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Abstract

In this study, a procedure is devised, using the fundamental symmetric Lamb mode (So) to estimate the size of an impact-

induced delamination at the bottom interface of a composite laminate, which has been subjected to a low-velocity

impact. When So mode incidents at the edge of delamination, it propagates independently in 0� layer and the rest of

layers. Based on the propagation of So mode in the delaminated region, an expression is derived, which can estimate the

size of interface delamination using measured arrival times or Time-of-Flight (ToF) of So modes. Numerical simulations
were carried out on glass/epoxy (GFRP) cross-ply laminates ([0/902]s) to confirm the derived expression and eventually it

was validated through experiments carried out on [0/90/0] GFRP laminates. Moreover, the minimum detectable size of

delamination through the proposed method was estimated analytically and verified through numerical simulations.
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Introduction

The superiority of composite materials compared to

metals is due to their high specific strength and specific

modulus. The other added advantages of composite

materials are excellent fatigue-performance and corro-

sion-free maintenance. Because of this, composites are

extensively used in military and aerospace industries for

load-bearing applications.

In general, the damages that composites encounter

are more severe than their metallic counterparts are

prone to. Delamination is one such damage, which

debilitates the structure in compression and bending

loads. This damage is sub-surface in nature. It cannot

be gauged by the naked eye. Delamination-type

damage usually occurs on account of low-velocity

impact caused in turn by bird hits, debris on the

runway or even something as simple as the dropping

of a tool, during maintenance. For safe operation of

composite structures, quick and frequent inspection

techniques are required. Conventional C-scan and X-ray

techniques are tedious and time-consuming. There is

an urgent need for the development of new inspection/

non-destructive evaluation techniques for composite

structures.

Lamb waves are ultrasonic waves which propagate

in thin structural waveguides, whose thickness is much

less than the wave length of the Lamb modes.1 When a

Lamb mode propagates in a thin plate, all the particles

across the thickness of plate undergo in-plane and out-

of-plane deformations. Due to this, when a Lamb mode

encounters a sub-surface damage, it gets modulated

and gives rise to mode conversion, change in velocity,

reduction in amplitude, scattering, reflection, etc. In

general, all these features are explored in Lamb wave-

based damage detection techniques.
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Earlier, studies were carried out on interaction of So
Lamb mode with delaminations in cross-ply laminates.2

Wave groups reflected from the delamination edges

were studied. When a delamination was located sym-

metrically across the thickness of the plate, no reflec-

tions were observed. This was attributed to zero shear

stress at the delamination interface. The reflected wave

groups were used to locate the delamination.3 When a

Lamb wave propagates through a defect, wave velocity

reduces due to reduction in local stiffness. Some work

was carried out to detect damage in composites based

on this phenomenon.4–8

Valdes and Soutis9 and Ip and Mai10 detected de-

laminations in composite laminates using the reflected

wave groups from delamination edge. Su and Ye11

developed a Lamb wave-based quantitative technique,

using artificial neural network, for identifying delami-

nations in CF/EP composite structures. Duflo et al.12

characterized defects in the bonding of carbon/epoxy

(CFRP) composite laminates using Lamb waves. Air-

coupled transducers were used to obtain C-scan images

of the transmitted signal when the plate was moving

between the two transducers. Contact transducer and

laser interferometer were used for studying Lamb wave

propagation through the defect. The size and flaw area

were estimated. Toyama and Takatsubo13 proposed an

inspection technique using symmetric Lamb mode (So)

to detect impact-induced delamination in composite

laminates. This technique requires two line scans.

Change in wave velocity and amplitude, due to delam-

ination, were the criteria used for damage detection.

Hayashi and Kawashima14 studied the reflection of

Lamb modes at the delamination edges through strip

element15,16 based numerical models. Palacz et al.17

studied the propagation of flexural-shear coupled

wave in a delaminated multi-layered composite beam,

using spectral finite element (FE) method. Ramadas

et al.18–20 studied through numerical simulations and

experiments, the interaction of Ao mode with symmet-

ric and asymmetric delaminations in composite plates.

