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Abstract—This work exploits terahertz (THz) imaging in the 

real-space and the spatial-frequency domain to determine 

nondestructively the evolution of the main characteristics of a 

woven glass-fiber reinforced polymer (GFRP) laminate in 

three-dimensions in-situ during a tensile test. These 

characteristics include tow orientation and the weave period. 

The surface and the inner plies can be investigated with the 

proposed method. The results show how the tows tend to realign 

with the load direction. In addition, we detect a decrease in the 

weave period, manifesting a distortion of the surface and inner 

layers as the stress is increased. Contrary to conventional 

optical inspection, THz inspection can provide quantitative 

measurements in all material layers and not only on the surface. 

This technique could be helpful to monitor distortion and 

damage due to mechanical stress or defects incorporated during 

the manufacturing process and to validate parameters and 

results of draping process modeling, especially for the inner 

plies.  
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 INTRODUCTION 

Fiber-reinforced polymer composites are commonly 

employed as structural materials in applications requiring 

lightweight properties. The individual properties of the 

polymeric phase and the fiber reinforcements, as well as 

the way their spatial distribution, determine the mechanical 

performance of the composite [1–3]. More specifically, 

due to their remarkable mechanical properties, multi-ply 

composites with woven fabrics are currently employed in 

high-demand applications, such as aerospace [4–8]. 

Stresses suffered in service can damage these materials, 

reducing their performance and adversely impacting 

safety. In addition, tow orientation in the inner plies might 
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also be distorted during the manufacturing process in 

complex shaped structure [9,10]. It could induce 

unexpected local stress concentration which will lower the 

lifetime of the component. Therefore, it is common 

practice to perform routine inspection with the aim of 

detecting incipient fracture or other failure and validating 

results from draping process modeling. 

The nondestructive evaluation (NDE) of fiber-reinforced 

composites is a field in continuous development due to its 

high technological importance for the early detection of 

defects. Terahertz (THz) imaging is gaining interest as a 

technology for NDE of a wide range of materials, and in 

particular for fiber-reinforced polymers such as glass-fiber 

(GFRP) and carbon-fiber (CFRP) reinforced polymers. 

Compared to other currently employed techniques, such as 

ultrasound [11–15] and X-ray tomography [16], THz NDE 

combines good transverse resolution (in the hundreds of 

µm) with the absence of ionizing radiation (thus safe to 

use). THz technology has already been used for detecting 

damage in composite materials – most often delamination 

– induced by tensile stress or impact tests, for instance in 

[17–21]. THz techniques have also been applied to 

evaluate fatigue-induced damage [22], heat damage 

[23,24], and laser shock [25], after manufacturing [26] or 

to evaluate the moisture content [27]. In addition to 

damage observation, THz is a promising technique to 

measure the matrix characteristics in the composite and the 

relative orientation of the fiber tows. Indeed, it has been 

shown that adding other plastics in a base resin during the 

compounding process can be evaluated from the THz 

refractive index [28–30]. Other works have shown that the 

THz absorption coefficient and refractive index can be 

used to characterize the plastic matrix of a composite [31]. 

Concerning the relative orientation of the tows , good 

results have already been achieved for unidirectionally 

oriented composites [32–37], while it is more challenging 
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in woven composites, where the fiber tows are present in 

multiple directions and due to the weave pattern are not 

purely planar. A recent contribution to the evaluation of the 

weave structure of a woven composites with THz has been 

made in [38], where the authors use the change in the 

transmittance spectrum when the polarization direction is 

parallel to the warp or the weft direction. 

In this work, we use a recently reported THz-based image 

processing approach proposed by our team [39] to account 

for the fabric’s distortion during a tensile test in samples of 

thermoplastic-based GFRP reinforced by woven glass 

fibers. The approach hinges on analyzing the two-

dimensional fast-Fourier transform (2D-FFT) modulus-

squared pattern to extract the tow orientations and weave 

periods and is inspired by Refs. [40–42] on image analysis. 

It is known that off-axis tensile tests on woven composites 

will induce an significant reorientation of the fibers along 

the loading direction, distorting the fabric pattern [43,44]. 

