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R E S U M E N 

Este trabajo revisa distintos estudios acerca del progreso de las propiedades mecánicas y los refuerzos interlaminares 

dentro de las secciones estructurales primarias: viga I, viga T y unión T hechas de compuesto FRP. Propiedades 

longitudinales, fuera del plano, flexión, fractura, tensión, compresión, tenacidad y comportamiento de delaminación son 

reportados y llevan a identificar similitudes y diferencias, consecuentemente, obtener el conocimiento para la 

configuración óptima para estas estructuras y discutir la viabilidad del uso como estructuras ligeras sugiriendo campos 

donde más investigaciones son requeridas. Existe una similitud en como refuerzos interlaminares afecta las propiedades 

mecánicas y una pequeña diferencia entre el z-pinning y el stitching. Sin embargo, los efectos producidos dependen de la 

variedad de factores, incluyendo el tipo de material, lugar de aplicación de la carga y condiciones de refuerzo. Se propone 

futuros trabajos basados en los refuerzos que no están siendo estudiados y son puntos críticos de falla.  

Palabras Clave: Junta en T, viga I, viga T, compuestos FRP, estructuras ultraligeras  

A B S T R A C T 

This paper reviews several studies about the progress of mechanical properties and through-the-thickness reinforcements 

into the primary structural sections, I-beam, T-beam and T-joint comprised of FRP composites. Longitudinal, out-of-plane, 

flexural, fracture, fatigue, tensile, compressive, stiffness properties and delamination behaviour are reported and lead to 

identifying similarities and differences, hence, to obtain the knowledge of the optimum configuration for these structures 

and discuss the viability of the use as light-weight structures and suggest the fields where further researches are required. 

Many studies reached similar conclusions, whereas there is a similarity in how interlaminar reinforcements affects the 

mechanical properties and a slight difference between z-pinning and stitching. However, the effects produced depend on 

a variety of factors, including the type of composites, place of the load applications, and reinforcing parameters. Future 

work was proposed based on the reinforcements that are not being studied and critical points of failure.  

Keywords: T-joints, I-beam, T-beam, FRP composites, light-weight structures 

 

 

1. Introduction 

The need for new materials that combine low weight and 

high toughness was recognised in the '50s as a precondition 

for ultralight-weight structures [1]. These two 

characteristics were the main drives to contemplate the use 

of composites materials, which are material with high 

specific stiffness and mechanical resistance among several 

industries such as automotive, thermal, aircraft and optical 

[2–5]. This latter uses this type of materials with interest in 

dimensionally stable (5-10 kg.m-2) and large (0.5-2 m) 

mirrors [6, 7]. 

The ultralight-weight structures are also used in the 

energy industry for an easier installation of support towers 

for the transport of electrical energy [8]; this improvement 

is beneficial when installing on-shore energy transport. Its 

application in wind energy enables the generation of clean 

energy [9, 10] which does not conflict with other land uses 
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but adversely affect with noise pollution and the 

intermittency of the wind [9, 11]. 

Platts proposes a greater participation of composites 

material in the wind energy, including them in the highest 

towers found in the offshore farms, while decreasing the 

corrosion and fatigue to which they are subjected to [12], 

however, composites are currently only present in turbine 

blades where can be seen as cross-sectional beams in I and 

T shapes.  There is also an aspect that plays against, which 

is the high cost of corrective maintenance due to unexpected 

failures. They are presented mainly in blades, which is 

attributed a 13.2% of failures of all wind turbines in Sweden 

[13], and one of the highest causes of failure in the wind 

industry in Germany [14], expressed in other figures, only 

applies a ratio of 1 failure/turbine per year (Figure 1) [15, 

16]. 

