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In this paper, a method for monitoring impact damage of FRP pressure vessels is
discussed. To estimate the location and extent of the impact damage, strains are
measured at several locations on the surface of the structure, and impact force iden-
tification is performed using those data so as to obtain information on the impact
which caused the damage. The location and force history of the impact are identified
using an identification method based on experimental transfer matrices which relate
the impact force to the corresponding strain responses. Here, experimental transfer
matrices are determined from the measured data acquired by impact tests that do not
wreak impact damages. The location of the impact damage is predicted from the
identified impact location. As to the extent of the impact damage, the peak value
and the duration of the identified force history are used to estimate the damage initi-
ation and the damage size, respectively. In order to examine the validity of the
method, monitoring of impact damages induced by drop-weight impact tests is
demonstrated.

Keywords: impact damage; FRP pressure vessel; impact location; force history;
identification; structural health monitoring

1. Introduction

One of the concerns in using composite structures is the degradation of structural stiff-
ness that occurs when impact damages are induced by foreign object impacts.[1] For
aerospace structures, impacts by birds, hail, and tools are some of the threats. In the
past few decades, development of structural health monitoring (SHM) techniques for
composite materials has been carried out by many researchers in order to extend the
application of composite structures.[2] A SHM system is designed to ensure the safety
of composite structures automatically and in real time by monitoring the damage and
assessing the structural integrity using the data acquired from a built-in sensor network.
In the case of impact damage monitoring, various types of SHM techniques have been
reported thus far. For example, methods for monitoring impact damages based on the
signals from optical fiber sensors have been studied extensively.[3—8] There are also
SHM techniques [9,10] which use the change in electric resistance of the composite
structure that occurs before and after the impact damage.
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Impact force identification is also an effective way to obtain useful information for
predicting the location and extent of the impact-induced damage. Sung et al. [11] have
reported the method to monitor the damage by using a neural network to identify the
impact location from the differences in the arrival times of the acoustic waves to
the PZT sensors, and wavelet transform of the acoustic emission wave for estimating
the qualitative severity of the damage. A technique similar to that reported in [11] was
developed by Jang et al. [12] using fiber Bragg grating sensors, and its effectiveness
was verified experimentally with composite flat and stiffened panels. Hu et al. [13] and
Fukunaga et al. [14] proposed a convenient method which monitors the damage of
CFRP structures by identifying the location and force history of the applied impact
from measured strain data using transfer matrices that relate the impact force to the cor-
responding sensor responses. In their study, drop-weight impact tests of CFRP lami-
nated plates were conducted, and the change in force history due to the impact-induced
damage was focused. When impact damages were not induced within the laminated
plates, the force history was similar to a sine pulse. On the other hand, when impact
damages were induced, the force dropped at the time of damage initiation, and after
that the force history fluctuated as the damage grew. Thus, it was concluded that, if the
induced damage is not severe, the initiation of damage can be easily judged by examin-
ing the identified force history. In a subsequent paper,[15] the peak value of the identi-
fied force was used to quantitatively assess the extent of the damage. The results from
the previous studies signify that impact damage monitoring based on impact force iden-
tification is an effective approach, but further investigations must be conducted to
improve it.

The present paper deals with impact damage monitoring of FRP pressure vessels.
In the introduced method, the location and force history of the impact are identified
from the strain responses measured at several locations of the structure first, and then
the extent of the impact damage are estimated from the identified force. Here, the peak
value and the duration of the identified force are adopted as the parameters for estimat-
ing the extent of damage. The impact force is identified by employing the identification
method based on experimental transfer matrices.[14,15] In order to demonstrate the
validity of the present method, drop-weight impact tests are conducted and the damages
induced during the tests are monitored.

f@

/

0

Figure 1. Composite pressure vessel subjected to impact force.
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2. Method for identifying the location and force history of an impact acting on a
composite pressure vessel

2.1. Construction of experimental transfer matrices

Figure 1 depicts a composite pressure vessel subjected to an impact force. In this study, a
coordinate system (x, y, z) shown in Figure 1 is adopted, whose x, y, and z axes coincide
with the longitudinal, circumferential, and radial directions, respectively. The impact
force acts vertically on the outer surface of the pressure vessel at (xg, yg), and a compres-
sive force f{f) is assumed. The corresponding strain responses ¢(¢) (i=1,...,M)
are measured at a total of M (> 3) locations (xs;,ys;) (i =1,...,M) on the outer surface
of the specimen by using biaxial strain gauges. The relation between the impact force and
the response of the i th sensor can be expressed in the following equation:

& = G(xr, yr, Xsi, ysi) f (1)
where
g =en)at) a)]’,  f=1f0)fL)fn)],

&il 0 0
G(xp, yr, Xsi, Vsi) = g,:,z g’:’l R P )

: : .0

ginN &SinN-1 " 8il
Here, ¢(t,) and f(t,) are the strain and force measured at the time ¢, =n Af
(n = 1, ..., N), respectively. G(xr,yr,xs;,ys;) is a transfer matrix composed of the

Green’s function. It is worthwhile to note that the transfer matrix is defined by a
function of the impact location (xg,yr) and sensor location (xs;,ys;), and is not
dependent on the force history.