This induced distortion affects the weave period, which, 

with the tow  orientations [7,45,46], determines in part the 

mechanical properties of the composite [47–49]. Also, the 

shear properties of a woven structure are typically 

estimated by performing bias-extension tests (i.e., tensile 

tests with the woven structure oriented 45°/-45°) 

[44,50,51]. Therefore, monitoring tow orientation and 

weave period would also enable one, in real-time, to assess 

the mechanical properties of the composite. By our 

proposed method, we can track the orientation of the warp 

and weft bundles, and the weave period, as a function of 

the applied load. We show that this monitoring can be 

performed on the woven structure in the surface layers as 

well as on the fabric in inner plies. The distortion of the 

initial weave structure can be understood as a measure of 

the damage caused to the composite. This approach, 

perhaps supplemented by visual inspection, may provide 

an adequate understanding of the material’s behavior in 

service. 

In this paper, after introducing the material under study, 

preliminary tensile experiments are detailed to validate the 

parameters of the in-situ tensile tests in the THz scanner. 

Then, we present the results of the proposed THz-based 

image processing approach, for monitoring the structure of 

the woven fabric in the surface plies. Comparison is 

performed with measurements based on photographic 

images and with the analytic kinematic relation of the bias-

extension, which links the in-plane shear angle to the 

extension of the sample. Finally, we demonstrate the 

capability of the proposed procedure to measure the state 

of the inner plies. In short, for the first time, we use THz 

imaging together with spatial Fourier transform of the 

images to detect in a nondestructive fashion stress-induced 

distortion of the weave pattern in GFRP laminates, not 

only in the surface plies, but also for inner plies. 

 

 

 

 EXPERIMENTAL CONDITIONS AND SETUP 

Materials studied and preliminary experiments 

The samples under investigation are polyamide 6 

reinforced by 4 plies of 2/2 twill woven glass fibers 

manufactured by BÜFA (Oldenburg, Germany). All five 

rectangular samples considered in this paper are oriented 

at ±45° to the sides of the rectangular samples. The yarns 

oriented at 45° will be referred to as the warp and the ones 

oriented at -45° as the weft. The samples have been cut to 

a dimension of 117.5 x 30 x 2 mm3. Preliminary tensile 

tests have been carried out on two samples to measure the 

mechanical properties. A Z50 tensile test machine from the 

Zwick Roell group (Ulm, Germany) was used. We 

measure the strain using an extensometer from Epsilon 

Technology Corp (Jackson, Wyoming, USA), Model: 

3542-025 M-010-ST) that clips on the sample to have a 

reliable measurement of the displacement. However, as the 

sample deformation before the breakage is large, we can 

only consider a maximal applied loading of 80 MPa when 

the contact extensometer is used to avoid damaging the 

latter. With this set-up, we extracted the Young modulus. 

Another experiment we carried out (without the contact 

extensometer) is to place the sample under tensile strain 

until sample breakage to obtain the stress to failure. The 

extracted mechanical properties of this composite are 

given in Table 1.  

Young modulus (GPa) Stress to failure (MPa) 

7.7 180 

Table 1: Measured mechanical properties of the polyamide 

6/woven glass fibers with the tows oriented at ±45° 

We placed the samples in a tensile test stage from 

Miromecha (Metz, France, Model: Aquilax Max) for the 

in-situ THz scan. It has a force limit of 10 kN and a 

displacement resolution of 20 nm. After placing the sample 

in the stage, an area of 37 x 60 mm2 only can be scanned 

due to geometrical constraints. We know that during a 

tensile test on a woven structure oriented ±45°, with its 

initial length twice as long as its width, its deformed state 

can be divided in three zones A, B, and C (see Figure 1) 

[44,50,51]. As both ends of the specimen are clamped, 

there is no deformation in zone A. In zone C, both warp 

and weft have their ends free, leading to a constant pure 

shear deformation in this zone. Finally, in zone B, only one 

yarn direction is free, the other is being clamped, leading 

to a shear deformation of half the value of the one in zone 

C. Thus, in order to properly measure the variation of the 

yarn orientation, images have to be taken in zone C. It 

should be added that as the tensile stage applies a tension-

tension loading, the center of the sample will remain fixed.  

