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Abstract 

 

A few methods are available for measuring the residual stresses that occur in the simplest of 

all possible composites structures – the unconstrained unidirectional laminate. None of them, 

however, are suitable for use on GFRP. A new method is presented whereby the stresses in a 

unidirectional GFRP laminate can be determined. The method relies on releasing the 

constraints between fibre and resin through an annealing process. The strain in the glass fibres 

is thus obtained, which allows the elastic stresses within the fibres and the resin to be 

determined. In this way, it is not necessary to take account of plasticity and viscous effects in 

the polymer in order to determine the stresses within the laminate. Results for unidirectional 

laminates initially manufactured to contain differing residual stresses are presented and 

discussed.  
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1. Introduction 

 

Glass Fibre Reinforced Plastic (GFRP) is used very extensively in the process plant 

environment. Although it has excellent corrosion resistance it is susceptible to 

environmentally assisted cracking. The crack growth rate is significantly affected by the level 

of tensile stress and hence design codes frequently call for the use of safety factors in excess 

of 10 when dealing with structures which are to be exposed to acid [1]. The overall state of 

stress is affected both by mechanical loading and residual stresses. The magnitude of the 

residual stresses is typically small, but the use of large safety factors means that the stresses 

caused by mechanical loading can be comparable. Neglecting residual stresses consequently 

misrepresents the overall state of stress within the structure and hence the rate of crack 

growth. It is therefore necessary that the residual stresses be estimated. 

 

Residual stresses within a composite structure can develop at a range of size scales. At the 

macro or structural scale, one part of a structure can act against another as a result of external 

constraints. At the meso or ply scale, internal stresses can develop due to mismatches in 

coefficients of thermal expansion between laminate plies, even simply from changes in fibre 

orientation. At the micro scale, differences in coefficients of thermal expansion between the 

fibres and the matrix result in internal stresses. Cure shrinkage of polymer resin systems can 

result in additional stresses at this scale. The overall state of residual stress in a laminated 

structure results from the combination of these effects and it is therefore necessary that 

techniques are available to measure the residual stresses at all three scales. 

 

The state of stress at the larger scales is routinely measured by a variety of methods. Typically 

these approaches involve relaxing the local constraint by judicious removal of material in the 



  

form of holes [2,3], slits [4,5] and layers [4-12] and measuring the response of the structure. 

The measurement techniques employed vary from strain gauging [2-4,7,8] to moiré 

interferometry [5,11,12] and microscopy [5,10].  

 

These methods are not, however, really practical for measuring residual stresses within a 

single uniform ply of unconstrained material. The residual stresses here arise from a lack of 

homogeneity at the scale of the fibre diameter, typically 10-25 µm for glass fibre. The 

measurement systems, however, operate at a larger scale – even if just in terms of material 

removal. The material consequently appears uniform at the scale of the measurement systems 

and no stresses are measured. It is therefore necessary that some other measurement technique 

be utilised.  

 

One approach is to directly measure the strain within the intramolecular bonds of the ply 

using Raman spectroscopy [13,14] or neutron [15] and X-ray [15,16] diffraction techniques. 

These approaches require that either the fibre or resin system has a crystal structure. Neither 

constituent of GFRP satisfies this criterion. 

 

An alternative approach that can be used, at least for directional reinforcement, is to remove 

the constraint between fibre and matrix over a large fibre length. The resulting displacement 

of the fibre ends is significant and can be readily measured. Although this approach only 

allows stress in the fibre direction to be measured, the other stresses are minor in comparison. 

This approach has been used for measuring the axial stresses in silicon-carbide reinforced 

titanium [5,16,17]. Removal of the fibre constraints is achieved by etching the titanium matrix 

away. The matrix etching technique is not really suitable for GFRP, however, because the 



  

fibre diameters are small. The measured change in fibre length is consequently affected by 

curvature enabled by the low bending stiffness of the fibres.  

 

To the authors’ knowledge, no technique has been documented that allows for the 

measurement of residual stress in an unconstrained ply of unidirectional GFRP. Given the 

importance of this material in industry and the contribution of residual stresses to one of its 

primary failure modes it is surprising that more attention has not been directed to this problem 

in the literature. This work presents a method to address this deficiency by enabling 

measurement of stresses in the fibre direction. The method releases the residual strains over 

the entire laminate simultaneously through the use of an annealing process that gradually 

heats the polymer matrix until its modulus decreases to negligible values. At this point, it is 

unable to apply significant restraint to the glass fibres. Any further heating then elicits 

essentially the same temperature response as that of pure glass fibre. By aligning the high-

temperature response of the unidirectional laminate with that of pure glass, it becomes 

possible to compare the strains in the glass of the laminate to the strains expected in unloaded 

glass fibres at any temperature. The stresses in the glass and resin can thus be easily 

determined from the linear elastic response of the glass fibres. It is not necessary, therefore, to 

take account of plasticity and viscous effects in the polymer in order to determine the stresses 

within the laminate.  