 
Figure 1 - A failure occurred in a turbine blade made of composite 

[17] 

Fibre-reinforced thermoplastic related materials are the 

most suited for light-weight composite structures. However, 

there are some composites which work with bamboo strips 

as natural fibres [18]. Other benefits such as mechanical 

resistance, energy absorption capability, corrosion 

resistance and cost reduction in manufacturing are pursued 

with these structures [10], particularly when they formed in 

the shape of a structural member such as a channel or I-beam 

[19, 20]. For example, some patented plates report to safely 

carry 41.600 lbs with a thickness of 2” over a span length of 

4ft [20].  

Although sandwich composites are ultralight-weight 

structural materials, they are not as widely used because 

their resistance in the out-of-plane direction is less than 10% 

their in-plane equivalent [21] and they frequently fail when 

subjected to elastic buckling stresses [2, 22]. The 

honeycomb core stands out; however, as truss cores offer 

more significant advantages due to it is an open structure 

[23]. On the other hand, a structure called biomimetic 

tendon-reinforced improves the out-of-plane properties up 

to 300% than its equivalent in aluminium [22]. 

In the case where the thermal stability is a design factor, 

structures made with carbon-carbon composite material is 

the first option because its coefficient of volumetric 

expansion is close to zero (30x10-6 / K) [1]. 

Such light-weight structures are mainly present in the 

advanced materials industry. However, these usually come 

from minimum structures such as beams or joints with 

dimensions and cross-section geometries standardised, for 

example, T-joints and I-beams. As a result of the prior 

researches works, high specific strength and reduced 

maintenances can be found among their characteristics.  

This paper focuses on broadly reviewing studies on the 

progress of mechanical properties and reinforcements in the 

primary structural sections comprised of FRP composites. 

The composites which have been investigated include those 

which are laminated and others which are manufactured 

through pultrusion technique, and mechanical properties 

include tensile, compressive, flexure and fracture strength. 

The review of these researches can lead to identifying 

similarities and differences in terms of properties mentioned 

beforehand, stiffness and delamination and hence to obtain 

the knowledge of the optimum configuration of these 

structures. This review will also find fields where further 

researches are required. With the present investigation will 

be discussed the use of these basic structures as a light-

weight structure. 

 

2. Beam Composites 

There are two preferred methods for the manufacture of 

composites beams, the most used and the most economical is 

the pultrusion process [24–29], which consists in handling 

fibres as fabric, being wet with resin and then pulled through a 

die to finish with a curing and a cutting step (Figure 2)[30].  

 
Figure 2 - Pultrusion process [31] 

 

Another technique highly used is VARTM used for 

laminated beams (Figure 3). 

 

 
Figure 3 - VARTM process for laminated composites [32] 
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Anisotropy is the main feature characterising laminated 

composites behaviour, which means an exceptional 

performance along fibres direction, but deficient properties 

perpendicular to the fibres. Nevertheless, this sound feature 

is diminished by the deficient properties in the perpendicular 

direction to the fibres and also can be enormously affected 

by a failure mode which is called delamination that can 

occur frequently and be caused mainly by interlaminar 

tensile stresses [33].  

 

Configurations in beams are crucial factors to avoid 

delamination; as a consequence, there were initially beams 

with a curved form divided into two different geometries, 

elliptical and semi-circular.  The latter has two subtypes, 

unscarfed, which reported 36.85 MPa of interlaminar tensile 

stress (ITS) under static load is only 63% of the in-plane 

transverse stress. While scarfed semi-circular specimens 

necked down at the test section had only 32.49 MPa of ITS, 

which only represents 55% of in-plane transverse stress. 

Finally, the elliptical samples had 107.06 MPa of ITS being 

194% of the in-plane transverse stress. Moisture in the 

samples has a positive effect because it broadens the strength 

distribution; the mean ITS increased up to 107.9 MPa. 

 

On the other hand, fatigue affects strength properties 

negatively, reducing the mean ITS to the middle at 106 

cycles with no stable crack propagation[33]. When the 

failure occurs in flat and cylindrical composites beams, 

cracking in intraply matrix triggers delamination and begin 

the damage. Delamination can be stable and progressive if 

intraply bending cracks create this one; however, it can be 

the opposite if shear cracks induce it. Moreover, response 

and damage extension in composites are firmly related to ply 

orientation[34]. 