Based on these studies, a methodology was proposed to

detect the size of delamination using Ao and mode con-

verted Ao modes. This technique does not require a

signal from healthy region.20

In this study, a methodology to detect the delamina-

tion size due to low-velocity impact is worked out using

ToF of So modes propagating in the delaminated region.

An expression was derived based on the propagation of

So mode through the sub-laminates, which were formed

due to delamination at that location. Initially, this

expression was verified on [0/902]s cross-ply laminate

through numerical simulations and eventually experi-

mental verification was carried out on [0/90/0] cross-

ply laminate. The minimum detectable delamination

size is also estimated through a supplementary equation.

So mode propagation through

delamination

In low-frequency thickness region, the velocity of So
mode is higher than that of Ao mode. The influence

of in-plane stiffness on So mode velocity is higher

than that on Ao mode velocity. It was demonstrated

that in cross-ply laminates ([0/90n]s), due to delamina-

tion no interfacial continuity between layers 0� and

90� exists.4,5 Because of this, Lamb mode propagates

independently in these layers. In impact type damage,

multiple delaminations start at various interfaces in

cross-ply and quasi-isotropic laminates. From analyti-

cal and experimental studies,21–25 it was concluded that

in low-velocity impact damage, the delamination starts

at the bottom-most ply and propagates in the direction

of fibers for both the cross-ply and quasi-isotropic

laminates. The delaminated area resulting from low-

velocity impact has an oblong shape (‘peanut shape’)

inclined toward the direction of fibers, in the lower plies

at the interface.26 When So mode propagates in the

delaminated region, the wave propagates independently

in 0� layer and rest of the layers.13 Since So mode veloc-

ity depends on in-plane stiffness, its velocity is high in

0� layer (thin sub-laminate) than that in rest of the lam-

inate (thick sub-laminate). Based on the above discus-

sion, Toyama and Takatsubo13 derived the following

expression:

ti � to ¼ L
1

Vi

�
1

Vo

� �

ð1Þ

where Vi and Vo are So mode velocities of the healthy

laminate and 0� layers, respectively, and ti and to the

corresponding arrival times. Equation (1) can be used

to evaluate quantitatively the length of delamination at

bottom interface (L), due to low-velocity impact, by

measuring the arrival time of transmitted wave group

along 0� direction. Toyama and Takatsubo13 demon-

strated experimentally, the procedure to evaluate the

delamination type damage. In Equation (1), to estimate

the delamination size, a reference signal from healthy

region is required. While deriving Equation (1), there is

an explicit assumption that the distance between the

transmitter and receiver should not change while cap-

turing the signals at healthy and delaminated regions.

It was shown in the study of Toyama and

Takatsubo13 that So mode propagates in 0� layer and

the rest of the laminate independently. The main char-

acteristic of low-velocity impact-induced delamination

is that the size of delamination at the bottom-most

interface is higher than that at other interfaces. In

cross-ply laminates ([0/90n]s and [0/90]ns) 0
� layers are

always positioned at the top and bottom surfaces, fol-

lowed by 90� layers. In impact-induced delamination,

Ramadas et al. 857

 at UCSF LIBRARY & CKM on March 10, 2015jrp.sagepub.comDownloaded from 



the size of interface delamination at the bottom 0� and

90� layers is maximum. Above this 90� layer, there may

be either 90� or 0� layer. The size of delamination

between these two layers will be less than that at the

bottom most interface. As we move ahead towards the

top most layers, the sizes of delamination between

interfaces will gradually reduce and some interfaces

may not have any delamination. For instance, assume

that So is generated at the transmitter, as shown in

Figure 1. So mode propagates in the main laminate

and incidents at the front edge of delamination (P). It

splits here and propagates independently in bottom 0�

layer and the other layers. The top interfaces may not

have any delaminations. Even if they have, the sizes of

delaminations are much smaller than at the bottom

most. So modes propagating in the top layers have

lower velocity (because of majority of 90� layers) than

in the bottom 0� layer, and also So modes undergo

interferences at the exit of delamination and propagate

as a single So mode in the main laminate. From this

analysis, it is inferred that So modes propagate indepen-

dently in 0� layer and the rest of the laminate in an

impact-induced delaminated region. Since the in-plane

stiffness of 0� layer is greater than that of the rest, So
mode propagates faster in 0� layer. The So mode in 0�

layer reaches the rear edge of delamination (Q) faster

than its counterpart propagating in the rest. Based on

the size of delamination, the wave groups on reaching

Q either undergo interference or propagate indepen-

dently in the main laminate. Based on this propagation

phenomenon, the following equation can be derived:

�t ¼ t2 � t1 ¼ L
1

V1

�
1

V2

� �

ð2Þ

where t1 and t2 are the arrival times of So mode in 0�

layer and rest of the layers, respectively. Since So mode

has higher velocity than Ao, the first two wave groups

at the leading edge of the captured signal correspond

those propagated through 0� layer and rest of the

layers. Equation (2) was validated through numerical

modeling and eventually through experimentation.

Numerical modeling

All numerical simulations were carried out using FE

code ANSYS27 on glass/epoxy (GFRP) cross-ply lam-

inate having lay-up [0/902]s. Numerical simulations

were carried out on four different sizes of delamina-

tions, 70, 65, 60, 55, and 45mm. In the following par-

agraphs, the procedure adopted for numerical modeling

on [0/902]s laminate, containing 60-mm size delamina-

tion is described in detail.

In the given laminate, there were six plies (two 0� plies

and four 90� plies). In FE model, each ply was modeled

separately and the properties were attributed. The thick-

ness and length of each ply were 0.33 and 300mm,

respectively. The total thickness of laminate worked

out to 1.98mm. The properties of glass/epoxy lamina

are shown in Table 1. The central frequency of excitation

and number of cycles were 200kHz and 5, respectively.

The excitation pulse was a tone burst modulated with

Hanning window. The element used for modeling was

an eight-node plane strain element with two translational

degrees of freedom at each node. The size of element was

0.165mm in the thickness direction and 0.25mm in length

direction. Attenuation was not considered in numerical

modeling. Delamination was modeled by de-merging

the nodes at the delamination region.2 To excite pure

Figure 2. In-plane and out-of-plane displacement patterns to

be given across plate thickness to excite So mode at 200 kHz.

Table 1. Material properties

Material E11 (GPa) E22 (GPa) �13 �23 G13 (GPa) � (kg/m3)

Glass/epoxy 44.68 6.90 0.280 0.355 2.54 1990

Figure 1. Propagation of So mode in a delaminated composite

laminate.
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So mode in [0/902]s laminate at 200kHz, the in-plane and

out-of-plane displacement patterns (obtained from

DISPERSE28) to be given to the particles across the thick-

ness of plate are shown in Figure 2. So mode in the main

laminate was excited by giving this displacement pattern

across the thickness of plate. Similar procedure was

adopted to model the other delamination sizes as well.

The group velocities of So mode in 0� layer and the

rest, obtained from DISPERSE, are 4765.9 m/s and

2064.1m/s, respectively.

The distance of separation between the transmitter

and receiver was 120mm (D), as shown in Figure 1.

Initially, numerical simulation was carried out in the

intact/healthy region. A-scan obtained at healthy region

is shown in Figure 3(a). Since there was no delamination

in the path of propagation, So mode did not get modu-

lated. A-scans obtained at 70, 65, 60, 55, and 45mm

regions are shown in Figure 3(b)–(f), respectively. A

video envelope was fitted over each A-scan. The peak of

this envelope, shown in Figure 3(b), was taken as the rep-

resentative arrival time of that whole wave group. The size

of delamination was estimated using Equation (2). Table 2

lists the estimated delamination sizes in all four cases.

Experimental work

Fabrication of specimen

Experiments were carried out on cross-ply laminates.

