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ABSTRACT 

Hybridisation, i.e., the incorporation of two different types of fibres, namely low strain (LS) and high strain (HS) 
fibres, within the same polymeric matrix is an established approach to promote the appearance of a gradual and 
non-fragile tensile failure mode of unidirectional Fibre Reinforced Polymers (FRP). This behaviour is known as 
pseudo-ductile. In addition, hybridisation can increase the apparent strain at the failure of LS fibres. This 
phenomenon has been described as “hybrid effect”. In the present work, the tensile behaviour of 10 layer-by-layer 
unidirectional hybrid combinations has been investigated using both experimental testing and analytical modelling. 
All the hybrid FRP samples were made through the hand lamination of three different commercially available dry 
unidirectional fabrics manufactured for civil engineering applications, namely high-modulus (HM) carbon, high-
strength carbon and E-glass. For each type, a large number of single fibres were randomly taken from the dry 
fabrics and tested in tension to define the Weibull distribution parameters. A maximum hybrid effect of circa 28% 
was achieved, by combining unidirectional fabrics of high-modulus carbon with standard carbon. It was also 
concluded that combining high-modulus carbon with E-glass can lead to very good pseudo-ductile tensile 
behaviour. It was demonstrated that global load sharing models can be used to accurately predict the hybrid effect. 
Finally, the analytical approach adopted in the scope of the present work also allowed the correct prediction of all 
the failure modes experimentally observed. 
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INTRODUCTION 

Despite its high mechanical performance, usually unidirectional FRP composites have brittle failures. For this 
reason, it is not possible to take full advantage of FRP properties, namely the high tensile strength due to 
conservative design limits (Czél et al. 2017). 
The incorporation of two types of fibres, namely low strain (LS) and high strain (HS) fibres, within the same 
polymeric matrix, designated as hybridisation, is an established approach to achieve the well kwon hybrid effect 
and pseudo-ductility (Swolfs, Gorbatikh and Verpoest 2014). The hybrid effect is the increase of the apparent 
strain at LS fibres failure. In its turn, the pseudo-ductility is the gradual, and thus non-catastrophic, failure mode 
that has been registered in layer-by-layer configurations (Jalalvand, Czél and Wisnom 2015, Czél et al. 2017). 
This is due to the load transfer between LS and HS layers, fragmentation (a damage process where multiple 
fractures take place) of the formers, followed by the stable delamination of the LS layers from the HS layers, close 
to the LS layer fractures, ending with the failure of the latter (Czél and Wisnom 2013). The latter is one of the 
most relevant advantage of hybrid composites. However, it is only possible to achieve this behaviour when both 
the configuration and materials combination are appropriately selected. Please note that the term “pseudo-ductility” 
is used because it is possible to achieve a flat-topped stress-strain curve in monotonic tensile tests of some 
unidirectional hybrid FRP composites but the curve is not repeatable on subsequent unloadings/reloadings. 
The aim of this research is to investigate the tensile stress–strain responses of 10 different interlayer (layer-by-
layer) hybrid composite combinations, made through the hand lay-up method, of 3 different commercially 
available dry UD fabric materials, namely (i) high-modulus carbon, (ii) standard carbon and (iii) E-glass, in order 
to evaluate the hybrid effect and to achieve pseudo-ductility, fully exploiting the benefits of hybridisation. It was 
demonstrated that a progressive damage model can be used to accurately predict the hybrid effect. Finally, the 
analysis of the obtained experimental results was complemented with analytical modelling based on the approach 
developed  for hybrid composites (Jalalvand et al. 2015). 



EXPERIMENTAL PROGRAM 

Materials 

Commercial dry UD fabrics with similar areal mass of 400 g/m2 were used in the present work, namely UD HM 
carbon (brand name: S&P C-Sheet 640), ST carbon (brand name: S&P C-Sheet 240) and E-glass (brand name: 
S&P G-sheet E 90/10). For laminating the studied composites an epoxy-based material (brand name: S&P Resin 
Epoxy 55) was used as matrix. According to the supplier, this epoxy has the following main properties (S&P 
2015): (i) a tensile strength of 35.8 MPa; (ii) a strain at the failure of 2.3%; and, (iii) an elastic modulus of 2.6 
GPa. In Table 1 the density, areal mass, and thickness properties of the mentioned materials and the respective 
properties of composite materials determined experimentally are presented. 