By rewriting Equation (1), we obtain

& = F 8i (3)
where
f(ll) 0 . 0
g = [gi,l g2 giN ]T7 F= f(t2) f(tl) : . @
0

(tv) flw-1) -+ f(&)
The transfer matrix is constructed experimentally by conducting impact tests with an
impulse hammer. The specimen must be struck with care so that impact damage is not
induced during these impact tests. The components of the transfer matrix are deter-
mined in a way where the estimated strains given by Equation (3) using the measured
force histories, are adjusted to match the measured strains as much as possible. In order
to construct a reliable transfer matrix, the experimental data to use are acquired by
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repeating the impact tests K times. Thus, the components of the transfer matrix are
obtained by solving the minimization problem as follows:

K
minimize : Y || Sff - Fkgi ||2 5

P (5)
variables : g;

where & and F* are the vector of measured strains and the force matrix of the k th
impact test, respectively. Here, the least-squares method is used to solve Equation (5).

As previously noted, the transfer matrix is defined by a function of the impact loca-
tion (xg,yr) and sensor location (xs;,vs;). Therefore, to identify an impact force acting
at an unknown location using the measured strains obtained from multiple sensors, the
transfer matrix is required for each sensor and for an arbitrary (xr, yr). Thus, the whole
identification region is divided into some discrete grid areas, as shown in Figure 2(a),
and the impact tests are conducted at every grid node. Then, by employing Equation
(5), the experimental transfer matrices are constructed for each set relating one node
(impact location) to one sensor location. For an impact location inside the four nodes
of each grid area, the transfer matrix is obtained by an interpolation operation using
shape functions similar to those used in finite element analyses. When the shape func-
tions of a four-node two-dimensional element are used, as depicted in Figure 2(b), the
interpolation of transfer matrix is expressed as:

4
G(xr, yr. Xsi,si) = > Ny G(x1,y1, Xsi, ysi) (6)
=1

where

N :%(l_iF)(l_nF)a Nz:%(lﬂ‘fF)(l—”F)’
1 1
N3 :Z(l—f—éF)(l-Hip)» N4:Z(1 — &p)(1 4 71g). )

Here, (x;, y;) are the coordinates of node I, and (&g, #ng) is the local coordinates of the
impact location.

(a) , (b) ¥
Specimen n
Node 4 Node 3
Node ( 23 )
P IR
¢
Node 1 Node 2

Identification region

Figure 2. Construction of experimental transfer matrices. (a) Grid nodes (b) Interpolation.
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2.2. Method for identifying the impact force

In this study, the location and force history of the impact are identified by an iterative
method that uses the preliminarily constructed experimental transfer matrices. The iden-
tification procedure is described in Figure 3.

When the impact location is determined, the force history is identified by minimiz-
ing the deviation between the measured strains and the strains estimated from Equation
(1) using the experimental transfer matrices. Then, the identification problem can be
expressed as

M
minimize : " || & — G(xp, v, xsi, vsi) £ |I?

i=1 8
subjectto : f(t) = 0 ®

variables : f

Here, the quadratic programming method is used to solve Equation (8).

First, the impact location is approximated by conducting force history identification
at every grid node where the experimental transfer matrices were constructed. The loca-
tion of the node at which the objective function of Equation (8) becomes the minimum
is chosen as the initial coordinates of the estimated impact location (x., ye).

When the impact location is approximated as (x.,.), the estimated force history f, is
calculated at the location by employing Equation (8). Then, the accurate impact location
which minimizes the deviation between the measured strains and the strains calculated
from the estimated force history is obtained from the following minimization problem.

M

minimize : Y || & — G(xg, Y, Xsi, vsi) fe |1 9)
i=1

variables : xg, yg

Here, Equation (9) is solved using the conjugate gradient method with the golden sec-

tion search method. The estimated impact location is updated with the location obtained

from Equation (9), and the same process is repeated until the impact location converges

to a certain point.

