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ABSTRACT

Steel-concrete-steel (SCS) sandwich structures have important advantages over conventional concrete
structures, however, bond-slip between the steel plate and concrete may lead to a loss of composite
action, resulting in a reduction of stiffness and fatigue life of SCS sandwich structures. Due to the
inaccessibility and invisibility of the interface, the interfacial performance monitoring and debonding
detection using traditional measurement methods, such as relative displacement between the steel plate
and core concrete, have proved challenging. In this work, two methods using piezoelectric transducers
are proposed to detect the bond-slip between steel plate and core concrete during the test of the beam.
The first one is acoustic emission (AE) method, which can detect the dynamic process of bond-slip. AE
signals can be detected when initial micro cracks form and indicate the damage severity, types and
locations. The second is electromechanical impedance (EMI) method, which can be used to evaluate the
damage due to bond-slip through comparing with the reference data in static state, even if the bond-slip
is invisible and suspends. In this work, the experiment is implemented to demonstrate the bond-slip
monitoring using above methods. Experimental results and further analysis show the validity and
unique advantage of the proposed methods.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Steel-concrete-steel (SCS) sandwich structure is a composite
structure system, comprised two external steel plates, core mate-
rials, shear studs and cross ties. Shear studs and cross ties are used
to strengthen the connection action between the steel plates and
the core concrete, shown as in Fig. 1. SCS sandwich structures
combine the advantages of steel structure and reinforced concrete
such as high bearing capacity, high ductility and integrity. It has
also exhibited superiorities in high resistances, crack control and
enhancing the construction efficiency. Recent years, SCS sandwich
structures become popular for their important advantages, there-
fore they are frequently used in the special structures, such as
nuclear structures [1,2] tunnels [3], bridges [4], and Arctic offshores

[5].
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The concept of sandwich structures was proposed by Solomon
[6]in 1976, which was used in large span bridges. Later Tomlinson
[7] named double skin sandwich structure (DSC) to design the
project of North Wales Conway tunnels, where headed studs were
used as shear connectors. The development of Bi-steel system was
an important process in SCS construction. Bowerman [8] presented
the Bi-steel system, which used transverse short bars as mechanical
shear connectors instead of headed studs. In recent years, re-
searchers carried out a lot of works to study the structural behavior
of SCS structural members. Wright [9] conducted 53 groups of steel
plate-concrete beams tests to define the failure patterns of DSC
structure, which took into account the effect of section depth,
shear-span ratio, and shear reinforcement ratios on specimens.
Wang [10] predicted the bending resistance of SCS sandwich
structures through analyzing the mechanical responses of SCS
sandwich panels. Leng [11] analyzed the mechanical properties of
SCS beams. Yang [12] conducted a series of SCS sandwich wall tests
to investigate the seismic behavior, which took the effect of local
bucking of steel plate into consideration.

It is easy to understand that the advantages of SCS sandwich
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Fig. 1. Steel-concrete-steel sandwich structure.

structures are heavily dependent on the interface bonding quality
between the steel plates and the core concrete. In case of severe
bond-slip, SCS structures will lose their integrity, the bearing ca-
pacity and their fatigue life will be affected too. Therefore, bond-
slip monitoring has attracted great attention from the research
and engineering communities, especially the structural health
monitoring and NDT communities. Interface monitoring is a com-
mon problem for various composite structures. Among all existing
NDT techniques used to monitor interface bonding quality,
ultrasound-based methods seem to be the most suitable methods
because they interrogate the interface mechanically [13—17].
Guided ultrasonic waves, including Lamb wave and shear hori-
zontal (SH) guided wave, are more suitable to the thin structures,
such as metal plate and composite laminates. Guo and Cawley [18]
studied the interaction of the Sy Lamb mode with delamination in
composite laminates both by finite element analysis and by
experiment. It's shown that Sop mode reflected from a delamination
strongly. Seifried et al. [19] developed the analytical and compu-
tational models to quantify the propagation of Lamb waves in
multi-layered, adhesive bonded components. Okabe et al. [20]
applied the guided wave method on the fiber metal laminates,
which consisting of FRP composites and thin metal foils. They used
the mode conversion of Lamb waves to estimate the delamination
quantitatively. Besides, SH waves were also employed to identify
the adhesive properties at interfaces located within two metallic
plates [21]. However, for the SCS sandwich structures, due to the
existence of thick concrete the ultrasonic waves propagates with
more complicated manners. For the interface detection between
steel plate and concrete, several attempts have also been made to
experimentally quantify the damage degree. Tsuyuki et al. [22]
proposed a non-destructive testing method based on velocity
dispersion analysis of laser ultrasonic waves for the delamination
detection between the steel plate and the concrete. They simulated
the delamination using a bolt penetrated through the steel of the
specimen. Cheng et al. [23] studied the dispersive characteristics of
the Lamb wave modes traveling within the steel layer to assess the
bonding condition. The frequency-phase velocity images obtained
from the numerical models were used to evaluate the bond con-
dition. Qin et al. [24] developed another active sensing approach
using smart aggregates to detect the initiation and to monitor the
development of bond-slip between the steel plate and the concrete.
The swept sine wave was generated and excited by the smart ag-
gregates. The wavelet packet decomposition of the received stress
wave signals from smart aggregates can evaluate the bond-slip
quantitatively.

