIARAHFLRFEI D GF LNGHROAH R mATARART R
BB BTG L AR AR TARMIG RIS T N AR DR A

oo B5-5 5 € B AT 2 &N SR E e AT 4R EE o

2 MIRA &= P ARENY
T — 'E*‘ B ~ —
i s\ ) w’ !
- o q" —

SURFACE PULSE VELOCITY TESTER FOR
COMPRESSIVE STRENGHT EVALUATION
OF CONCRETE

a8 C « Compact and ergonomical one-piece design for easy single-hand operating

» New generation of wear-proof DPC transducers

« Well-rated DPC transducer pressing due spring-loaded mounting
« Ultra-lightweight an d shockproof housing

« Direct compressive strenght (MPs) estimation based on integrated
calibration curves for dedicated concrete classes

Fl 54 3730 % 5 4k i B 3Rtk UKI1401 2 3 (v
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- arbitrary bipolar burst configuration within =
specified frequency range (hali-cycle duration, ’ ot o NS ==
number of half-cycles) i . 2 YO

» Wireless Data Interface - o ¥ $ ¢ Universal OEM Ultrasonic Pulser-Receiver Unit with
et commecion v W WiFi Data Interface for Low-Frequency UT applications

o Embedded Battery - ntegrated accumulator
for stand-alone applications

. wwnhill]?tandnwx
piezoelectric transducers by ACS and other
manufacturers

« Versatile Software Developer Kit” with
detailed documentation for system integrators

Bl 5-5 % ;N 5| 3F o MAF IR F

DPC #£SF #0777 G555 0 £+ 38 % Jp 8 BARIL 36 oat PFR 3 s
LA de # i 2 IR ER o B 5-6 & 4x8 "LAHFE 0 Bl 57 RIS 4x12 'L AEF
gp o ¢ o HE K 10~100kHz - HFFRIFAR 97 1 3m> éﬁﬁéﬁ@ﬁ%? #- 2D

X 3D FI G~ X T F AL G FF (L 58 5-9) o

Applications

% Strongly reinforced
concrete objects

“SiDam walls
» Massive bridge pillars ="~
» Constructions made of high-
degree attenuation cements
» Large retaining walls

» Thick'concrete walls of
radioactive waste disposal
systems

R

B] 5-6_4x8 ' 7|#E

by
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=27 Technical features

« High transmission power through
the intelligent pulse control

« Signal-to-noise ratio
improvement up to 25 dB

« Consistent spatial resolution
over the inspection range

» Adaptive analog gain control

PORTABLE HIGH-END ULTRASONIC TOMOGRAPH
FOR REINFORCED CONCRETE TESTING

« Extraordinary penetration depth
» Outstanding near-field and far-field resolution
« New generation of wear-proof OPC transducers

Visualization by INTROVIEW®
« Integral assessment using 30 imaging
» Novel crack sizing functionality

B 59 #-2D & 3D Fau il ~ & F A S &K Blo
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ARETZRRC G O BRFEIREIP DT RIpDL B R E ASTM-
C138315; “Standard Test Method for Measuring the P-Wave Speed and the
Thickness of Concrete Plates Using the Impact-Echo Method” = 4* . §>2 % *
HhsRAIMFTLE Fo o s BB R B ekl s
RN RE e MeRIRE Y ¢ 4ES BAPRARS DARA AP L E £ RI(P-
Wave Speed Measurement) 2 42 & B © # ¥ w j& # | (Impact-Echo Test) - & —
BLH R R A P D ARE 0 S o fa R B RE HFER o ER A
Fo oo B ey UKI401 7 48 o afe i B o 50 FRIP L6 {1% ] 4R
RABARE DAEE WAL W LB (R R R RN
Bt A BIRMA S (e ik R E S BHAESmEE 780 ) &V RIRA
225 (ot BRRRAR ) B AL Rw £ 52 2R § £ AL
TIBREFLRF AL LA DB R ER I XY ARF GRS
Ao b2 AR e IRV T R w R PR S @ e B UL
FESBHRAEFS T BEFLAEREZ)RLTR A F B

( Amplitude Spectrum )» & JEHE 3% ¥ * 323F 5 plgER T 3 It (TR B )

QA

v

B 2 20 = FE Kk R (Performance and Integrity ) o 38R 4 =t £ 5 2 42 F
P2 2F ol > Vi R F MK 30kHz b Rz B3 0 daE ik
AEB WP ZRFES AR E A R F R HE R A FERNL K
ARG RF ST oem (B i S AHE A ELE ] A 30kHz 11T )

