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ABSTRACT

Utilizing the simplex-assisted waveform simulation of the Lamb AE waves, we successfully estimated
impact force histories in cross-ply CFRP plates impacted by 10 –43 m/s steel ball. The force amplitudes
estimated by the waveform simulation are compared with those calculated by energy balance and mass-
spring models. The force estimated by the AE waveform simulation appears to represent the most
realistic value. The maximum force estimated from the measured plate deflection agreed with that by the
energy balance model at slower ball velocities, but deviated significantly at higher velocities. Critical
ball velocity to cause large internal damage was detected by plate deflection monitoring.

INTRODUCTION

Cross-ply CFRP plates suffers various internal damages upon the collision with flying objects. The
estimation of impact force history and the detection of damage onset are critical for transportation
equipment. Impact force has been intensively studied based on the energy balance (1) and mass-spring
models (2), (3). The former can calculate the force amplitude, and the latter the force history as well as
the displacement response. In spite of extensive numerical calculations, propriety of estimated impact
forces has not been verified by experimental work (4).

Accurate measurement of the impact force history was first attempted by the quantitative AE source
characterization. Force amplitude, duration and momentum of elastic impact (ball drop) on an infinite
elastic body were studied by direct inverse processing (decovolution) of bulk mode waves (5),(6),(7).
However, AE waves in a thin plate propagates as the Lamb waves. Source characterization of the Lamb
waves is generally difficult due to their dispersive nature, more so due to large plate vibration induced
by the impact (8). Direct deconvolution of Lamb waves often fails.

In this study, we estimated the force history by the simplex-assisted waveform simulation of Lamb
waves, utilizing the experimental transfer function. The force amplitudes estimated for ball velocities
from 10 to 43 m/s were compared with that estimated by energy balance and mass-spring models.

TEST SPECIMEN AND EXPERIMENTAL METHOD

Impact test method is shown in Fig.1. CFRP plates of 100x100 mm square with 2 mm thick, (04/904)sym.,
was firmly supported  by a circular steel flanges with an inside diameter of 61 mm.  A 7-mm diameter
steel ball (1.404 g mass) was accelerated by a nitrogen gas gun and guided by a steel pipe, hitting the
plate at the center.  Ball velocities, 10 to 43 m/s, were measured by a laser –photodiode pair near the end
of the guide pipe. An AE transducer (PAC, PICO) was pressed to the plate via aluminum support, whose
ends are firmly attached to the flange. Sensor output was attenuated by 20dB using a high impedance
attenuator and digitized by an A/D converter at 50ns sampling interval with 4096 points at 10 bits. We
monitored plate deflection by a laser displacement meter (frequency 50 kHz) from the bottom surface.
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Fig.1 Experimental Setup for impact test.

RESULTS AND DISCUSSION

Force history estimated by waveform simulation

Figure 2 represents a flowchart for estimating the impact force history by simplex-assisted waveform
simulation. An asymmetric bell-shaped source function, approximated by 11th order Fourier series, was
optimized by iteration so that the error between the computed and monitored waveforms was minimized.

Fig.2 Lamb waveform simulation for estimating the impact force function by the simplex method.

The Lamb waveform was obtained by the time domain convolution of the source function with the
overall transfer function determined as a response to a pencil-lead break(8).  An example for 16-ply
CFRP impacted by 12 m/s ball is shown in Fig. 3.
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The overall transfer function (a) was obtained by Gauss-Zeidel deconvolution of detected wave by a
step-wise source function (lead break at angle 60o, force release of 5 N at 0.9 µs rise time).  By matching
the synthesized waveform (c) to the detected one (b), asymmetric force history or the source function (d)
with the maximum force of 245 N and duration of 15 µs was obtained Another examples at 20 and 23
m/s ball impact are shown in Fig. 4. Here, the waveforms were matched for S0-mode and first portion of
A0-mode (to 30µs), since the later portions are insensitive to the source function. Estimated force
amplitudes are shown in Fig. 5, together with those estimated from plate deflection and two theoretical
models.

Fig.3 Procedure for estimating the impact force history for 12 m/s ball impact. (a) overall transfer
function, (b) detected Lamb wave, (c) synthesized Lamb waves, (d) source wave (impact force history).

Fig.4 Overlapping of detected and synthesized waves (the upper) and estimated impact force history (the
lower) by 20 and 23 m/s ball.
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Fig. 5 Ball velocity vs. impact force F for cross-ply CFRP subjected to impact test.
 (  : Estimated from plate deflection,  : Estimated from Lamb wave)

Force history predicted by mass-spring model

Displacement responses of the plate and an impacting ball were obtained by solving the kinetic
equations (1) and (2) for two-degree-of-freedom mass and spring model with the following initial
conditions; 1x& =V === 221 xxx & 0 (1).