 

 

2. Basis of technique 

 

When a thermoset resin system is heated past its glass transition temperature (Tg), the 

modulus drops until it becomes negligible. Figure 1 shows this effect for Derakane 



  

Momentum 411-350 vinyl-ester resin, where it can be seen that at the Tg of 120°C the 

modulus is only approximately 2.5% of that at ambient conditions. At higher temperatures the 

modulus reduces still further to well below 1% of the room temperature value.  

 

A plot of the thermal expansion of a unidirectional GFRP specimen against temperature 

exhibits therefore, two regions of linearity. At temperatures far below the Tg of the polymer 

matrix, the specimen expands at a rate between the individual rates of glass fibre and the resin 

system. At temperatures above the Tg of the polymer matrix, the low modulus of the resin 

system prevents it from affecting the thermal expansion of the glass fibres and the specimen 

expands at a rate equal to that of the glass alone. It is this effect that allows an absolute 

measure of the state of residual stress in a unidirectional GFRP specimen. 

 

The coefficient of thermal expansion of E-glass is fairly constant, and as such the thermal 

expansion of the specimen is linear at temperatures above the Tg of the resin. It is thus easy to 

extend the measured strain back to lower temperatures, defining a locus of zero stress in the 

glass fibres. The difference, at any temperature, between the measured strain and the strain on 

the locus of zero stress defines the mechanical strain in the glass fibre. Since the modulus of 

glass fibre is constant over the range of temperatures required to significantly affect a polymer 

matrix, the stress in the glass fibres can be found at any temperature using Hooke’s Law:  

fff E εσ =  (1) 

where Ef and εf are the tensile modulus and the mechanical strain of the fibre respectively. 

The stress in the resin system can then be found from the relationship: 

r

f

fr
V

V
σσ =  (2) 

where Vf   and Vr are the volume fractions of the fibre and resin system respectively.  



  

 

An important advantage of this method is that it depends only on the elasticity of the glass 

fibre for the determination of internal stresses. At no stage are the mechanical properties of 

the resin system required. It is acknowledged that heating can cause a number of highly non-

linear processes to develop in the resin system. These include additional polymerisation 

shrinkage, viscous and plastic flow. None, however, affects the expansion of the specimen at 

temperatures above the Tg since the modulus of the polymer is sufficiently low that it is 

unable to influence the expansion of the glass fibre. As a consequence, the apparent locus of 

zero stress in the glass fibres is unaffected. The absolute value of the residual strain in the 

glass fibres can thus be determined for temperatures less than those where these processes 

might start developing. 

 

  

3. Experimental method 

 

Although the underlying concept of the technique is simple, performing the necessary 

experiments requires some care due to complications arising from the loss of resin stiffness at 

high temperatures. It is, for instance, not possible to make use of strain gauges for this work 

because the inherent stiffness of the gauges affects the strain in the underlying specimen when 

the modulus of the resin system decreases. It was decided, therefore, to use a displacement 

transducer to measure the change in specimen length and hence infer the strain. This approach 

meant that a reasonable specimen length was required to enable a measurable response. A 

consequence of this requirement is that the specimens must be symmetric to prevent 

measurement errors caused by thermally induced curvature.  

 



  

 

3.1. Specimens  

 

Two GFRP plates of 3 mm thickness and 40% nominal fibre volume fraction were produced 

by aligning unidirectional E-glass rovings of 400 tex between two ground steel plates and 

infusing Derakane Momentum 411-350 vinyl-ester resin using vacuum assistance. The fibres 

of one plate, designated “Unloaded”,  were tensioned just enough to prevent displacement of 

the fibres during resin infusion. The fibres of the other plate, designated “Preloaded” were 

pre-tensioned prior to resin infusion. The two plates were cured at a temperature of 60°C and 

a pressure of 6 bar. The plates were then post-cured overnight at a temperature of 92°C after 

which they were cooled before the preload tension was released.  

 

The curing process allowed significant residual stresses to develop on cooling of the resin. 

The use of a high curing pressure ensured a laminate of nearly zero void content. The 

resulting plates were of very uniform thickness, with good fibre alignment. 