Most of above investigations based on ultrasound methods

employed the piezoelectric transducer pairs to excite and receive
the stress waves. They can be considered as the active methods, and
usually need the materials parameters and geometry information,
such Young modulus, density and the thickness of the steel plate, as
the priori knowledge to identify the damage. In addition, wave-
forms are difficult to interpret for such structures with complex
formation by using ultrasound methods. In this work, by using less
piezoelectric transducers, acoustic emission and electromechanical
impedance methods were employed to monitor the interface be-
tween the steel plate and the concrete. The former is able to detect
the stress waves emitted from the bond-slip passively and
dynamically at very early stage when the microcracks form initially.
Meanwhile, the displacement measurement between the steel
plate and concrete has hardly response, and the changing strain
doesn’t have the direct relationship with the bond-slip. The latter
can monitor the variations in structural mechanical impedance
caused by the presence of bond-slip, even though the process of
bond-slip stop or invisible. Both methods are robust and need less
the priori knowledge. In practical applications, the acoustic emis-
sion and electromechanical impedance signals can be obtained
using the same piezoelectric transducers attached permanently on
the surface of or embedded within the SCS sandwich structures. In
the remaining part of this paper, the physical principle of these two
monitoring methods will be presented first. Then, the setup and
procedure of the experiment on SCS sandwich beams under shear
load will be described in detail. The results of structural tests and
interface monitoring will be discussed finally.

2. Interface monitoring methods
2.1. Acoustic emission method

The most immediate physical phenomenon associated with
structural failure, i.e. the splitting cracks, between the steel and the
concrete is acoustic emission (AE), which can be detected by AE
sensors, usually the piezoelectric transducers attached on the sur-
face of materials or components and be presented as AE signals.
They are elastic waves formed due to release of the elastic energy in
the material, and accompany only active damages that are initiated

A

/7
7
/7
> e
Q 7’
= ’
2 | | Tensil ’
- ensile v
/7
— crack L’
(] V]
OD 7/
<
—
(D]
>
<

RA value

Fig. 2. Crack classification using AE signals characteristics.
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or developed during subjected loading conditions. AE signals
monitoring is a unique, non-invasive and passive non-destructive
testing method. By means of analyzing the classical characteris-
tics of AE signals in time and frequency domains, such as amplitude,
energy, average frequency, peak frequency, counts, rise time etc.,
the structural damages can be identified, localized, and quantified.
Moreover, the classification of cracks using AE also has been
explored [25,26]. There are many methods of crack classification
have been utilized such as b-value [27—29], RA value, calm ratio etc.

The b-value is used frequently to evaluate the crack scale. It is
derived from frequency-magnitude distribution data via the
Gutenberg-Richter relationship used widely in seismology. In the
AE signal analysis, the Gutenberg-Richter relationship is rewritten
as [28]:

A
logioN =a — b(ﬁ)

where N is the number of AE events with amplitude greater than
the threshold value; A is the peak amplitude of AE events; a is an
empirical constant and b is the AE based b-value.

For AE applications, the b-value is defined as the log-linear slope
of the frequency-magnitude distribution of AE signals. It can be
used to evaluate the structure failure progression [27].

(1)
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where (A) is the mean amplitude and Apjp, is the threshold ampli-
tude chosen for detecting the AE.