Lastly, force history identification is performed at the identified impact location.

| Impact location estimation |

| Estimation of force history : Eq.(8) |<—|

Update the estimated
| Impact location identification : Eq.(9) | impact location

(Xer Yo) = (X, YE)
NO |

Convergence?

Force history identification : Eq.(8)

END

Figure 3. Flow chart of impact force identification.
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3. Impact tests

Figure 4 shows the FRP pressure vessel (Toray Industries SECURE CF TC8515) used
in this study. An empty vessel is placed on a cradle and fixed by two steel wires. The
length, outer diameter, and thickness of the pressure vessel are 473 mm, 173.5 mm, and
5.5 mm, respectively. As shown in Figure 5, the pressure vessel consists of an alumi-
num liner, a carbon FRP layer, a glass FRP layer, and a resin layer.

The schematic of the experimental setup is shown in Figure 6. Instruments used
to apply the impact forces are an impulse hammer (Dytran Instruments 5850B) and
a drop-weight impact tester (Instron Dynatup 9250HV). The impulse hammer is
used for the construction of the experimental transfer matrices, while the drop-
weight impact tester is used in the experiments for impact damage monitoring. Four
biaxial strain gauges are bonded on the outer surface of the vessel, and the strain
responses are recorded along with the force history by a data acquisition system
(Keyence NR-500). The sampling time is set as Aty =20 us. A computer is used to
identify the impact force from the measured data, and to estimate the impact dam-
age from the identified force.

As shown in Figure 4, the identification region of the impact force is 80 mm square.
The identification region is equally divided into four sections in the directions of the x
and y axes, which means that the experimental transfer matrices are constructed at 25
grid nodes. The number of impact tests conducted at each node for the construction of
the experimental transfer matrix is K = 5.

The details of the impact tests conducted for impact damage monitoring are summa-
rized in Table 1. In the table, the coordinates of the impact locations are indicated in
millimeters, and the origin of the coordinate system is placed at the center of the identi-
fication region as depicted in Figure 4.

Examples of force histories and the corresponding strain responses are shown in
Figure 7. Figure 7(a) is the data measured for constructing the experimental transfer
matrix at the center grid node, while Figures 7(b) and (c) correspond to Cases B and L
in Table 1, respectively. In the present study, an impact tip made of hard plastic was
attached to the impulse hammer, and a 0.625-inch diameter hemispherical tup insert
made of steel was attached to the drop-weight impact tester. As can be seen from
Figures 7(a) and (b), the peak and duration of the force differ between the impulse
hammer and the drop-weight impact tester. Moreover, when the impact energy is large
enough to induce impact damage, such as the case of Figure 7(c), a sharp drop and
some fluctuations can be seen in the force history.

(b) 100mm
O
g
gl o )
=
$ 20mm
.ﬂ
Biaxial strain gauge Identification region

Figure 4. FRP pressure vessel.



Downloaded by [Xian Jiaotong University] at 15:28 11 December 2014

Advanced Composite Materials 497
‘\ Resin layer

lass FRP layer
arbon FRP layer

7
—/ / Aluminum liner

Figure 5. Cutaway of FRP pressure vessel.
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Figure 6. Experimental setup.

The extent of impact damage was inspected after the impact tests with a
thermographic NDT system (Thermal Wave Imaging EchoTherm). Figure 8 shows the
thermal image taken after the impact test for Case N in Table 1. The shaded area was
considered as the impact damage, and the size was measured by counting the number
of pixels of the shaded area.

4. Results and discussion
4.1. Impact force identification

The identification results of impact location for the cases in which impact damage
was not induced, i.e. Cases A to J, are shown in Figure 9. In the figure, the marks
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Table 1. Details of the tests conducted for impact damage monitoring.

Impact energy Impact location (xg,yr) Peak force Impact damage

%) in mm Freax (KN) (mm?)
Case A 1 (-3, 27) 2.33 0
Case B 1 (3, -8) 2.51 0
Case C 1 (2, 18) 2.48 0
Case D 2 (—16, 25) 3.89 0
Case E 2 (17, —25) 3.69 0
Case F 2 (=18, —21) 3.79 0
Case G 2 (=5, —10) 3.45 0
Case H 3 (-13, 5) 438 0
Case | 3 (13, 10) 4.25 0
Case J 4 (18, 25) 4.77 0
Case K 7 (—13, 5) 4.92 564
Case L 7 (3, -8 4.60 173
Case M 9 (-3, 27) 4.85 890
Case N 9 (-5, —10) 4.76 817
Case O 9 (13, 10) 497 357
Case P 11 (—16, 25) 5.31 589
Case Q 13 (—18, —21) 5.45 1314