Table 1 — Properties of the dry fabrics and cured composite materials determined experimentally. 
Material ID Dry fabric Cured composite properties (Ribeiro et al. 

2017) 
Density 
[g/m3] 

Areal 
mass 

[g/m2] 

Nominal 
thickness, tf 
[mm/layer] 

Tensile 
strength 
[MPa] 

Elastic 
modulus 

[GPa]  

Failure strain 
[%] 

E-glass (G) 2.60 400 0.154 1671.2  81.6 2.31 

ST carbon (C) 1.79 400 0.223 2565.9 231.3 1.09 

HM carbon (CHM) 2.10 400 0.190 1749.4 624.1 0.27 

 
The tensile properties of composites were evaluated ignoring the contribution of the resin, considering only the 
dry fabric thickness (this is a common approach in the case of composites made through the hand lay-up method). 
This means that tensile strength and consequently the elastic modulus can be slightly overestimated. 

Specimen manufacturing and test setup 

The hybrid composite laminates were manufactured by hand lay-up method, following the best practices suggested 
in the guidelines (CNR-DT200 2013). Prior to the manufacturing, dry fabrics were cut into 250 mm  80 mm2 
pieces. A Teflon film was used to avoid the adhesion of the produced composite laminate to the rigid base. All 
the samples were then cured at room temperature (20 ± 0.5ºC) for 40 days. 
Four specimens of each series were obtained from the laminates produced according to the protocol previously 
described, using a diamond tipped wheel cutter. Tensile tests were performed according to ISO 527-5:2009 
standard (ISO 2009), at room temperature on a universal testing machine (UTM) equipped with a 200 kN load 
cell (with a linear error less than 0.05% of full scale) and hydraulic grips, as shown in Figure 1(a-b). Aluminium 
tabs of 50  15 mm2 were used at each end of the specimen to avoid gripping effects, being the final clean length 
between tabs equal to 150 mm. A clip gauge with a gauge length of 100 mm (with a linear error, including 
hysteresis of 0.25%) was used. The specimens were held between grips of the UTM and extended (at a rate of 1 
mm/min) up to failure. 

Material combinations 

Symmetric specimens were adopted to test the hybrid combinations, in order to minimize load eccentricity and 
differential thermal contraction during the cure of the epoxy resin, ultimately leading to bending-stretching 
coupling, and thus causing undesirable warping (Summerscales and Short 1978). Furthermore, in a way to try 
restrict the stress concentrations at the grips, LS layers were sandwiched between HS layers, according to 
(Wisnom et al. 2016) conclusions. 
Hybrid composite combinations of 3 and 5 layers were studied. In total, 10 series were considered. The 
combinations of 3 symmetrical layers allowed to analyse the following approximate levels of LS fibres vol%: 
33% and 66%. In addition, combinations with 5 layers allowed to analyse the following approximate levels of LS 
fibres vol%: 20%, 40% and 60%. The UD fabrics had slightly different thicknesses and, for this reason, the vol% 
before mentioned was corrected in the next sections, according to the corresponding thickness layer. 

Tensile single fibre test 

For each dry fabric, a large number of single fibres (see the details below) were randomly taken from the dry 
fabrics and tested in tension. The method used follows the guidelines laid down in ASTM D3379-75 for the tensile 
testing of fibres. The tests were carried out in a Hounsfield H100KS universal testing machine with a maximum 
load cell capacity of 2.5 N (with an accuracy of ± 0.2% of applied force across load cell force range). Fibres were 
individually assembled in the tensile jig by means of a paper template with a fixed gauge length of 20 mm, see 
Figure 1(c-d). Fibre ends were glued to the paper template by an ethyl cyanoacrylate-based adhesive. Then the 



tab ends were gripped in the jaws of the machine. The paper template was cut across, so that just the fibre was 
fixed as a continuous length within the jig, before starting the tensile tests. The measurements were performed at 
a rate of 1.5 mm/min, until breakage occurred. For each fibre, records of applied load against extension were taken, 
and using an average mean diameter, determined through the analysis of microscopy images of fibres obtained 
with SEM, the data were converted to stress against strain. 