 

Two sets of specimens were then cut from the plates using a rotary diamond cutter. The 

specimens had a length of 250 mm aligned with the fibres, a width of 20 mm and a thickness 

of 3 mm. Each specimen was then cut in half, “folded” double and bonded together using the 

same resin used for the matrix. This process ensured that symmetrical specimens were 

produced. Due to the flatness of the original GFRP plates, the bond layer was very thin. It was 

thus assumed that the bond-line did not substantially affect the fibre volume fraction of the 

resulting specimen of 6 mm thickness. 

 

 



  

3.2. Equipment 

 

Measurement of thermal expansion was accomplished by means of a dilatometer built around 

a Kaman Measuring Systems 1UEP non-contact displacement sensor coupled with a KD2300 

oscillator/demodulator. The specimens were positioned within a steel frame and clamped in 

place using “blunt” knife edge grips. Similar grips were used to support a copper target over 

the other end of the specimen. The displacement sensor was mounted in the steel frame 

aiming towards the copper target. The relative change in gap width between the copper target 

and the displacement sensor provided a measure of the change in specimen length and hence 

the thermal strain. 

 

Control of the specimen temperature was achieved by placing the entire dilatometer assembly 

within an oven equipped with a fan to circulate the internal air. Temperature within the oven 

was controlled using a JUMO dTRON 04.1 programmable temperature controller with a 

ramping function linked to a Pt100 temperature sensor. Temperature was measured using a 

LM35 integrated-circuit temperature sensor.  

 

Output from the displacement and temperature sensors was converted to digital form using a 

two-channel ADC 100 data-logger from Pico Technology Limited. Data were recorded every 

minute, with voltages from each of the two channels being averaged over this period. 

 

 



  

3.3. Procedure 

 

The specimen was clamped within the dilatometer assembly. Spacers were used during this 

procedure to ensure that the target was positioned at a repeatable distance from the sensor. 

 

The dilatometer assembly was positioned within the oven in such a way that the specimen 

was suspended vertically. This approach prevented erroneous readings resulting from lateral 

displacement of the specimens. 

 

Once the data logging software was running correctly, the temperature within the oven was 

ramped from ambient conditions through to 140°C at a rate of 6°C per hour. The slow rate of 

heating was selected to accommodate two processes that can affect the accuracy of the 

measured results. The first process is thermal lag resulting in temperature variations within 

both the specimen and the test rig. The second process that must be accommodated is that of 

viscous flow at high temperatures. A slow heat up rate provides sufficient time to allow for 

viscous flow and also minimises temperature variations. By interrupting the rate of 

temperature increase and holding the temperature at constant values it was possible to 

determine if the selected ramping rate was suitable. The measured displacement did not vary 

significantly with time at either low or high temperatures. It was thus ascertained that the 

selected ramping rate was sufficiently slow. 

 

Once the temperature had reached the maximum value the oven was turned off and the 

recorded results processed. 

 

 



  

3.4. Calibration 

 

The variation in gap width between the sensor and its target was a function of the thermal 

expansion of the steel dilatometer frame, the copper target and the sensor. In addition, the 

output voltage of the sensor varied as a function of temperature even for a fixed gap width. It 

was thus necessary to calibrate the sensor within the dilatometer assembly. This was 

accomplished by measuring the voltage output from the sensor for four reference materials. 

Commercially pure aluminium (1100), commercially pure copper (C10200), steel (AISI 4340) 

and isomoulded graphite (Ellor +20) were selected to span the expected thermal response of 

the specimens. Each of the specimens was tested a minimum of three times. The specimens 

were removed from the grips and remounted between tests. The output voltage was assumed 

to be a quadratic function in terms of both specimen strain and oven temperature. A least 

squares analysis was used to determine the calibration constants. A comparison between the 

known thermal response and that measured using the reference specimens indicates a very 

good correlation. This is shown in Figure 2. 

 

 

 

4. Results and discussion 

 

The measured response for the two sets of specimens is presented in Figure 3. The data have 

been offset to indicate a zero response at the reference temperature of 25°C. It can be seen 

that both sets exhibit regions of linearity at low temperatures and again at temperatures 

greater than about 115°C. The apparent coefficients of thermal expansion for temperatures 

greater than 115°C fall within the range 4.1 µε/°C to 6.1 µε/°C and thus agree fairly well with 



  

the range 4.7 µε/°C – 5.4 µε/°C quoted for E-glass fibres [18-20]. This behaviour is exactly as 

predicted, validating the underlying basis for the technique. 

 

At low temperatures the response of the two specimens sets is similar. The measured 

coefficients of thermal expansion fall in the range 9.1 µε/°C to 10.7 µε/°C. This is in good 

agreement with complementary strain gauge measurements, performed according to the 

method of Jeronimidis and Parkyn [6], which gave measurements in the range 9.3 µε/°C to 

10.3 µε/°C.  