Bl 5-10 5 ¢ Bt 2 St v Rl % i B IFEE0 L B ¥ 2424 B
PP R F R o B S-11 S AR AR g o 5B AHS  HA
R RS D R L R 2 R AR T R
WHFAA o APEERBIY VRGN ER DL o

37



R

| e

Bl 5-10_# Fw kWPl * i B RIF

1410 PULSAR

it free Ultrasonic Pulse Velocity Tester for
quality assessment of concrete structures 4
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Proceq Ground Pe

GP8800

Features

Radar technology

Stepped-frequency continuous-

wave (SFCW) GPR

Modulated frequency range
400 - 6000 MHz

Penetration depth
65¢m/25.6in

GP8000

Features

Radar technology
Stepped-frequency continuous-
wave (SFCW) GPR

Modulated frequency range
200 - 4000 MHz

Penetration depth

150cm/60in

GP8000 Lite

Features

Radar technology
Stepped-frequency continuous-
wave (SFCW) GPR

Modulated frequency range
200 - 4000 MHz

Penetration depth

80cm/31.5in

T
I ,»,le

GP8100

Features

Radar technology
Stepped-frequency continuous-
wave (SFCW) GPR

Modulated frequency range
400 - 4000 MHz

Penetration depth
80cm/31.5in

Bl 5-12_Proceq iR 4% 3 B H 4k PIiE * 2. % RFEHE
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Bl 5-14_Proceq € 3 /& 7= 2. B #f % 4(2)

RS E ARG S B R R R T R L R

H 7% 0 GPR 1] 2 APV R - B 5-15 2 5-16 5 § 5B 721

A XM 0 ZE T XM G 35504 2 X M0 A F A 500~3000MHz
% 70~750MHz & 48 » o7 # S4F 5 RI7 B iFRZHEF o L2 M2
FHEHERfeEER T H AP 2o ﬁ?’ @ A BOF A IF e AT50

® "E }i %”‘ T (1~50m)1 ﬁéfx{@@lﬁ e — =X ])%m,;r]ﬁ%/?]?\_} Lf'ﬁ
4 %_T;f AR HH MR B R (A R T R
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GS9000

) 5.16_Proceq M4F 7| §4F = & F 35~50 45F » 500~3000MHz o
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€

fecees 2

Dimensions Up to
27,500
45kg scans/m
5,000

72 x 118 x 44 cms

points / linear m

500-
3000

MHz

35 + 15 channels
2.5 cm spacing

Powered by

o/

45W Power bank

Wireless
~~
-
°
optional USB-C

GS9000

HW Specs
GS9000 GX1 array GX2 array
module module

30-
750

MHz

11 channels
7.5 cm spacing

Real-time 3D accuracy

<
D
SSR included
NTRIP compatible

1'5 cm

Total station compatible

B 5.17 Proceq Mg "L 7| A = MB 2. % MM i & K FE
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L% ASME B&PV Code Section XI 2. IWL = Wolf Creek & R ik & =
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. 20th WCNDT Program Book, https://20thwendt.com/
. https://zh.wikipedia.org/zh-tw/ = #* % 20 3% & P

. “Terahertz NDE for aerospace applications, Ultrasonic and advanced methods
for nondestructive testing and material characterization,” Anastasi, R F, et al.,
World Scientific Publishing, ISBN 978-981-270-409-2, pp. 279-303, May
2007

. “Aeronautics composite material inspection with a terahertz time-domain
spectroscopy system,” Ospald, Frank, Wissem Zouaghi; Rene Beigang,
Matheis Carster, Optical Engineering, 53 [2015-08-24]. do1:10.1117/
1.0E.53.3.031208, 16 December, 2013. ( /4P 7 5 %3 2015-11-19) .

. “To Evaluate the Degradation of Heat Damaged Cement Mortar Specimens
after Curing Using Non-Linear Ultrasound Technique (A20191022-0323),”
Kuang-Chih PEI, Yu-Cheng KAN, Yu-Ju LIN and Jian-Jhou Lee, 20" WCNDT,
Songdo Convensia, Incheon, Korea, 27-31 May, 2024 (% = - &+ F 2L803%
B~ € > = "")(NARI-17899)

. “To Monitor Fracture Behaviors in Four-Point Cyclic Bending Tests of Low-
Activated High Alumina Concrete and Standard Concrete RC Beams Using
Acoustic Emission Technique (A20191028-0420),” Kuang-Chih PEI, Yu-
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1. 10 CFR 54.21 Contents of application—technical information.