    
(a) (b) (c) (d) 

Figure 1: Tensile tests: (a) geometry of composite specimen; (b) illustration of the composite test; (c) geometry 
of single fibre specimen; (d) illustration of the single fibre test (dimensions in mm). 

ANALYTICAL MODELS FOR HYBRID COMPOSITES 

Progressive damage model for hybrid composites 

In the present work, the Tavares’s progressive damage model (PDM) was used to estimate the hybrid effect 
(Tavares et al. 2016). The PDM is a strength model that assumes that, when a fibre breaks, the load it carried 
before breaking is shed equally to all other fibres. The strength distribution of fibres was considered in cited PDM 
by means of Weibull cumulative failure probability distribution: 

 ( ) = 1 − −  (1) 

where L is the characteristic gauge length, L0 the reference gauge length, σ the fibre strength, σ0 the Weibull scale 
parameter and m the Weibull modulus. In this work, the Weibull distribution parameters from single fibre tests 
were determined by the maximum likelihood method (MLM) (Ambrožič and Gorjan 2011). 
The analytical approach proposed (Tavares et al. 2016) assumes as the strain is increased, the fibre fails 
progressively at randomly positioned flaws producing an increasing number of shorter fragments. The apparent 
stiffness of the system, matrix and fibre, decreases with the number of fibre breaks due to their loss of ability to 
carry the load. The number of breaks, <N>, of a fibre of length L under at a given σ is defined in Equation (1): 

 ⟨ ⟩ =  (2) 

From the statistic laws, it can be shown that the distance between the two consecutive breaks, x, will follow an 
exponential law: 

 ( ) =  (3) 
where Λ is the number of breaks in a fibre per unit length: 

 = ⟨ ⟩ =  (4) 

When a fibre breaks, the load carried by the same drops down to zero at the position of the break and the load is 
transferred by shear between the fibre and the matrix to the fibres in vicinity. This causes a stress redistribution 
near fibre breaks. The model assumes a linear increase of the axial stress from a fibre break, until a total recovery 
occur at a certain distance from it. The length of this load recovery region, lex, is defined as: 

 =  (5) 

where Rf is the fibre radius, Ef is elastic modulus of fibres, τ the matrix–fibre interfacial shear strength and ε the 
applied strain. 
The average fibre stress along the fibre, σm, can be computed by integrating the axial stress over all of the fibre 
fragments along the fibre length, resulting, after some simplifications (please see the details in (Turon et al. 2005)), 
in next analytical solution: 
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 ( ) = +  (6) 



Given the tensile responses for the two pure composites using equation (6), the stress-strain response for the hybrid 
composite can be described simply considering the contribution of two materials, taking into account the vol% of 
the constituents: 

where Vf is the vol% of each fibre type. 

Prediction of stress–strain curves of hybrid composites 

For each hybrid composite configuration, three stress levels could be computed (Jalalvand et al. 2015): (i) the 
stress at which the first crack in the LS material occurs, σ@LF, (ii) the stress level at which delamination 
development occurs, σ@del and (iii) the stress when the HS material fails, σ@HF, in accordance with the 
equations (8) to (10), respectively. 

 @  =
( )

 (8) 

 @  =  (9) 

 @   =
( ) √

 (10) 
where SL is the reference strength of the LS material, α and β are the modulus and thickness ratios of the LS to 
HS fibre, GIIC is the mode II interlaminar fracture toughness of the interface between LS layers and HS layers of 
the hybrid composite, EH the elastic modulus of the HS fibres, tH is the half thickness of the HS fibre, mH is the 
Weibull strength distribution modulus of the HS fibre, SH is the reference strength of the HS material, Kt is the 
stress concentration factor in the high strain material and V is the volume of the specimen. 
Knowing the magnitude of the three possible stresses it is possible to identify one of the four possible damage 
modes: (i) premature HS failure, (ii) unstable delamination, (iii) LS layer fragmentation and (iv) LS fragmentation 
and stable delamination. After the determination of the damage modes, it is possible to plot the tensile stress–
strain curve of hybrid FRP, as detailing by (Jalalvand et al. 2015). 
In the present work, the length and width of tensile specimens were assumed equal to L = 150 mm and W = 15 
mm, respectively. The ultimate strain of the LS fibres, εL, of the different material combinations was assumed to 
be equal to the experimental values obtained and SL was computed according to Hooke's law. The interlaminar 
toughness, GIIC, for the different hybrid interfaces was arbitrated for each combination in way that, in 
combinations with experimental pseudo-ductile behaviour, the fragmentation & dispersed delamination damage 
mode was analytical achieved (see Table 3). Weibull modulus of HS fibres was assumed equal to mH = 29.3. The 
value of the stress concentration factor was assumed constant for all of the specimens, Kt = 0.97.  