Moreover, from the view of crack modes, the tensile crack in-
volves the opposing movement of the crack sides, which results in
AE signals with short rise time and high frequency, while the AE
signals generated from shear crack have low frequency and longer
rise time. Based on above mechanism, the Japanese building code

X2

3)

(JCMS-III B5706) [30] proposed a methodology for the crack clas-
sification, in which the structural damages can be classified into
tensile and shear modes by RA value and average frequency (AF).
RA value is defined as the ratio of rise time by the amplitude, i.e.
RA = rise time/peak amplitude, shown as Fig. 2. But a defined cri-
terion on the proportion of AF and RA has not been established yet.

AE signals can be also used to locate the damage source. In this
work, the SCS sandwich beam can be considered as the one-
dimensional structure, in which the piezoelectric sensors and
damage source are in a line. It has been proven that two sensors
have to put on both sides of the damage source, shown as Fig. 3, so
that the damage source can be located using Eq. (3).where x4, X and
x4 are the location of sensors and damage source, respectively. 4t is
the arrival time difference between two sensors. v is the stress wave
velocity on the surface of concrete, which is considered as the
constant here and is estimated by pitch-catch method along the
lengthwise direction before the test.

In this work, AE signals were collected during the whole loading
procedure, and were analyzed adequately to evaluate the bonding
state of the SCS sandwich beam.

2.2. Electromechanical impedance (EMI) method

EMI can be considered as the indirect parameter associated with
bonding failure. Because bonding failure impairs the integrity of
SCS sandwich structures, and causes direct changes in the struc-
tural stiffness and/or damping, and then the structural mechanical
impedance. However, it is difficult to measure the structural me-
chanical impedance directly. The feasible approach is measuring
the electrical impedance of piezoelectric transducers bonded on
structures. Because of the electromechanical coupling effect of
piezoelectric transducers, the obtained electrical impedance is
directly related to the mechanical impedance. By comparing that to
a baseline impedance measurement, the bonding failure can be
determined qualitatively. When the piezoelectric wafer is bonded
on the surface of the structures, the one-dimensional mechanical-
electric coupling model can be described as Fig. 4 [31]. For this
system, Liang et al. demonstrated that the admittance Y, which is

a=2.5h
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Fig. 5. Dimensions and fabrication details of specimen.

Table 1

The geometric parameters and material properties of specimen.
Specimen a (mm) fe (MPa) fy.tie (MPa) fy (MPa) dtie (Mm) Ss (mm) Is (mm) S¢ (mm) le (mm) Prest (%)
SC1A 1015 107.8 435 373 8 152 220 102 203 0.163




Table 2

J. Yan et al. / Nuclear Engineering and Technology 51 (2019) 1132—1141 1135

Mix proportions of UHPC (mass/cement mass ratio).

Water binder ratio Cement Silica fume Superplasticizer Quartz sand Volume fraction of steel fibers
Fine Coarse
0.2 1 0.25 0.02 0.61 0.49 2%

Fig. 6. The loading setup of tests.

The bond-slip between steel
plates and concrete

the inverse of the impedance, of the piezoelectric transducer can be
written as Eq. (4) [31].

. byl V4 =
Y= lw,’;;p" (553 - Z+—2Ad§15p) (4)

where by, I, and hy are the dimensions of the piezoelectric trans-
ducer; Z and Z, are the structure’s and piezoelectric transducer’s
mechanical impedances, respectively; 553 is the dielectric constant
at zero stress; d3; is the piezoelectric coefficient, and E, is the
Young’s modulus of the piezoelectric transducer. Since the elec-
trical impedance signals collected by the sensor are the frequency-
dependent for each structural state, the change of the impedance
signal can be quantified by some damage metrics. Root mean
square deviation (RMSD) is one of the most frequently used indices
and defined as [32]:

n

[Im(Yi) - lm(y?)]2

& im(1)]

=1

RMSD(%) = |=L

(5)

where Im (Y;) is the imaginary part of the measured admittance, i.e.
the susceptance at the ith frequency value, and Im (Y?) is the sus-
ceptance measured at healthy conditions. Actually, the real part of
the admittance is often used in some specific applications
depending on their sensitivities to the damage.