O and $8 denote the identified location and the measured location, respectively. The
coordinates of the identified locations and their errors are indicated in Table 2. In
order to examine the accuracy of impact location identification, the distance between
the identified location and the measured location will be defined as the identification
error. For the 10 non-damaged cases, the maximum error and the average error of
the identified locations were 11.6 and 5.6 mm, respectively. Figure 10 shows the
identification result of force history for Case E, whose error of the identified loca-
tion was 8.0mm. In this figure, the dashed and solid lines denote the identified
force and the measured force, respectively, and the mark - denotes the peak value
of each force. As can be seen from the figure, identified force overestimates
the force a little, but it is in good agreement with the measured one. The peak
value of the identified force was 9.3% larger than that of the measured force. As to
the maximum and average errors of the peak force for the 10 non-damaged cases,
they were 27.0 and 19.9%, respectively.

Figure 11 shows the identification results of the impact location for Cases K to Q,
in which the impact damage was induced. Refer to Table 2 for the coordinates of the
identified locations and their errors. The impact locations were identified within the
error of 7.6 mm. The results reveal that there is no large difference in the accuracy of
the identified impact locations between the damaged cases and the non-damaged cases.
Figure 12 shows the result of force history identification for Case N. Although the error
of the identified location was only 2.3 mm, the deviation between the identified force
and the measured force is rather large, compared to the non-damaged case shown in
Figure 10. A similarity in the shape of the force history can be seen, but the magnitude
is remarkably overestimated. The identified peak force was 53.1% larger than the mea-
sured peak force in this case. This deviation is caused by the degradation of the stiff-
ness due to the induced impact damage. In the present impact force identification, the
influence of the degradation of the local stiffness at the impact point is neglected in the
construction of the transfer matrices.
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Figure 7. Force history of the impact and the corresponding strain response. (a) Impulse
hammer (b) Drop-weight impact tester (E'=11J) (c) Drop-weight impact tester (£=71J).

Figure 8. Thermographic NDT of the impacted FRP pressure vessel (Case N).
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Figure 9. Identification results of the impact location for the cases in which impact damage was
not induced.

4.2. Impact damage monitoring

The location of the impact damage can be predicted with ease, owing to the high accu-
racy of the identified impact location. In order to estimate the extent of the impact dam-
age from the identified force, a relationship between the impact force and the induced
damage is essential.

First, the validity of using the peak value of the identified force for the estimation of
the impact damage will be examined. Figure 13 shows the correlation between the mea-
sured peak force Fpeq and the size of the induced impact damage. Let us note that, to
obtain the data shown in Figure 13, several more impact tests were conducted besides
the tests indicated in Table 1. In the figure, the dashed line shows the linear least squares
fit line determined using the measured peak forces of the damaged cases. As can be seen
from the figure, impact damage is induced when the peak force is larger than a threshold
value (=4.2 kN), and the size of the damage increases as the peak force increases.
Figure 14 shows the correlation between the impact energy £ and the peak force Fpeak.
In the figure, the marks <> and © denote the peak value of the identified force and that
of the measured force, respectively. The solid and dashed lines denote the linear least
squares fit lines determined using the measured data obtained from the impact tests of
the non-damaged specimens and the damaged specimens, respectively. The figure
reveals that the peak value of the identified force is linearly related to the square root of
the impact energy, which is similar to the following relationship obtained from a SDOF
spring-mass model [16] that assumes linear elastic response:

Fpeak =V 2K E (10)