Two glass/epoxy laminates of [0/90/0] lay-up, with

Figure 3. A-scans from numerical simulations captured at (a) 0mm, (b) 70mm, (c) 65mm, (d) 60mm, (e) 55mm, and (f) 45mm

delamination locations.
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delamination interface between [0] and [90] plies were

fabricated using resin film infusion (RFI) technique.

The thickness of each ply was 0.33mm. In each lami-

nate, there were three plies (two [0] plies and one [90]

ply); so, the thickness of each laminate was 0.99mm.

The fabrication technique for [0/90/0] laminate with a

40 mm delamination length, with delamination inter-

face between [0] and [90] plies has been described

below.

Four GFRP cross-ply laminates each of 0.99mm

thickness with [0/90/0] lay-up were prepared using

RFI technique. A resin film was sandwiched between

the two plies. Such sandwiches were placed one above

the other till the desired thickness was reached. A brass

strip of 0.05mm thick, 40mm width (delamination

length), and 100mm length (80mm length was kept

inside the laminate and remaining 20mm was project-

ing out) was inserted between 90� and 0� plies from one

of the sides of the laminate. The brass strip was coated

with poly vinyl alcohol for easy removal from the

laminate after curing. Sufficient bleeder was used to

absorb any excess resin. A vacuum bag was placed on

the top and sealed with a sealant tape. A thermocouple

was placed on the top of the job to continuously mon-

itor the temperature during curing. The job was heated

at a rate of 2�C/min up to 80�C, soaked for 30min

followed by heating up to 120�C and soaked for

60mn. After completion of heating cycle, the job was

allowed to cool to room temperature. The brass strip

was removed by subjecting to four point bending. Thus,

a delamination of 40mm length was created in the lam-

inate. The laminate was cut into length and width of

400 and 300mm, respectively. The lamina properties of

this laminate are given in Table 1.

The same fabrication technique (RFI) as described

above was used for making laminate of [0/90/0] lay-up

with 35 mm delamination size. Delaminations intro-

duced in two laminates of [0/90/0] lay-up, divided

each laminate into two sub-laminates, [0/90] and [0],

at the delamination region.

Figure 4. Schematic of experimental setup.

Table 2. Predicted delamination sizes from arrival times of So modes in numerical modeling on [0/902]s laminate

Actual delamination size (mm) t1 (ms) t2 (ms) �t¼ t2� t1 (ms) Predicted delamination size, L (mm)

70 46.4 65.95 19.55 71.1

65 47.85 65.4 17.55 63.9

60 49.5 65.3 15.8 57.5

55 49.7 64.35 14.65 53.3
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Experimental setup

The schematic experimental setup, as shown in Figure 4,

consists of a signal generator, power amplifier, 200-

MHz A/D card, signal conditioner, and a laptop com-

puter. The probes used were contact probes mounted

on variable angle shoes, which were made with perspex

material. Water was used as couplant between the inter-

faces, i.e. probe and angle shoe, laminate, and angle

shoe. The central frequency of excitation was

0.5MHz and there were five cycles. The angle of the

transducer to be set, based on the phase velocity of

Lamb mode (So) to be generated and received, was

calculated using Snell–Descartes law. Phase velocity

of So mode in GFRP laminate was obtained from

DISPERSE.

A-scans from experiments

The distance of separation between the transmitter and

receiver was fixed at 120mm (approximately). The

angle of transducers with respect to vertical was

adjusted at 44.26�. Initially, the transmitter and receiver

were positioned at healthy region. There was no delam-

ination in the propagation path of So mode from the

transmitter to receiver. The A-scan obtained at this

region is shown in Figure 5(a). Now, the transmitter

and receiver were moved in such a manner that the

delamination of size 40mm was in between them.

Figure 5(b) shows A-scan obtained in this configura-

tion. Similarly, one more A-scan was captured, which

is shown in Figure 5(c), keeping the delamination of

size 35mm in between the transmitter and receiver.