Unlike the AE signals, EMI is an active sensing method, which
can be implemented on the static structure, i.e. there are no active
loading and active bonding failure in the meanwhile. In this work,
EMI signals were collected when the loading suspends, and then
were analyzed to evaluate the bonding state of the SCS sandwich
beam.
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Bl No. 3
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Fig. 7. The details of the test design.
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Fig. 8. The crack distribution for SCS sandwich specimen.
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Fig. 9. The load-deflection curve of the specimen.

3. Experimental setup and procedure

The test of simply supported SCS sandwich beam was conducted
under shear load. The dimensions of SCS sandwich beam was the
depth of 406 mm, the length of 4572 mm and the width of 304 mm.
Table 1 shows the fabrication details of geometric parameters and
material properties. Dimensions and fabrication details were
shown in Fig. 5. The shear span-to-depth ratio of SCS sandwich
beam was designed identically with 2.5, which would be govern by

100

800,

600

Load (kN)

400

200

00 0.5 1 1.5 2
Slippage (mm)

Fig. 10. The shear force-bond-slip curve of specimens.

shear force according to Kani’s Valley [33].

Note: a is the distance between the support and the loading
point; f¢ is the measured value of axial compressive strength for
concrete; fy e is the measured value of yield strength of cross ties; fy
is the measured value of yield strength of steel plates; d. is the
diameter of shear studs; S is the spacing of shear studs trans-
versally, Is is the spacing of shear studs longitudinally; S; is the
spacing of cross ties transversally; I; is the spacing of cross ties
longitudinally; p¢test is the shear reinforcement ratio of beam.

3.1. Core materials

Ultra-high performance concrete (UHPC) was adopted as the
core materials for SCS sandwich beam. UHPC was made of ordinary
Portland cement grade 42.5 (the minimum desired strength value
achieved within 28 days), silica fume, quartz sand, water, super-
plasticizer and steel fibers. The mix proportions were given in
Table 2. During the casting of beam specimens, three prism speci-
mens with the dimension of 100 mm x 100 mm x 400 mm were
prepared to carry out the compression tests for obtaining the ma-
terial properties of core concrete, as shown in Table 1. The testing
machine satisfies the standard requirements in GB/T 26112007
[34], of which loading capacity is 1000 kN. The testing procedure is
carried out according to GB50081-2002 [35].

3.2. Steel plates, shear studs and cross ties

Steel plates were adopted Q345 with the thickness of 9.8 mm.
The tensile tests were conducted to obtain the material properties
of steel plates, as shown in Table 1.
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Fig. 11. History curves of the load with the cumulative events.
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Shear studs were designed with the dimensions of the diameter
10 mm, length 80 mm and yield strength of shear studs 400 MPa
respectively. And the spacing of shear studs was 220 mm longitu-
dinally and 102 mm transversally.

Cross ties were designed according to the ACI349-06 Code [36]:

1000 1
800 40.8
= 600r : L. 10.6
= . . =)
R , : g
S 400 - . 10.4°
200+ e o T 0.2
0 L L L . 8
0 1000 2000 3000 4000 5000
Time (s)
Fig. 13. b-value-load-time distribution.
1
peac = 0.062 Ve >0.35 (6)

f y.tie

where, peacy is the specified value of the shear reinforcement ratio.
In terms of Eq. (6), the minimum reinforcement ratio was
determined.

fy,tie

3.3. Experimental procedure and measuring scheme

The SCS sandwich beam was loading under three point loads,
where the loading capacity of the testing machine was 2000 kN and
the force controlled loading was through a lifting jack, as shown in
Fig. 6. Fig. 7 shows the details of the test design as well as the all
measurement systems. LVDTs were used to measure the vertical
deflection under the loading point, and the bond-slip between steel
plates and concrete horizontally. Strain gauges were set to measure
the strains of cross ties and steel plates, as shown in Fig. 7. Below are
brief summaries of the other two nondestructive testing systems,
i.e. the AE system and the electrical impedance measurement
system.