( ) 0
5.1

211 =−+ xxnxM i &&              (1)

( ) 0
5.1

21
3

222 =−−++ xxnxKxKxM mbsp && (2)

λ= 1 for x1>x2 , λ= -1 for x1>x2

M1 and Mp designate the mass of the ball and one-quarter of plate mass, and x1 and x2 the displacements
of the ball and plate, respectively.  Displacement response, for the case of 21 m/s ball impact, is shown
in Fig. 6.  Intersection of the two curves occurs at 25 µs indicating that the ball leaves the deflecting
plate and flies off in the opposite direction. The maximum deflection of the plate occurs at 60 µs.
Shown in Fig. 7 is the force history estimated from the Hertz contact law F1=n(x1-x2)

1.5 .  It was obtained
by using the instantaneous indentation depth: (x1- x2) and n=9.97x108 Nm2/3.  The source functions in
Figs. 4 and 7 resemble each other with the almost same impact duration, which also agrees with the time
of the ball-plate separation shown in Fig. 6. However, the force amplitude (831N) estimated by the AE
waveform simulation for 23 m/s ball impact is 3.5 times smaller than that (2960N) predicted by the
mass-spring model.  This difference may be due to the model ignoring the wave propagation effect and
also calculating the force from the maximum deflection when the ball had separated from the plate.
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Fig.6 Displacement response of the ball and the plate predicted by the mass-spring model.
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Fig.7 Impact force history of cross-ply CFRP plate predicted by the mass-spring model.
(V=23 m/s)

Force amplitude estimated by energy balance model and measured plate deflection

Force amplitude, denoted as F2, can be estimated by the energy balance model; Eqs. (3) and (4), by
equating the kinetic energy of the ball to the sum of the energies due to contact, bending, shear and
membrane deformation.

W designates the plate deflection at impact position. This model assumes that both x1 and x2 reach their
maxima at the same timing, while the spring-mass model (Fig. 6) predicts different timing. Thus, the
maximum force F1 estimated by the mass-spring model differs from F2 predicted by the energy balance
model.

We measured the plate deflection w in Eq. (4) (see Fig. 8) by a laser displacement meter, and calculated
the maximum force F2.  Results are shown in Fig. 5 as filled circles. These values agree with F2

predicted by the energy balance model (the lower curve in Fig. 5) up to 30 m/s velocity.

Plate
location
before
impact
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Fig. 8 Displacement response of CFRP plate impacted by 11 to 35 m/s ball.

It is noted that the plate deflection shows symmetric shape at lower velocities (the left of Fig. 8), but
asymmetric shape with fast rise and slow recovery at higher ball velocities (the right).  This transition
appears to be due to the internal damages, as discussed later.  The maximum deflection (488 µm) and
timing (103 µs) by 21 m/s ball impact agreed fairly well with that (426 µm and 163 µs in Fig. 6)
estimated by the mass-spring model.

Change of impact force as a function of ball velocity

Impact forces estimated are represented in Fig. 5 as a function of ball velocities. The mass-spring
models shows the largest values, since it calculated the idealized (and unrealistic) Hertz contact force.
The force calculated from the measured deflection are on the curve of the energy balance model at ball
velocities below 21 m/s, but deviates from the curve above 30 m/s.  This deviation is found to be due to
the onset of large internal damage. Post-impact ultrasonic C-scan inspection (Fig. 9) revealed a large
extension of delamination at back surface (tension side) at around 28 m/s.  Plate deflection monitoring
can be used for inspecting the critical internal damage onset in impacted CFRP plates. The force
amplitude calculated from the measured plate deflection is two times larger that estimated by the AE
waveform simulation. This overestimate appears to be due to the continued deflection of the plate by
inertia, as shown in Fig. 6. From the consideration, the force estimates by the AE waveform simulation
appear to represent the most realistic values.

CONCLUSION

We estimated the impact force histories in impacted cross-ply CFRP plate by the waveform simulation
of Lamb AE signals, and compared them with those predicted by the mass-spring and energy balance
models.  Results are summarized below;
1) Waveform simulation method can correctly predict the force history, since AEs are monitored before

the onset of plate deflection. Impact force increased with ball velocity, while the duration is almost
constant, irrespective of the ball velocity.

2) The force estimated by the AE waveform simulation appears to represent the most realistic value. The
present methodology of using experimental transfer function and simplex-assisted matching of
calculated and observed waveforms can be a useful tool in other circumstances as well.

3) The impact force estimated from the measured plate deflection agreed with that estimated by the
energy balance model at slower ball velocities, but deviates above the critical velocity where large
delamination has occurred.
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Fig. 9 C-scan images of internal damage in cross-ply CFRP plate impacted by 21 and 28 m/s ball.