 

Hybrid composite beams are rare in industry application. 

Therefore, the studies focus on the improvements 

contributed by the FRP materials. As for wood, it can be 

bonded to FRP laminates, giving the raw material beam an 

increment when is two layered of up to 51% and 37% for 

CFRP and GFRP respectively, in flexural strength [35]. As 

reinforcements, non-uniformly graphene platelets (GPLs) 

were distributed in a polymer matrix which demonstrate a 

most effective way to reduce bending deflections, in 

addition, beams with a higher weight fraction of these 

reinforcements distributed symmetrically are less sensitive 

to the nonlinear deformation[36]. Furthermore, the closer 

GPLs to the surface are the higher critical buckling load will 

suffer; this latter because GPL content affects positively also 

the postbuckling load-carrying [37]. Apart from the 

reinforcements, lamination scheme plays a vital role 

affecting critical buckling temperature, and thermal 

postbuckling path of the beam, where it can be concluded 

that sacking with excellent performance was [0°]10 which 

has the highest critical buckling temperature. Moreover, the 

shear stiffness increment of the elastic foundation reduces 

the thermally induced postbuckling deflection of the beam 

[38]. On the other hand, reinforcements not only modify 

buckling phenomenon, but they also lead to a considerable 

improvement in beams, which is the case of a small portion 

of nanotubes [39]. 

 

Concerning optimisation through mathematical 

processes [40], Kalantari et al. [41] stated that exist matrix 

voids, fibre misalignment and thickness variation as primary 

obstacles to reaching a successful optimisation, similarly, 

Mejlej et al. [42] mentioned others such as fibre failure, 

matrix cracking and delamination initiation. Although 

almost every experimental research is made scaled-down, 

investigations pursue an aim which is applying to large-scale 

demanding time and economic resources, Asl et al. 

mentioned that scaled-down specimens behave similarly 

than those made in functional scale, focusing in remaining 

the aspect ratio[38–40]. 

 

At the same level of importance of optimisation, 

behaviour prediction under low-velocity impact can be 

found because of the internal damages induced by low-

velocity impact, in consequence, Li et al. analysed its 

behaviour through an extended method where remarks that  

the delamination size, location on the maximum 

displacements and the matrix crack length influence on the 

performance beams [46]. 

 

3. Beam composites with through-thickness 

reinforcements 

Composites beams suffer from the same disadvantages as 

composites, mainly, deficiency in out-of-plane mechanical 

properties. This latter justifies the insertion of interlaminar 

reinforcements. Beams subjected to short beam shear testing 

with different material architecture showed there was a 

degradation in inter-laminar shear strength in those made of 

3D woven compared to baseline plain woven composite. In 

contrast, there is an inversely proportional relationship 

between the fibres volume of z-yarns and the inter-laminar 

shear strength. In contrast, it can say 3D woven has more 

damage tolerance than 2D plain woven due to the 

distribution of damage in the post-elastic regime. Baseline 

materials have excellent properties in resistance to initial 

damage, but consecutively, this value decreases drastically 

as the energy increases[47]. 

When stitching as reinforcement is used in beams, stitch 

density profoundly influences the maximum load that a 

beam can support, modifying this property up to a 50% 

extra. Also, stitching and impact force does not correlate 

with beginning the delamination growth; however, after 

initiation, stitching parameters are essential for the extent of 

the delamination growth. This reinforcement is sufficient for 

high impact energy and delamination growth, and also when 

the delamination occurs in the middle of the thickness[48]. 

In concordance with Al-Khudairi [49] et al. and 
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Ghasemnejad [50] study, stitched beams have a higher 

energy absorption capability and maintain the structural 

integrity for longer in composite wind turbine structure. 