Each application must contain the following information:
(a) An integrated plant assessment (IPA).
The IPA must—
(1) For those systems, structures, and components within the scope of this part, as
delineated in § 54.4, identify and list those structures and components subject to
an aging management review. Structures and components subject to an aging
management review shall encompass those structures and components—

(i) That perform an intended function, as described in § 54.4, without
moving parts or without a change in configuration or properties. These structures
and components include, but are not limited to, the reactor vessel, the reactor
coolant system pressure boundary, steam generators, the pressurizer, piping, pump
casings, valve bodies, the core shroud, component supports, pressure retaining
boundaries, heat exchangers, ventilation ducts, the containment, the
containment liner, electrical and mechanical penetrations, equipment hatches,
seismic Category I structures, electrical cables and connections, cable trays, and
electrical cabinets, excluding, but not limited to, pumps (except casing), valves
(except body), motors, diesel generators, air compressors, snubbers, the control
rod drive, ventilation dampers, pressure transmitters, pressure indicators, water
level indicators, switchgears, cooling fans, transistors, batteries, breakers, relays,
switches, power inverters, circuit boards, battery chargers, and power supplies;
and

(ii) That are not subject to replacement based on a qualified life or specified

time period.
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(2) Describe and justify the methods used in paragraph (a)(1) of this section.

(3) For each structure and component identified in paragraph (a)(1) of this section,

demonstrate that the effects of aging will be adequately managed so that the
intended function(s) will be maintained consistent with the CLB for the period of

extended operation.

(b) CLB changes during NRC review of the application.

Each year following submittal of the license renewal application and at least 3
months before scheduled completion of the NRC review, an amendment to the
renewal application must be submitted that identifies any change to the CLB of
the facility that materially affects the contents of the license renewal application,

including the FSAR supplement.

(c) An evaluation of time-limited aging analyses.

(1) A list of time-limited aging analyses, as defined in § 54.3, must be provided.

The applicant shall demonstrate that—

(i) The analyses remain valid for the period of extended operation;

(ii) The analyses have been projected to the end of the period of
extended operation; or

(iii) The effects of aging on the intended function(s) will be adequately
managed for the period of extended operation.
(2) A list must be provided of plant-specific exemptions granted pursuant to 10

CFR 50.12 and 1n effect that are based on time-limited aging analyses as defined

in § 54.3. The applicant shall provide an evaluation that justifies the continuation

of these exemptions for the period of extended operation.

50


https://www.law.cornell.edu/cfr/text/10/54.21#a_1
https://www.law.cornell.edu/cfr/text/10/54.21#a_1
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=6539d401256e89ca9265618bdf0bf58d&term_occur=999&term_src=Title:10:Chapter:I:Part:54:Subjgrp:62:54.21
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=e8d8b1669960e55f18c331d318c6b188&term_occur=999&term_src=Title:10:Chapter:I:Part:54:Subjgrp:62:54.21
https://www.law.cornell.edu/cfr/text/10/54.3
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=6539d401256e89ca9265618bdf0bf58d&term_occur=999&term_src=Title:10:Chapter:I:Part:54:Subjgrp:62:54.21
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=6539d401256e89ca9265618bdf0bf58d&term_occur=999&term_src=Title:10:Chapter:I:Part:54:Subjgrp:62:54.21
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=6539d401256e89ca9265618bdf0bf58d&term_occur=999&term_src=Title:10:Chapter:I:Part:54:Subjgrp:62:54.21
https://www.law.cornell.edu/cfr/text/10/50.12
https://www.law.cornell.edu/cfr/text/10/50.12
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=e8d8b1669960e55f18c331d318c6b188&term_occur=999&term_src=Title:10:Chapter:I:Part:54:Subjgrp:62:54.21
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=6539d401256e89ca9265618bdf0bf58d&term_occur=999&term_src=Title:10:Chapter:I:Part:54:Subjgrp:62:54.21

(d) An FSAR supplement.
The FSAR supplement for the facility must contain a summary description of the
programs and activities for managing the effects of aging and the evaluation

of time-limited aging analyses for the period of extended operation determined by

paragraphs (a) and (c) of this section, respectively.
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