RESULTS AND DISCUSSION 

The results of the fibre strength distribution are presented in Table 2 together with the Weibull model results, 
assuming L0=20 mm and L=150 mm. The overall adequacy of the Weibull distribution was evaluated according 
to the chi-square goodness-of-fit test. It is possible to observe that all of the p-values for these goodness-of-fit 
statistics are larger than 0.01 implying that the strength follows a Weibull distribution with significant level >1%. 
During the preparation of tests and the cutting of the paper frame, unlikely some fibres would break, particularly 
the HM carbon ones. The elimination of the weakest fibres causes deviations from Weibull distribution and 
underestimates the scatter of strength (which means higher values of m). It is possible to observe in Table 2 that 
the m value of HM carbon is higher than in other cases. The experience gained in the execution of these tests led 
to believe that this value is not correct, since it was not possible to test a large number of weak fibres. Assuming 
an m value equal to the mean of other types of fibres, i.e., m=2.70 led to much better adjustment of the hybrid 
effect predictions. The parameters that define this hypothetical distribution are as well shown in Table 2 

Table 2 — Properties of the fibers. 
Material ID Rf [µm] Ef [GPa]  L0 [mm] L [mm] N. of 

tests 
σ0 [MPa] m p-value 

G 14.98 76.92 20 150 50 5965.90 2.80 0.1455 

C 7.88 213.95 20 150 36 9353.44 2.68 0.0267 

CHM 11.03 558.07 20 150 26 4559.57 5.51 0.0547 

CHM* 11.03 558.07 20 150 - 3208.00 2.70 - 
* hypothetical parameters that take account the high fragility of CHM fibres. 
 

 ( ) = ∑ +  (7) 



Quantitative comparisons between analytical results obtained with PDM and experimental results are presented 
in Table 3. With the exception of 2 combinations (1G/1CHM/1G/1CHM/1G, 2G/1C/2G) in which the 
experimental means seem to deviate for some random reason from the trend, the positive hybrid effects were 
predicted satisfactorily, with relative errors varying between -21.5% and 11.8%. Experimental negative hybrid 
effects only make sense because the number of layers of LS material is not the same in all hybrid combinations. 
As is well known, there is a size effect in tensile properties of reinforcing fibre due to the higher probability of 
finding a cluster of weaker fibre in a larger volume of material (Wisnom et al. 2016). Two or three layers of LS 
fibres, were used in cases where the hybrid effect was negative. The hybrid effect was computed relatively to the 
1 layer non hybrid composite results, for this reason negative hybrid effects are understandable. In any case, in 
combinations in which the hybrid effect was negative the predictions are very close to zero, what it would be a 
plausible prediction if the scale effect did not exist. 

Table 3 — Tensile properties of hybrid FRP composites and hybrid effect prediction. 
Material 
combinat

ion 

Series ID Vol. 
LS 

fibre 
[%] 

Estimat
ed GIIC 
[kN/m] 

Elastic 
modulus 

[GPa] (CoV 
[%]) 

Tensile 
strength 
[MPa] 

(CoV [%]) 

Strain at the 
failure of LS 

fibres [%] 
(CoV [%]) 

Hybrid effect 

Experi
mental 

[%] 

PDM 
predict

ion 
[%] 

Relative 
error [%] 

C/G 1C/1G/1C 74.3 1.90 201.7 
(9.63) 

2176.9 
(8.55) 

1.04  
(1.92) 

-4.44 4.00 190.1 

1G/3C/1G 68.5 1.90 202.4 
(2.64) 