The AE system used in this work is DiSP-4/PCI system, product of
Physical Acoustic Corporation, US. The digital bandpass filter is set
between 10 kHz and 2 MHz, which covers the frequency range of
the damage patterns of the SCS sandwich beam. The preamplifier
has a gain of 40 dB, and the triggering threshold of data acquisition
is 50 dB for rejecting the possible noise signals. Three AE sensors,
model R15a, were bonded on the surface of the beam, shown as
Fig. 7. Two of them were placed on the both sides of the expectant
bonding failure area under the beam to collect the AE signals. Thus,
the data can be used to locate the bonding failure area. Another one
was placed on the top side of the beam, which was used to collect
the AE signals from concrete. The sampling rate for all sensors is
5 MHz.

The electrical impedance signatures were directly measured by
the impedance analyzer (Agilent 4294A) over a given frequency
range from 100 Hz to 900 kHz. One piezoelectric transducer was
placed on steel plate on the underside of the beam, where is close to
the possible bonding failure area.

4. Results and analysis
4.1. Failure pattern

For SCS sandwich beam, the failure pattern belongs to the
flexural-shear failure with bond-slip characterized by the critical
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flexural crack formed in shear span and the bond-slip at the
interface between steel plate and concrete. As shown in Fig. 8(a),
the flexural crack appeared in mid-span first and penetrated up-
ward from the bottom steel plate. The bond-slip and separation
between bottom steel plate and concrete appeared. Further, the
web-shear crack formed in shear span, where two ends penetrated
towards the support and the loading point. The bottom steel plate
and cross ties across the web-shear crack yielded. Finally, the
critical crack formed which was initially from the flexural crack and
the specimens failed. Fig. 8(b) shows the width of critical crack
under the peak load. It should be noted that there is no bond-slip
between top steel plate and concrete.

4.2. Load-deflection curve

Fig. 9 shows the load-deflection curve of the specimen. The
vertical and horizontal axes are the load and the deflection below
the loading point, respectively. As shown in Fig. 9, the SCS sandwich
beam initially behaved linearly up to the appearance of first crack.
The stiffness of the SCS sandwich beam decreased, which may
because the height of the compressive zone decreased by the
cracks. However, the curve behaved linearly until the appearance of
cracks between steel plate and concrete. Further, the stiffness of the
beam reduced obviously due to the yielding of steel plates and cross
ties. The curve increased nonlinearly up to the appearance of the
critical crack, and the loading reached the peak load. After reaching
the peak load, the curve sustained a short platform and decrease
rapidly, which exhibited a little ductility of this failure pattern.

4.3. Bond-slip between steel plate and concrete

The bond-slip failure was a shear failure between steel plate and
concrete, which had contribution to the failure of SCS sandwich
beam. Fig. 10 shows the values of bond-slip between steel plate and
concrete for the specimen measured by traditional measurement
method, which indicated that even through the visible bond-slip at
the interface between steel and concrete occurred, the relative
displacement between the steel plate and core concrete was not
obvious and the bond-slip was not avoided in SCS sandwich beam.

4.4. AE signals analysis

Although Fig. 9 shows the continuous loading curve, actually the
loading was applied on the beam step by step. The loading process
was divided into total 19 steps, which was shown as the blue curve
in Fig. 11. The cumulative AE events from sensor No. 1 along with
the loading process were shown as the red curve in this figure. It
indicates that the cumulative AE events increase slowly at the
beginning of loading process, which corresponds to the initial
concreate cracks, and increase quickly after about 2000 s as well as
the 400 kN load, when the failure of main structure occurred. This is
the global feature of AE signals.

Fig. 12 shows the histogram of AE peak frequencies for three AE
sensors, respectively. The two sensors attached on the bottom steel
plate of the beam have the similar peak frequency distribution. The
main frequency range is between 50 and 100 kHz, and even beyond
150 kHz. While the main frequency for the AE sensor No. 3, which
was attached on the top of the beam is about 50 kHz. It is well
known that due to the action of headed studs and cross ties, the
shear strength between the steel and concrete is much larger than
that of concrete, therefore the AE signals recorded by sensor No. 3
come from the concrete crack mainly, since there is no bond-slip
between the top steel plate and concrete, while the sensors
below collected mostly the AE signals from the bond-slip and the
flexible cracks close to the steel plate.

Fig. 13 shows the b-value changed in response to time and load.
Normally, the larger b-value indicates the micro-cracks begin to
form, while the decreasing b-value indicates the macro-cracks are
developing from micro-cracks. It can be found that the critical
damage happened about 2000 s after loading. This loading step is
identical to Fig. 11.