Consequently, the THz scan can always be performed in 

zone C while keeping the same scanning parameters.  



 

 

 

 

Figure 1: Woven fabric before (left) and after (right) a 

bias-extension test. The sample is clamped top and bottom.  

No deformation in zone A. In zone C, the two yarn 

directions have free ends leading to pure shear 

deformation. In zone B, one yarn direction has free ends 

leading to a shear deformation of half the value of zone C 

[44] 

It is known that the polyamide 6 matrix experiences time 

dependent strain increase while maintaining a force due to 

its viscous properties [52,53]. In addition, the in-situ THz 

scans can take several tens of minutes to hours, depending 

on the spatial step size. To avoid artifacts in the THz-C 

scans, the sample displacement needs to remain small 

compared to the scan step size. We therefore perform a 

preliminary creep test to evaluate the magnitude of this 

deformation. This creep test is performed using the above-

mentioned Z50 tensile test machine and extensometer. The 

sample is loaded until reaching 100 MPa, after which the 

load is maintained for 9000 s. Of note, since the 

extensometer could be damaged when measuring a 

deformation greater than 10 %, the extensometer was 

installed on the sample only after reaching the targeted 100 

MPa (at t=0 on the Figure 2).  

 

Figure 2: Displacement/time curve from a preliminary 

creep test performed on a polyamide 6/woven glass fibers 

with the fiber tows oriented at ±45° loaded at 100 MPa 

during 9000 s. The curve describes the displacement after 

100 MPa is reached. 

The results are shown in Figure 2.  A large displacement is 

observed right after the load is applied, with total a of 0.38 

mm for 9000 s of applied loading. However, a 

displacement of only 0.080 mm occurs between t = 3000 s 

and t = 9000, so for 6000 s of applied loading. 

Consequently, for our in-situ measurements, we choose to 

wait for 5400 s before starting the THz scan to limit this 

creep displacement during the data acquisition. In addition, 

a step size of 0.5 mm was chosen since the duration for a 

37 x 60 mm2 scan is about 5040 s. As we can expect a 

displacement of only 0.080 mm, it will not affect the results 

significantly.  

THz C-Scan and signal processing 

We analyze a total of five nominally identical samples 

using the same procedure. Each sample is placed in the 

tensile stage, and we perform a THz scan with a step size 

of 0.5 mm, for the x and y directions along a surface of 37 

x 60 mm2. The samples are all scanned before applying any 

force in order to determine their initial structure. Then, we 

run a THz scan for every step of 20 MPa of applied stress 

(keeping the force constant during the scan) until reaching 

140 MPa. Beyond this value the samples broke likely 

because of creep fatigue induced by the prior loading 

procedure that the samples undergo. This leads to a total of 

eight scans per sample. 

We conduct a THz time-of-flight tomography (TOFT) 

experiment to stratigraphically map the samples at a room 

temperature of 22°C. These experiments were performed 

using a TeraView TPS Spectra 3000 (TeraView, 

Cambridge, UK). The sample surface is scanned pixel by 

pixel with a 0.5 mm step in both the x and y directions. At 

each pixel, a THz pulse is launched toward the sample, and 

the reflected signal is measured. Due to the refractive index 

mismatch between the air and the sample, and between the 

different components inside the sample which determine 

the Fresnel coefficients, we measure a set of time-delayed 

reflected pulses or echoes corresponding to different 

interfaces (c.f. Figure 3). This allows us to easily analyze 

the inner structure of the material by time-windowing the 

measured signals. The transverse resolution of the 

terahertz beam is ~0.3 mm at 1 THz, while its axial 

resolution is ~46 µm. 

 

Figure 3: Typical THz time-domain waveform from a 

sample. Several echoes are visible, corresponding to the 

different interfaces.  The locations of the four layers of the 
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sample are indicated on the figure. The vertical lines are 

added to indicate the interfaces between the plies. 