 

The onset of non-linear behaviour in the unloaded specimens begins at approximately 92°C 

which corresponds with the post-cure temperature. Between 92°C and 115°C the unloaded 

specimens behave non-linearly but continue to expand with temperature. In contrast, the 

preloaded specimens display significant non-linearity between 65°C and 115°C to the extent 

that they appear to have a negative coefficient of thermal expansion between 90°C and 100°C. 

The difference between the non-linear behaviour of the two specimen sets is explained later in 

this work. It is apparent at this stage however, that the internal stress states are dissimilar and 

that their relaxation results in different non-linear responses.  

 

The magnitude of the internal stresses can be readily obtained by extrapolating the linear data 

from high temperatures to lower temperatures as shown in Figure 4. For illustration purposes, 

the response of a preloaded specimen is considered. The extrapolated line defines the locus of 

zero stress in the glass fibres. Differences between the measured data and this locus hence 

define the residual strain in the glass fibres at any temperature.  

 



  

The residual strains thus obtained for all specimens are shown in Figure 5. It can be seen that 

the preloaded specimens are essentially unstressed under ambient conditions. As the 

temperature rises however, the differences in thermal expansion between the fibre and resin 

start to affect the internal stresses. The fibres become progressively loaded in tension and the 

resin system is correspondingly loaded in compression. In contrast, the unloaded specimens 

experience their maximum state of stress at room temperature, where the fibres are in a state 

of compression. As the temperature rises, the differences in thermal expansion between the 

fibre and resin cause the internal stresses to reduce with temperature up to approximately 

75°C.  

 

The results presented in Figure 5 require further examination. Even though the strain response 

of the unloaded specimens is fairly linear up to a temperature of 90°C, a slow reduction in 

slope can be observed. This can be ascribed to the gradual reduction in resin modulus in this 

temperature range which is visible in Figure 1. At higher temperatures, the resin modulus 

decreases rapidly as shown in the same figure which allows the relaxation of internal stresses. 

The measured strain consequently decreases, aided also by additional polymerisation 

shrinkage of the resin system at temperatures greater than the post-cure temperature of 92°C. 

 

The preloaded specimens display a similar reduction in slope at low temperatures. Again, this 

can be ascribed to the gradual reduction in resin modulus. At higher temperatures however, 

significant non-linearity is observed. The onset of this behaviour occurs at a temperature of 

65°C which is well below the temperature of 95°C when the resin modulus begins to decrease 

rapidly. This implies that stress relaxation in the fibre is occurring through viscous flow of the 

resin which is later aided by rapid loss of resin modulus.  

 



  

Viscous flow in the resin requires that it be subjected to both stress and temperature 

simultaneously. The internal stresses of the preloaded specimens increase with temperature 

until the onset of viscous flow becomes apparent at 65°C. The degree of viscous flow 

increases still further with increasing temperature. The unloaded specimens, in contrast, do 

not display the effects of viscous flow. This is because the internal stresses reduce with 

temperature. The driver for viscous flow thus gets weaker with increasing temperature up to 

approximately 75°C. Above this temperature, the stress increases but is still low enough that 

viscous flow is inhibited. Relaxation eventually occurs when the elastic modulus of the resin 

decreases substantially.  

 

At this stage it is worth discussing a potential source of experimental error. It can be seen in 

Figure 3 that the slopes of the unloaded specimens are slightly steeper than those of the 

preloaded specimens at temperatures greater than 115°C even though they must display the 

same slope. This error arises because it is difficult to accurately measure the specimen strain 

at high temperatures due to the low modulus of the resin system. The calculated strain in the 

fibres depends entirely on this slope however, and so measurement errors are carried back into 

the calculations for residual strain in the glass fibre. This becomes apparent in Figure 5 where 

the slope of the preloaded specimens is significantly greater than that of the unloaded 

specimens at temperatures less than 65°C. The strain data of Figure 3, however, shows that 

the slopes of the two data sets are approximately equal at these temperatures and hence the 

slopes in Figure 5 are required also to be similar in this region. 

 

The most satisfactory method of accommodating this is to use published data for the slope of 

the strain curve at high temperatures. Since the apparent slope of the measured data should 

correspond with the coefficient of thermal expansion for E-glass fibre, a value of 5.0 µε/°C 



  

[18], corresponding to the approximate mid-range of published data [18-20], was selected for 

further calculations. The results of this approach are presented in Figure 6. 

 

It can be seen that the slopes of the two sets of data are now far more similar. Differences in 

slope from specimen to specimen can be traced to differences in slope in the original strain 

measurements presented in Figure 3. These resulted primarily from the slight variability in 

fibre volume fraction.  