where K represents the structural stiffness of an intact structure. In the case of the
measured force, the slope of the peak force changes at the point of 4.2 kN where the
impact force starts to induce damage and degrade the structural stiffness. As mentioned
before, the identified force tends to overestimate the actual force when damage is
induced by the impact, because the influence of stiffness degradation is neglected in
the impact force identification based on experimental transfer matrices. Therefore, when
the threshold value for damage initiation is determined experimentally, the peak value
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Table 2. Results of impact force identification.
Impact location Identified location Error Peak force Identified  Error
(XF, yF) in mm (xID’ yID) in mm (mm) F peak (kN) F peak (kN) (%)
Case A (-3,27) (0.0, 26.3) 3.1 2.33 2.70 15.9
Case B 3, -9 0.7, =5.9) 3.1 2.51 3.19 27.0
Case C 2, 18) (—2.5, 13.8) 6.2 2.48 2.88 16.4
Case D (—16, 25) (—20.0, 22.3) 4.8 3.89 4.53 16.6
Case E (17, —25) (9.0, —25.1) 8.0 3.69 4.03 9.3
Case F (—18, —21) (—24.4, —23.3) 6.8 3.79 4.53 19.5
Case G (-5, —10) (—4.2, -9.0) 1.3 3.45 4.32 25.2
Case H (—13,5) (-13.0, 1.9) 3.1 4.38 5.27 20.3
Case | (13, 10) 6.9, 4.1) 8.5 425 5.18 21.9
Case J (18, 25) (29.0, 28.6) 11.6 4.77 6.06 27.0
Case K (—13,95) (-9.5,0.0) 6.1 4.92 6.33 28.8
Case L 3, -9) 0.7, =3.1) 54 4.60 6.48 40.7
Case M (-3,27) (0.0, 31.7) 5.6 4.85 7.27 49.9
Case N (=5, —10) (-2.9, -9.2) 2.3 4.76 7.29 53.1
Case O (13, 10) 9.2, 6.2) 54 4.97 7.22 452
Case P (—16, 25) (—14.4, 21.5) 3.9 5.31 6.97 31.3
Case Q (—18, —21) (—25.3, —22.8) 7.6 5.45 8.40 54.1

of the identified force could be used to judge whether the structure is damaged or not.
On the other hand, it may be difficult to quantitatively assess the size of the impact
damage from the identified peak force.

Next, the duration of the force will be discussed. The correlation between the dura-
tion and the size of the induced impact damage is shown in Figure 15. The dashed line
in the figure shows the linear least squares fit line determined using the duration of the
measured forces for the damaged cases. As in the case of the peak force, impact
damage is induced when the duration is longer than a certain length (=3.53 ms), and
the size of the damage increases in proportion to the duration. Figure 16 shows the cor-
relation between the impact energy and the duration. In the figure, the linear least
squares fit line determined using the measured data obtained from the impact tests of

Figure 10.
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W
T
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|

Peak force
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Identification result of the force history for Case E (E=21).
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Figure 11. Identification results of the impact location for the cases in which impact damage
was induced.
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the non-damaged specimens and the line for the damaged specimens are shown by a
solid line and a dashed line, respectively. When the impact energy is small, the duration
does not vary with the impact energy. This fact corresponds to the duration determined
from the aforementioned SDOF spring-mass model, T, = n+/M;/K,, where M; is the
impactor mass. As the impact energy increases and damage is induced, the duration
becomes longer. In contrast to the peak force, the duration of the identified force agrees
well with that of the measured force, as shown in Figure 16. The maximum error
between the duration of the identified force and the duration measured was 12.9%.
Thus, by referring to a relation like Figure 15 that is predetermined experimentally, the
damage size could be estimated more accurately from the identified duration rather than
the identified peak force.

In this paper, small size of damages such as barely visible impact damages is
considered due to the low-velocity impacts by foreign objects which are stiff impac-
tors, such as stones, hail, and tools. In the case of damages by a soft impactor like
birds, it is necessary to reveal the relation between the impact damage and the force
applied by a soft impactor although the stiffness of the impactor could be estimated
roughly from the frequency components of the sensor responses.[17] The monitoring
of impact damages induced by soft impactors is a topic to be studied in a future
work.

5. Conclusions

A method which monitors impact damage of FRP pressure vessels through impact force
identification has been investigated in this paper. In order to obtain information on the
impact that causes the damage, the impact location and force history were identified by
using experimental transfer matrices which relate the impact force to the corresponding
strain responses. The identified impact location was used to predict the location of the
damage, while the peak value and the duration of the identified force history were used
to estimate the damage initiation and the damage size, respectively. The validity of the
method has been verified experimentally through the monitoring of impact damages
induced by drop-weight impact tests. The knowledge obtained from the results is sum-
marized as follows:

e By using the identification method based on experimental transfer matrices, the
impact location can be identified with sufficient accuracy, regardless of the devel-
opment of impact damage. Thus, the location of the damage can also be pre-
dicted accurately.

e The identified force history agreed well with the measured one when impact dam-
ages were not large. When a severe damage was induced, the peak value of the
identified force history tended to be overestimated because the degradation of the
structural stiffness due to the impact damage was not considered in the impact
force identification. Thus, the identified peak force is not suitable for estimating
the size of the damage quantitatively, but the initiation of the impact damage can
be judged by comparing the identified peak force with the critical peak force.
Damage size estimated from the duration of the identified force is considered to
be more accurate.
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