The five different THz datasets are analyzed according to 

the methodology described below. First, we process the 

raw data by applying a bandpass filter with a frequency 

range from 0.2 THz to 1.5 THz. The resulting pulses were 

then filtered by wavelet denoising [54,55]. In this work, a 

symlet 4 wavelet was used, with a maximum level of 7, and 

the noise was removed by soft thresholding the least 

significant wavelet coefficients. The subsequent analyses 

are then performed on the 74 x 120 pixels C-scan data, 

performed at selected time slices, corresponding to the 

investigated layer of the sample. Figure 4 shows a 

representative surface C-scan. The initial perpendicular 

orientation of the fiber tows at ±45° from the vertical and 

horizontal axes can be observed in red on the C-scan. The 

two-dimensional fast Fourier transforms (2D-FFT) of the 

C-scans data are computed and filtered with a vertical and 

horizontal band-pass filter in order to isolate the 

information relate to the weave structure. The resulting 

2D-FFT pattern allows the measurement of the tow 

orientation and of the weave period, for the warp and weft 

directions, at each of the different applied stresses. A 

schematic representation of these quantities is displayed in 

Figure 4.b.  A more detailed explanation of this 

methodology can be found in [39]. 

 

Figure 4. a: THz C-scan at the air-sample interface in 

Sample 1. The ±45° tow orientation is visible. b: Schematic 

representation of the weave period (𝑑𝑆𝐷) and angle (𝜃𝑆𝐷).  

An example of the 2D-FFT modulus-squared pattern 

obtained with the methodology mentioned is depicted, in 

Figure 5.a, for sample 1 with no stress applied. The four 

visible peaks in the spectrum represents the periodicities 

observed in the C-scan, which reflect the weave. Due to the 

pattern symmetry, only its bottom part will be considered. 

Two sets of spatial-frequency coordinates, [𝑢1, 𝑣1] =

[−0.18 mm−1, 0.18 mm−1] and [𝑢2, 𝑣2] =

[0.19 mm−1, 0.178 mm−1], are obtained. From this, the 

tow orientations and the yarns period can be calculated, 

giving respectively -45° and 4.0 mm for the warp and 46.9° 

and 4.0 mm for the weft direction and period. 

To validate the THz-based approach just discussed, a 

comparison analysis including direct measurements from 

photographs is also performed. For this purpose, we took 

photos of the top surface of samples for various applied 

stresses using a 4000 x 2250 pixels digital camera to reach 

a 30 um/pixel resolution. The variation of the two tow 

orientations and the period, have been measured with 

ImageJ software. Several yarns in zone C from Figure 1 

were measured and averaged for each applied stress. These 

measurements confirmed the aforementioned values 

obtained on sample 1. The other direct measurements will 

be presented in the following section 

 

 RESULTS AND DISCUSSION 

We will now present the evolution of the tow orientation 

and weave period while increasing the applied stress 

measured in situ by THz experiments. Results were 

obtained for the samples’ top surface and inner plies.  

Tow orientation and weave period at the top surface 

In Figure 5.b, we present the evolution of the orientation 

of the warp and weft with the applied stress on sample 1. 

The orientation angles tend to decrease when increasing 

the applied load, implying that the tows are preferentially 

re-aligned toward the loading direction. The orientation 

angle of the warp continues to reduce by 30 % from its 

initial value at 140 MPa. Of note, the orientation of the 

weft cannot be measured after 100 MPa due to the 

development of stress-induced surface damage, with 

cracks and fiber buckling (see Figure 6), as is typical for 

off-axis tensile stress applied to woven fiber composites 

[45]. 

(a) 

(b) 



 

 

 

 

Figure 5: a: Results of the 2DFFT procedure on the 

sample 1 (no stress applied) with the two tow orientations 

detected. The two orientations +45° and –45° can be 

obtained. A mirror symmetry due to the 2DFFT is visible. 

b: Evolution of the two tow orientations with applied stress 

on sample 1. One of the orientations cannot be measured 

after 100MPa 

 

 

Figure 6: Photograph of top surface of one sample when 

reaching 140 MPa. Several cracks are visible inducing 

amplitude loss in the reflected THz signal. 