 

It is apparent from Figure 6 that the glass fibres of the unloaded specimens are in a small state 

of tension at the post-cure temperature of 92°C. This contradicts the frequent assumption that 

the internal stresses of unconstrained specimens are zero at the post-cure temperature [21,22]. 

The discrepancy arises because the specimen was not perfectly unconstrained during cure. 

The glass fibres were slightly tensioned around a substantial steel frame to prevent their 

displacement during infusion of the resin at room temperature. During heating of the GFRP 

specimens to the post-cure temperature, the steel frame also got heated. The frame expanded 

more than the fibres, straining them in the process. The expected effects of this loading on the 

results in Figure 6 can be calculated by evaluating the strain applied to the fibres by the frame. 

The fibres were strained by an amount equal to: 

Tfs ∆⋅−= )(0 ααε  (3) 

where αs and αf  correspond to the coefficients of thermal expansion of the steel and the glass 

fibres respectively and ∆T is the change in temperature. Taking the coefficients of thermal 

expansion for the steel and glass fibre as 12.0 µε/°C and 5.0 µε/°C respectively, and the 

change in temperature as 70 °C, equation (3) predicts that the glass fibres were tensioned to 

approximately 490 µε.  After the preload tension was released at room temperature, the GFRP 

assumed a state of internal equilibrium. A large percentage of the strain in the fibres was 



  

relieved since the elastic stiffness of the fibres is considerably higher than that of the polymer 

matrix. The final strain in the fibres is found by considering the stiffness of the available load 

paths. In this case the final strain in the fibres is: 

rrff

rr

f
VEVE

VE

+
= 0εε  (4) 

where ε0 is equal to 490µε, Er is the elastic modulus of the resin system and the remaining 

terms are defined in equations (1) and (2). Using a resin stiffness of 2200 MPa at 92°C, as 

estimated from Figure 1, a fibre stiffness of 72 GPa [18] and the nominal fibre volume 

fraction of 40%, equation (4) predicts a tensile strain of approximately 21 µε. This value is in 

good agreement with that indicated in Figure 6. 

 

Residual strains and stresses at the reference temperature of 25°C are presented in Table 1. 

Strains were calculated by taking a linear fit through the data presented in Figure 6. Stresses 

were determined using equations (1) and (2) based on the average strain in the glass fibres and 

using a modulus of 72 GPa and the nominal volume fraction of 40% for the glass fibres.  

 

In order to appreciate the significance of the results presented in Table 1, it is worth 

evaluating them against the allowables contained within pressure vessel codes. BS4994 [23], 

for instance, limits tensile strains in a vessel to a maximum of 2000 µε. At ambient 

conditions, the resin system of the unloaded specimens is subjected to an elastic stress of 

10.9 MPa. Using a modulus of 3200 MPa, as estimated from Figure 1, the resin system is 

found to experience a tensile strain of approximately 3400 µε, or 170% of that allowed by the 

code. Granted, the fibres are in a corresponding state of compression and are thus not 

susceptible to environmentally assisted cracking, but the analysis indicates that the overall 

state of stress is seriously misrepresented if residual stresses are neglected. 



  

 

 

5. Conclusions 

 

Based on the work presented above, the following conclusions can be drawn: 

 

• A method has been presented that allows the state of residual stress in unidirectional 

GFRP to be estimated. 

 

• The method is unaffected by non-linear effects in the resin system because it relies 

entirely on the elastic properties of the fibres. 

 

• The measured response of the specimens to the annealing process is exactly as predicted, 

validating the underlying basis for the technique. 

 

• Residual strains measured using the technique are in good agreement with those predicted 

by  theory. 
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Figure Captions 

 

Figure 1. Modulus of Derakane Momentum 411-350 vinyl-ester resin as a function of 

temperature 

 

Figure 2. Comparison between reference and calibrated measurements  

 

Figure 3. Measured strain as a function of temperature 

 

Figure 4. Locus of zero stress in glass fibres 

 

Figure 5. Residual strain in glass fibre as a function of temperature 

 

Figure 6. Residual strain in glass fibre as a function of temperature 

 

 



  

Tables 

 

 

 

 

Table 1 
Residual strain and stress at 25°C 
 Strain in Glass Fibres 

 
Average 
Strain 
×106 

Standard 
Deviation 

×106 

Stress in 
Glass 
Fibres 
(MPa) 

Stress 
in  

Resin 
(MPa) 

Unloaded Specimens -227 42 -16.3 10.9 
Preloaded Specimens 47 38 3.4 -2.3 

 

 

 



  

Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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