Since the failure pattern can be understood for the SCS sandwich
beam tested in this study during the whole loading procedure, the
relationship between AF and RA values from AE parameters is
plotted for verifying the crack classification. Fig. 14 shows the RA
and AF correlation distribution for all AE sensors. For the first two
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Fig. 15. Cracks localization using AE signals.

sensors under the beam, similar crack characteristics appear. The
tensile, shear, and mixed cracks indicated in Fig. 14(a) and (b) were
caused by the flexural crack of concrete in mid-span, the web-shear
crack of concrete in shear span and bond-slip and separation be-
tween bottom steel plate and concrete, respectively, described as
subsection 4.1. Fig. 14(c) indicates that the preponderant fracture
mode is shear crack for the concrete, because the AE sensor at the
top of the beam received hardly the signals produced in the lower
part of the beam through the thick concrete.

Fig. 15 shows that results of cracks localization using the two AE
sensors under the beam. It can be found that most of cracks located
on the middle of the SCS sandwich beam. In the bond-slip area
marked by the blue frame in Fig. 15, there are no visible cracks,
therefore this small number of AE events corresponds to the bond-
slip mainly. This illustrates in case the conventional measurement
is difficult to be implemented, AE method can still detect the bond-
slip.

4.5. EMI results analysis

The electrical impedance signals were collected by the piezo-
electric transducer when the loading suspended for each loading
level. Fig. 16 shows the susceptance vs. frequency curves at different
frequency ranges for four representative loading levels. The sus-
ceptance is the imaginary component of the admittance, which is
the reciprocal of impedance. The black curve is the baseline ob-
tained when the structure has not been loaded yet. From Fig. 16(a),
the lowest frequency range, for the first two loading levels, the
curves don’t change significantly, but for the last loading level
corresponding to the later loading stage, when the beam has been
damaged too much, the susceptance curve changes significantly. So,
the susceptance is not sensitive for the early loading stages at this
frequency range, but sensitive for the later loading stage, shown as
the red curve in Fig. 16(a). Next frequency ranges, the susceptance
signals have higher sensitivity increasingly for the early loading
stages, while they have the similar sensitivity to all loading stages
at the high frequency range, shown as Fig. 16(g)-(h). The suscep-
tance signals shown in Fig. 16 indicate that the proposed method is
able to estimate the structural failure.

The RMSD indices are calculated for low and high frequency

ranges, respectively, shown in Fig. 17. Both figures show that RMSD
indices increase greatly at around loading level 10, which accords
with the experimental phenomena. It can be found that the vari-
ation of RMSD index for the high frequency interval is more obvious
with increasing the loading levels. However, all RMSD indices can
indicate effectively the structural states induced the increasing
loading.

5. Conclusions

In this study, a SCS sandwich beam with shear connectors was
designed and fabricated. It was tested under three point loads with
the simply supported. The whole loading process was characterized
by the load-deflection curve, in which the clear mechanical
behavior can be distinguished. The failure pattern of the tested
beam is the flexural-shear failure with bond-slip characterized by
the critical flexural crack formed in shear span and the bond-slip at
the interface between steel plate and concrete. Besides the con-
ventional displacement measurement methods, the piezoelectric
transducers were used to monitor the failure procedure of the SCS
sandwich beam. Depending on two kinds of system, AE signals and
EMI signals were collected during the step-by-step loading process,
and used to evaluate the structural and bonding state.

The force, deflection and slippage data showed the change of
conventional mechanical parameters, but they are difficult to
describe the whole bonding failure, especially the initial stage.
Results from AE sensors, which are close to the bonding area, can
obtain more information about the bonding failure. AE signals can
be recognized as the diagonal cracking and bonding failure ac-
cording to their frequency characteristics firstly. Then the cracking
process, mode and location can be identified using the AE signals.
At the static state of the structure, the structural damage can be
evaluated by using EMI signals, which reflect the local structural
stiffness. Results indicates that RMSD index can describe the
structural damage and are more sensitive at high frequency
ranges.

In practical applications, the AE and EMI signals can be obtained
using the same piezoelectric transducers attached permanently on
the surface of or embedded within the SCS sandwich structures, for
the structural damage evaluation for different purposes.
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Fig. 16. The typical EMI curves for different loading level.
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