Yarns volume is crucial in energy absorption because it 

allows the composite to support more energy impact but also 

increase displacement. In contrast with studies in [39–42], 

Ghasemnejad et al. [50] observed overlap region of joints 

stitched with Flax yarns increase the strength and impact 

energy absorption for nearly 70%. 

Respect to interlaminar fracture toughness, Kim et al. 

[55] shows that this property as opposed to the propagation 

and initiation energies which come from an impact, yet 

Ghasemnejad [50] contradicts the latter statement, showing 

among their results that interlaminar fracture toughness 

which was enhanced by flax stitching attracts the 

interlaminar crack propagation satisfactorily at the interface. 

Another phenomenon which affects laminated beams is the 

buckling, and its sensitiveness depends significantly on the 

slenderness ratios (delamination length-span length)[56]. 

Numerical approaches can also determine aspects for 

deformation, where it can be concluded that normal 

deformation effect depends on span-height ratio, boundary 

condition and lay-ups, in addition, for thick beams, 

clamped-clamped boundary conditions and unsymmetrical 

lay-up are more significant than others [57]. Similarly, 

Nguyen et al. work shows that the optimal solutions are 

linked to geometric parameters such as beam length, flanges 

width and web’s height [58]. 

As another crucial characteristic of beams, stiffness 

varies in function of the flange height, increasing its value 

when T-beam flange height grows. Although this height has 

a positive effect on energy absorption which occurs due to 

bending of the beam, fibre breakage and matrix crack 

trigger, this feature is also related to the higher flexural 

stiffness and strength [59].  

 

4. Beams and joints 

4.1. I-beams 

I and T shape classify as variations of the cross-sectional 

forms of beams. Composites can be utilized as the primary 

material for I-beams but also as a reinforcement of a metal 

I-beam as Lacki et al. stated [46, 47], where composites 

enhanced twice the buckling resistance and load-bearing 

capacity of an aluminium alloy I-beam when a mix of 

polyurethane foam and glass fibre in the flanges-web zone 

reinforced the structure. Although when it was combined 

with a CFRP on the flanges, the buckling resistance and 

load-bearing capacity increased four times respect to the 

plane aluminium I-beam[60]. 

 

When a composites beam is subjected to an environment 

with water, similarly with operational conditions of turbine 

blades, its interlaminar shear performance is reduced 

significantly. The reason is the cracks produced by fatigue 

cycling load in dry specimen were found on the inter-ply 

area while cracks in the immersed samples triggered the 

failure in the intraply area because of fibre/matrix debonding 

before the test[62]. 

 

An alternative method for pultruded I-beams consists in 

bonding web and flanges laminated with the resin being 

three different plates before realising and can be reinforced 

through a curb along the full length[63]. Feo et al. [49, 50] 

studied the axial differences respect to a pultruded beams 

where mentioned axial stiffness were reduced dramatically 

from around 10 kN/mm to the middle in bonded beams (BB) 

and a quarter in reinforced bonded beam (RBB) when the 

specimen is subjected to an end-point load. However, when 

the load is placed in the middle the stiffness of pultruded 

beams, 11.32 kN/mm, is reduced to 80% for BB and the 

middle for RBB. In the other hand, these relationships are 

not present in the beam deformation because while BB is 

more brittle than the plane one and RBB presents a more 

ductile behaviour. 

 

A combination of glass and carbon fibres restricted to 

flanges make a hybrid I-beam increasing structural 

performance, but only using glass fibres in the web 

minimising costs. Flange-web length ratio affects 

considerably to how failure occurs. In a rate of 0.43, beams 

behaviour was stable and linear under bending moment, 

while in the 1.13 ratio, the response was the opposite in the 

buckling and post-buckling region; however, both behaviour 

configurations triggered failure delamination of the 

compressive flange [65]. Nevertheless, linear behaviour up 

to initial point failure in flexural, compression and tensile 

tests can be obtained by braiding, which also determines a 

performance without suffering delamination [66]. 