In order to assess the width of the distribution of tow 

orientation, Figure 7.a shows the average and the standard 

deviation of the orientation over all five studied samples at 

each stress level. Again, we observe an overall decrease of 

the orientations with loading in these average values. The 

standard deviation across measurements is ~4° (8.9 %) for 

the warp and weft tows over all applied stress loading. The 

two tow orientations follow the same evolution with the 

applied stress consistent with the sample symmetry and 

loading. Of note, only one measurement has been obtained 

for the weft direction at 140 MPa, accounting for the zero 

value of the standard deviation appearing in the figure.  

An important observation from these results is that fabrics 

in the unstressed, as-manufactured GFRPs studied are not 

ideal in that their orientation deviates slightly from the 

expected 45°. The technique employed here is able to 

reveal such deviations that, in turn, may affect the 

mechanical and other properties [56]. In the sequel, to 

focus on stress-induced changes, the measured tow 

orientations are shifted in in Figure 7.b, for each sample, 

to start at 45° when no stress is applied. The data averaged 

over all samples are shown in Figure 7.b with the new 

computed standard deviation. We notice an apparent 

overall decrease in the latter. Indeed, the range of the 

standard deviation now remains around 1° (2.2 %). This 

confirms that the distortion of the weave structure during 

the in-situ tensile test exhibits the same trend over the five 

investigated samples.  

 

Figure 7. a: Variation of tow orientations (warp: blue, 

weft: red) as functions of stress obtained from surface THz 

data. The mean (central curve within the respective band) 

has been calculated over 5 samples; bands indicate one 

standard deviation from the mean. b: Variation of tow 

orientations as functions of stress with the values shifted in 

order to have all the orientations at 45° at 0 MPa. Both 

figures show a clear decrease of the orientation angle 

indicating the distortion of the weave pattern induced by 

the applied loading. 

Figure 8.a (warp) and Figure 8.b (weft) shows the tow 

orientations on the sample surface obtained with direct 

measurements from sample photographs. Good agreement 

between the THz and visual data is observed.  

 

(a) 

(b) 

(b) 

(a) 



 

 

 

 

Figure 8: Variation of tow orientations (a) warp and (b) 

weft as functions of stress, with the values for each sample 

shifted to 45° at 0 MPa, obtained from surface THz data 

compared with photographs. The mean (central curve 

within the respective band) has been calculated over 5 

samples; bands indicate one standard deviation from the 

mean.  Good agreement between THz and visual data is 

observed. 

 

Additionally, we measure the change in the weave period 

for each applied stress level. As for the tow orientation, all 

five samples are analyzed with the mean and standard 

deviation shown in Figure 9.a and b, for respectively the 

warp and weft. The standard deviation is about 0.14 mm 

(3.6 %) for the warp and 0.1 mm (2.6 %) for the weft. We 

observe a decrease of the weave period in both the warp 

and weft for stress > 60 MPa. Indeed, when the applied 

stress is lower there is only rotations field taking place 

inside a yarn [44], so no change yet in the weave period. In 

addition, the polyamide matrix acts to reduce the tows 

motions but only succeed before 60 MPa of applied stress. 

The tows begin then to move closer with each other as with 

a weave fabric alone. The necking of the sample increase 

even more this variation in the weave period. The necking 

on the sample is represented in Figure 1.b and can be 

observed in Figure 6.  

Comparison of the weave period obtained from THz 

measurements with those from photographs is shown in 

Figure 9.a and b. Both sets of fibers exhibit similar 

behavior for the two measurements methods; deviations 

are observed, especially for the warp fibers, but remain in 

the range of the standard deviation.  

 

Figure 9: Variation of weave period for (a) warp and (b) 

weft as functions of stress obtained from surface THz data 

compared with photographs. The mean (central curve 

within the respective band) has been calculated over 5 

samples; bands indicate one standard deviation from the 

mean.  A clear decrease of the weave period after 60 MPa 

is noted, indicating a distortion in the fabric induced by the 

applied loading. Good agreement between THz and visual 

data is observed. 