2216.0 
(8.77) 

1.09  
(6.26) 

-0.20 5.16 2614.2 

1G/1C/1G/1C/1G 49.1 1.90 148.9 
(11.75) 

1776.3 
(10.55) 

1.19  
(3.68) 

9.15 11.11 -21.5 

1G/1C/1G 42.0 1.90 146.7 
(5.92) 

1856.0 
(5.67) 

1.27  
(2.72) 

16.33 14.47 11.4 

2G/1C/2G 26.6 1.90 110.8 
(10.21) 

1244.4 
(1.74) 

1.18  
(8.27) 

7.33 26.22 -257.9 

CHM/G 1CHM/1G/1CHM 71.2 1.46 454.5 
(11.95) 

1168.9 
(19.49) 

0.26  
(11.66) 

-7.07 1.61 122.8 

1G/3CHM/1G 64.9 1.46 439.2 
(7.35) 

1053.5 
(10.14) 

0.24  
(6.43) 

-14.09 2.41 117.2 

1G/1CHM/1G/1C
HM/1G 

45.1 1.46 318.7 
(7.33) 

1105.8 
(9.18) 

0.35  
(5.02) 

27.66 6.45 76.7 

1G/1CHM/1G 38.2 1.46 252.0 
(8.55) 

1054.7 
(9.11) 

0.30  
(2.39) 

9.97 8.87 11.1 

2G/1CHM/2G 23.6 1.46 214.3 
(8.45) 

1164.7 
(14.47) 

0.33 
(14.65) 

21.94 19.35 11.8 

Note: The number before letters in series ID shows the number of layers of each material. 
 
The stress-strain curves are presented in Figure 2 and Figure 3. Analysing the curves, three groups of behaviours 
can be identified: (i) pseudo-ductile behaviours (In 2G/1CHM/2G and 1G/1CHM/1G combinations) (ii) failure 
with two peaks (in 1G/1CHM/1G/1CHM/1G and 1G/3CHM/1G combinations), and (iii) premature and abrupt 
failure of HS fibres (in the remaining cases). In 2G/1CHM/2G and 1G/1CHM/1G combinations, pseudo-ductile 
tensile responses with multiple fractures were observed. In these combinations, a mean yield stress of 732.6 MPa 
and 768.2 MPa and mean pseudo-ductile strain of 1.4% and 1.2% were registered, respectively. 
In all cases, it is possible observe that there is a good agreement between predictions and experiments. However, 
in 1G/1CHM/1G/1CHM/1G and 1G/3CHM/1G series, the model predicted well the catastrophic delamination 
damage mode, but the prediction of the delamination branch was much higher than the one observed 
experimentally. This lack of precision is probably related to some overestimation of GIIC in these cases. 
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Figure 2 — Stress–strain curves of CHM/G combinations: experimental versus predicted values. 
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Figure 3 — Stress–strain curves of C/G combinations: experimental versus predicted values. 

 



CONCLUSIONS 

The tensile behaviour of several unidirectional layer-by-layer hybrid combinations has been investigated using 
experimental testing and analytical modelling. All the composites were made through the hand lamination of three 
different commercially available dry UD fabrics: HM carbon (CHM), ST carbon (C) and E-glass (G). 
In the two tested hybrid combinations that included HM carbon as LS material (2G/1CHM/G, 1G/1CHM/1G), 
pseudo-ductile tensile responses with fragmentation and dispersed delamination were achieved. In these 
combinations, the mean yield stress varied between 732.6 and 768.2 MPa and the pseudo-ductile strain between 
1.2% and 1.4%. 
It was demonstrated that PDM is a simple model that if used with care can predict reasonably the hybrid effect. 
However some limitations should be taken into account. For instances, it does not take into account the real 
number of fibres leading that scale effects to be ignored. Furthermore, it ignores the dispersion of fibres, which 
has been shown to be a very important parameter for the hybrid effect. The hybrid effect varied between -14.1% 
and 27.7%. 
The analytical model developed by (Jalalvand et al. 2015) allowed to predict all the failure modes successfully. 
In this way, the presented work validated the developed model for the set of materials and fabrication method 
used. 
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