On each experimental A-scan, video envelope was

fitted, and the peak of this envelope was taken as the

representative arrival time of that wave group. Table 3

lists the arrival times of So wave groups in each delam-

ination case. The group velocities of So mode in the

sub-laminates [0] and [0/90] obtained from DISPERSE

were 4765.9m/s and 2757.7m/s, respectively. The sizes

of delaminations, estimated using Equation (2) were

shown in Table 3.

Results and discussion

Numerical simulations were carried out on cross-ply

laminates introducing four delaminations of different

sizes from 70mm to 50mm. Table 3 lists the arrival

times and difference in arrival times of Lamb mode,

So. The difference in arrival time decreases with decrease

in the size of delamination, as shown in Table 3. This

can also be deduced from Equation (2), which gives an

estimate of the size of delamination. In Equation (2), the

size of interface delamination is directly proportional

to the difference in the arrival times of So modes.

The delamination sizes predicted using Equation (2)

are in concord with the actual values.

Ramadas et al.20 while proposing a methodology to

predict the delamination size using Ao and So modes

derived an expression to estimate the minimum size

of detectable delamination (Lmin). This expression

requires the group velocities of Ao and So mode

Figure 5. A-scans from experiments captured at (a) 0mm, (b)

40mm, and (c) 35mm delamination locations.
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velocities. In this study, So modes were used for the

prediction of delamination size. Based on this, the

expression20 can be modified as follows:

n

2f
¼ Lmin

1

V1

�
1

V2

� �

ð3Þ

where f and n are the excitation frequency and number

of cycles, respectively. In numerical simulations, since,

the excitation frequency (200 kHz), number of cycles

(five) and the group velocities of So mode were known,

the estimated minimum size of detectable delamination

(Lmin) was 45mm. Figure 3(f) shows A-scan obtained

through numerical simulations carried out on a cross-

ply laminate containing 45mm delamination. In this

A-scan, since there is interference between So modes

propagating through the thin and thick sub-laminates,

it is difficult to identify the arrival time of each So mode.

In such cases, to use this methodology, a suitable algo-

rithm which can separate the signals undergoing inter-

ference, may have to be employed. Experimental

validations were carried out on [0/90/0] cross-ply lami-

nates containing 40 and 35mm delamination sizes at the

interface of 0� and 90� layers. The arrival times of So
modes in experimental A-scans were obtained by fitting

a video envelope over the signal. Thus, obtained arrival

times and difference in arrival times are listed in Table 3.

Using the group velocities of So mode in the

sub-laminates ([0] and [0/90]) and the difference in arri-

val times, the estimated delamination sizes were 38.6 and

33.4mm, whereas the actual sizes were 40 and 35mm,

respectively. The predicted delamination sizes are in con-

currence with the actual values. Conventional C-scan

was carried out on delaminated regions. Figure 6

shows the C-scan images obtained over 35 and 40mm

delamination regions. The predicted sizes of delamina-

tions from C-scan images were 34 and 42mm. The min-

imum size of detectable delamination was also estimated

in [0/90/0] laminate. This value worked out to 32mm.

From the above discussion, it is concluded that in

cross-ply laminates, ([0/90n]s and [0/90]ns), the size of

delamination at the bottom interface can be determined

using the ToF of So mode in 0� layer and the rest with-

out any base line data or reference signal.

Conclusions

An expression, which can predict the size of delamina-

tion at the bottom interface without recourse to a ref-

erence signal, was derived. This expression was verified

through numerical simulations and eventually validated

by experiments. An existing expression for prediction

of the minimum size of detectable delamination was

modified to suit this study and used to predict the min-

imum size of detectable delamination in both numerical

simulations and experiments.

Figure 6. C-scan images obtained over (a) 35mm and (b) 40mm delamination regions.

Table 3. Predicted delamination sizes from arrival times of So modes in experiments on [0/90/0] laminate

Actual delamination size (mm) t1 (ms) t2 (ms) �t¼ t2� t1 (ms) Predicted delamination size, L (mm)

35 60.9 66.0 5.1 33.4

40 64.1 71.0 5.9 38.6
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