 

Comparison with theory 

To further validate our proposed technique, we compare 

our observations with an analytic description, the 

kinematic relation of the bias-extension tests [44,50,51]. 

The kinematic relation of the bias-extension test links the 

shear 𝛾 with the applied displacement d on the sample by 

the tensile test machine 

𝛾 =
𝜋

2
− 2𝐴𝑟𝑐𝑜𝑠 (

𝐷+𝑑

√2𝐷
)  | 𝐷 = 𝐿 − 𝑙 .  (Eq.1) 

The reader can refer to Figure 1 to see a representation of 

the bias-extension test and the quantities used in the 

equation. This relation is commonly applied to understand 

the CFRP behavior for the bias-extension test (tensile tests 

with the woven structure oriented 45°/-45°) and helps 

provide input data for the material drape model. This 

relation is valid under the following assumptions: (i) the 

yarns are inextensible during the test, (ii) no slippage 

between the weft and warp yarns (or no change in the 

Warp 

Weft 

(a) 

(b) 
Warp 

(a) 

Weft 

(b) 



 

 

 

weave periodicity), and (iii) bending stiffness can be 

neglected. 

In Figure 10, we show the average of the weft and warp 

orientations extracted from the THz data and the analytical 

kinematic relation. The applied displacement in this 

relation was obtained from tensile tests on the Z050 with 

an extensometer. As explained before, this tensile test can 

only reach 80 MPa.  

Excellent agreement between theory and THz experiment 

is found until 80 MPa. It shows that the proposed technique 

provides results consistent with analytical expectations in 

this range. Beyond 80 MPa the discrepancy is tentatively 

assigned to slippage between the weft and warp yarns that 

initiates at ~60 MPa and becomes increasingly marked 80 

MPa of applied loading. This means that one of the 

assumptions to use this analytical relation does not hold 

anymore when reaching this level of applied loading 

making the comparison irrelevant.  

 

Figure 10: Comparison between THz results and the 

kinematic relation of the bias-extension test. The 

experimental average value of the warp and weft 

orientation with applied stress obtained from THz data 

(warp orange, weft blue) is shown together with the 

kinematic relation of the shear angle (black). Excellent 

agreement is obtained until 80MPa 

 

Analysis of the inner structure  

The discussion thus far has focused on the weave 

properties obtained from surface data.  Evidently, the THz 

approach shows little utility from this perspective.  The 

advantage of the THz probe relies on its ability to provide 

information about stress-induced changes to the weave 

pattern in inner plies, which the photographic evidence 

cannot.  In this section, we study the evolution of the tow 

orientation in the inner plies of the composite material. To 

do so, we analyze C-scans at various time-delays 

corresponding to different depths. More specifically, we 

will consider the delay times t = 22.67, 34.47, and 47.9 ps, 

corresponding to layers 2, 3, and 4 of the studied material. 

We first consider sample 5. As the signal penetrates deeper 

into the composite, it experiences significant attenuation, 

as can be seen in Figure 3.  A C-scan of sample 5 at t = 

22.67 ps is shown in Figure 11.a. We observe that the 

image is noisier than in Figure 4, even though the warp and 

weft orientations are still visible. The noiser image results 

from the fact that as the signal penetrates deeper into the 

composite material, it experiences significant attenuation 

leading to strong attenuation of the amplitude of the signal 

(as seen in Figure 3). We have tested multiple filtering 

conditions and observed the repercussion it has on the 

weave pattern observation at the air-sample interface. This 

study demonstrated that a 0.3-0.4 THz band-pass filter 

(Figure 11.c) is the one that accentuates the most the weave 

structure, in which leads to the filtered C-scan shown in 

Figure 11.b. We first note that the echoes from the inner 

layers are still clearly visible as we can see on a typical A-

scan, after applying the band-pass filter, depicted in Figure 

11.d. Then, what is observed in Figure 11.a without 

filtering is the alternation between the yarns going up and 

down due to refractive-index mismatch between the matrix 

and the fibers, which corresponds to a large repetition 

period and have a high amplitude on the response spectrum 

(cf. Figure 11.c). By selecting the frequency range 

corresponding to the yarn dimensions, the -45°/45° pattern, 

which has a lower repetition period and therefore associate 

to a smaller wavelength, can be more visible despite its 

lower amplitude.  
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Figure 11: THz C-scan of sample 5 at t = 22.67ps (a) 

before and (b) after applying a 0.3-0.4 THz bandpass filter. 