 

Other phenomena such as buckling and deflection which 

affect negatively I-beam are closely related to the increase 

in width and depth of unsupported flanges and web, as 

regards, the deflection is at its minimum value and critical 

buckling  load at maximum value when the stacking 

sequences corresponds to (0°)2s [67]. 

 

Beams are affected significantly by the environment which 

they are exposed to, hence, Gagani et al. experimented with 

I-beams submerged into a fluid, contributing to a high rate 

of saturation in composites and concluding that fibre/matrix 

interface is a crucial aspect in the interlaminar shear fatigue 

performance and its immersed fatigue behaviour improved 

according to the resistance of the interface [53, 59]. 

 

4.2. T-beams 

T-beams are also used as lightweight structures. A 

configuration to improve mechanical properties is 

manufacturing them through three-dimensional five-
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directional braided composites method at which there was a 

close correspondence between load-displacement curves 

(damage evolution) and stiffness degradation, showing a 

dependence of stiffness degradation with the stress level and 

the number of load cycles, decreasing the fatigue life with 

the incremental stress applied. Three stages of failure 

occurred in different parts, matrix cracks and resin-yarns 

interface debonding on the flange and fibre breaking in the 

web during the fatigue loading. Fibre breaking is the 

determinant factor for damage under the high-stress level; in 

contrast, the other two stages were prominent at low-stress 

level [69]. 

In some occasions, T-beams are subjected to high 

temperatures, where transverse impact behaviour becomes 

essential. Two factors influenced this behaviour, elevated 

temperature change failure mechanism from brittle to 

ductile while the temperature is increasing and transverse 

impact velocity being the most significant factor for 

transverse impact responses of the beam, which are impact 

peak load and total energy absorption[70]. While in a 

Biaxial Spacer Weft-Knitted Composite T-Beam, the impact 

loading is the most significant factor for the transverse 

impact responses[71]. Three failure mechanisms appeared 

in a 3D braided composites T-beam under transverse impact, 

matrix crack and fragmentation in the front surface and fibre 

breakage in the rear surface in the flange and the web 

position[70]. However, in a 3D orthogonal woven 

composite T-beam under same conditions, matrix crack 

occurred at the front surface, and in the meanwhile fibre 

breakage and matrix spallation appeared in the rear 

surface[72]. 

Yan et al. [73] compared the same reinforcement, 3D 

braiding, in T-beams and rectangular beams, noticing 

differences respect to the load-carrying capacity, where T-

beams reported almost 20% of improvement respect to 

square ones. The increment of the number of cycles to 

failure under stress level of 80% was 789.6%, while for 50% 

was 132%; thus, flexural rigidity is enhanced by the web 

reducing the tension loading region area of the lower surface 

in a fatigue test. 

When it comes to the evaluation of web’s height, the 

height as a parameter becomes crucial to energy absorption 

if compared to displacement, in other words, a height of 12 

mm in the web contributes a growth in 15 J, which is a 

increment of 300%, of energy absorption when the 

displacement is 9 mm [74]. 

4.3. T-joints 

T-joints are other cross-sectional composite structures 

which demand a significant interest of aircraft and wind 

energy industries. In many cases, their performance is 

closely related to bonding methods, surface preparation, 

adherend and geometrical properties [75]–[84], such 

parameters are important in the design and application of T-

joints which have adhesion and bonding among their main 

feature[85]. However, these structures can be reinforced 

with through-thickness reinforcements such as z-

pinning[69], [70], [71–78], [79–85], stitching [76], [79–83], 

[86], [87] and tufting[91], [100]. 

Tan et al. [94] found that Z-pinning technique does not 

modify the initial failure load due to the fillet region is not 

covered; thus this reinforcement only increased the ultimate 

strength in 18.3% respect to an adhered joint. This feature 

and traction capacity can be supported because bridging 

traction formation triggered the crack. Thick skin affects 

positively showing a higher failure initiation strength in a 

limited deformation while thin skin may make bridging 

traction surpass the bending property of the skin. Z-pinning 

is also a sound reinforcement for out-of-plane tensile stress, 

increasing 13.6% the tensile strength for the adhesive 

connection mode and 0.83% about stitching method, and it 

complements with its high capacity to deform, being at least 

20% more than the usual technique of adhesion [99]. 