(c): Typical THz spectrum at one pixel on sample 5 with 

the 0.3-0.4 THz frequency band indicated in black. (d): 

Typical THz signal at one pixel on sample before and after 

applying the 0.3-0.4 THz bandpass filter.  

The approach has been applied to all 5 studied samples to 

get an average evolution. As discussed above, the results 

for the various samples are shifted to 45° when no tensile 

stress is applied. The obtained averaged evolution is 

displayed in the Figure 12.a for the four layers (the values 

of t above) of the material considered. The result for the 

top surface (Layer 1) is included. We observe an evolution 

of the yarn orientation that is similar for the four layers, 

with a ~30 % decrease of the angle at 140 MPa. In addition, 

the averaged curves for the 4 layers show a tendency to 

overlap. The low standard deviation observed 

demonstrates our experiments’ reproducibility and the 

analysis’ robustness.  

 

Figure 12:a: Variation of (a) yarn orientation (with value 

normalized to zero at 0 MPa) and (b) weave period for as 

functions of stress for four layers in the samples. The mean 

(central curve within the respective band) has been 

calculated over 5 samples; bands indicate one standard 

deviation from the mean. Only the weft direction is 

indicating for a better visibility. A clear decrease of the 

orientation angle indicates the stress-induced distortion of 

the weave pattern in various layers. Note that the fiber’s 

orientations values have been shifted in order to have all 

the orientations at 45° at 0 MPa. 

 

Finally, we show in Figure 12.b the evolution of the weave 

period (weft only for clarity) at time delays t = 22.67, 

34.47, and 47.9 ps, corresponding to layers 2, 3, and 4. The 

top ply is also included and labelled Layer 1. We see that 

the decrease of the weave period occurs in all plies, not just 

the top. Little change is observed below 60 MPa, followed 

by a continuous decrease of the weave period, which is 

reduced by ~10 % at 140 MPa.  

The observed decrease of both the yarn orientation angles 

and the weave period indicates a distortion of the four 

fabric layers when loaded in tension. This result is of great 

potential interest as, contrary to other surface inspection 

techniques, the stress-induced deformation of the weave 

pattern can be monitored not only for the surface but also 

for the inner plies.  
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 CONCLUSIONS 

In this paper, we have applied an experimental and image 

processing methodology to THz TOFT measurements, 

performed in reflection from one side of a woven-fiber 

polyamide 6 matrix GFRP laminate carried out in situ 

under tensile stress. We monitored the evolution of the 

warp/weft tow orientation and of the weave period with 

increasing tensile load.  

By performing a Fourier analysis (2D-FFT) of the C-scan 

obtained for various time windows (associated with 

various depths in the samples), we detect the stress-

induced deformation of the fabric, not only on the surface 

but for the first time in inner plies of the GFRP laminate.  

Moreover, the approach is contactless and non-destructive.  

With our approach, one can observe a clear reorientation 

of the fiber structure along the loading direction in all four 

plies, consistent with analytical predictions. It is also 

possible to observe a decrease of the weave period in all 

four plies indicating a distortion of the fabric induced by 

the applied loading. While the results shown here are 

obtained under in situ stress, the approach can also be 

applied to cases where the stress has been applied and then 

released. 

A major advantage of using THz TOFT presented here 

compared to surface-inspection techniques is the ability to 

image the impact of tensile load on the inner plies of the 

composite laminate. It provides a more global view of the 

deformation in the composite material and is essential as 

complex yarns deformation could occur inside the sample 

during shaping processes. This method could find 

applications in quality control in manufacturing or during 

maintenance inspection to ensure that the structure follows 

its designed specifications and to assess the effect of 

loading on the material. It could also be used to validate 

draping simulation model.  
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