However, within the in-plane directions, interlaminar 

reinforcements degrade the properties. 1-thread stitching 

process which was proposed to minimise the main 

disadvantage of carbon threads, which is bending and thus 

preventing failure showed a reduction of around 17%, 

respect to unstitched specimens, but sharing values with z-

pinning[98]. As a reinforced composite, it enhanced the 

pull-off failure strength in a range from 40.56% to 47.47% 

higher than the unreinforced ones, and even better than those 

with z-pinning reinforcement[98]. 

Damage detection in T-joints is indispensable to prevent 

crack propagation and avoid a total collapse in the structure. 

Li et al. [105], [106] proposed a mechanism to detect 

delamination in composite T-joints of wind turbines through 

the use of microwaves with an open-ended waveguide 

distinguishing the variation of flange thickness, the presence 

of the web incrusted into the flange and manufacturing 

defects. Detection could be focused primarily on the deltoid 

from the middle of the specimen where Xu et al. [107]  

noticed  it is the more critical point for the beginning of 

Mode I debonding, on the other hand, the region with the 

highest stresses during mechanical pull-off load tests is at 

the free edges[103]. After detection, it is necessary to 

proceed with the repair, Cullinan et al. [108] tested to repair 

in situ with the use of embedded microvascular networks 

which create a way for the repair agent infiltration. Another 

method consists in creating a 3D healing network using 

stitching with mendable poly (ethylene-co-methacrylic acid) 

(EMAA) thermoplastic filament, and proceed with thermal 

activation which triggers repairs of delamination and matrix 

cracks[95]. 

The out-of-plane mechanical properties are frequently 

insufficient for many applications. In response of that, 

Heimbs et al. [109] made tests with metallic arrow-pin 
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reinforcement in a T-joint with multiples variations, where 

metal pins of maximum density and thermoplastic binder 

give an improvement in energy absorption of 720% respect 

to unreinforced T-joint in T-pull tests. 

Sandwich composite T-joints are also widely used in 

different fields, with reinforcements between their concerns.  

One of the reinforcements used was z-pinning where its 

efficacy is closely related to the volume content of pins 

where a 2% of volume content improved by around 20% and 

50% the fracture strength and fracture energy respectively. 

5. Implications and conclusions 

Researches concerning to composites beams have been 

extensively developed along the past years publishing 

multiple scientific works. The purpose of this review comes 

from the necessity of observing the experimental progress of 

the cross-sectional form and rectangular beams and joints as 

an essential part of several applications. These beams 

working as light-weight structure had the same drawback as 

their primary material, existing several reinforcing 

techniques (e.g. stitching, z-pinning, tufting) that allow 

improving the out-of-plane properties. Also, composites do 

not only work as the primary manufacturing material but 

also work as reinforcements where beams are made of 

another material such as steel, aluminium or concrete.  

 

There is no a considerable difference between stitching 

and z-pinning respect to the contribution to the out-of-plane 

properties, however, in the in-plane properties degradation, 

the difference was slightly significant, due to the harm that 

the yarns make on the woven.  The latter was the reason for 

proposing variations in the stitching method such as working 

with only one thread. While these reinforcement processes 

do not include the fillet region, initial failure load will 

remain constant. 

 

Notwithstanding currently the out-plane mechanical 

properties of the cross-sectional beams and joints are 

improved through different techniques, there are also others 

frequently used in composites that could be beneficial for 

these reinforcing procedures. These alternatives could be 

whiskers, carbon nanotubes and nonwoven fabrics. This 

latter could even reduce the cost of reinforcing stage due to 

the high volume and velocity of production. Another field of 

research for the future is doing extensive studies about the 

behaviours of the deltoid region located at the fusion region 

between web and flange.  
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