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 “More industrial developments equals more generation of wastes". Wastes of 
glasses are blameworthy for the grave issue of pollution of environments chiefly 
in virtue of their profound accessibility and inconsistency of this stream. With 
mounting environmental pressure to trim them down and to recycle them as 
much as possible, the concrete industry has lent a hand to incorporate them with 
the manufacturing of inorganic, user, and eco-benevolent innovative 
Geopolymer construction composites. The current review paper studies the 
most striking points in the context of the production of waste glass integrated 
Geopolymer paste stressing its valorization in lights of its properties. More often 
than not, the center of attention here is to embrace the "conversion of wastes 
into wealth" strategy. That is why, this article reviews with an objective of its 
confined literature to comprehend its characteristics viz., workability, 
compressive strength, thermal, microstructure, etc. As a final point, the paper 
pigeonholes research work challenges, endorsement of potential utilization for 
this promising brand-new, green valorized Geopolymeric building material in 
order to establish it as a cost-effective, sustainable, durable construction 
material as a "futures toolkit”. 

 
© 2021 MIM Research Group. All rights reserved. 
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1. Introduction 

An upsurge in industrial developments brought forth the generation of several wastes 
from industries cropping up a gigantic dilemma for their well-thought-out disposal. 
Copious landfills of solid glass waste (WG) from a lot more sources are liable to not only 
environmental but also health jeopardy. Nowadays, glass production is in great demand 
due to its employment in extensive practical, technological, traditional and decorative 
applications with the characteristic easiness of formability into any kind of shape viz., 
packaging, pharmaceuticals, cosmetics; dining tableware, housing and building interior 
decoration, window panes, optics, etc. Depending upon the resources of generation, the 
diverse waste glass may be found in the form of solar panel-WG, cullet of WG, modern E-
WG from E-waste, etc. Often, glass is transparent and a non-crystalline amorphous type 
solid whereby the atomic structure is deficient of the long-range periodicity as visible 
crystallized ones. The historically oldest and well-known kinds of brittle but extremely 
durable manufactured glasses are coined as "silicate glasses" based on their enclosure of 
the primary component of sand, i.e., Silica [Quartz - Silicon Dioxide (SiO2)]; as well as "Soda-
lime glass" having roughly 70% Silica Glass is regarded as inert material in a usual 
environment that can undergo recycling through an assortment of techniques sans leaving 
any impression on its chemistry. The different oxide additives bring about diverse colors 
into the glass. The color in glass may be achieved by supplement homogenously dispersed 
color centers or ions that are electrically charged. Also, glass can be colored through the 

mailto:ersalmabanu.mnit@gmail.com
http://dx.doi.org/10.17515/resm2020.240st1213
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addition of metal salts to use it like stained glass windows, glass art objects, etc. Glasses 
can be poured, formed, extruded, and molded with ease into flat sheets to extremely 
intricate shapes during production. It is solvable at alkaline pH values amazingly. More 
often than not, it is strongly resistant to chemical attacks; however, it can be corroded or 
dissolved under a few specific conditions. Surprisingly, it is found stronger than most 
metals with a significant tensile strength owing to its capability to experience reversible 
compression with no fracture. Thus, the glass is very hard and possesses very inferior 
thermal expansion with brilliant thermal shock resistance. For these reasons, it is 
competent enough to survive on immersing in the water when it was red hot resisting 
elevated temperatures ranging from 1000° to 1500 °C as well as chemical weathering. The 
fused quartz is employed for applications at towering temperatures like furnace and 
lighting tubes, melting crucibles, etc. Not only have that, the non-biodegradable nature of 
WG is also a challenge to contaminate soil and waters. However, WG can be subjected to 
recycling to use it for concrete manufacturing as a replacement of natural restricted 
aggregate resources helping to protect for their conservation. Recently, WG has attracted 
researchers to manufacture Geopolymeric composites as an add-on recycled material in 
Geopolymer paste, mortar, and concretes not only to lower operational energy and CO2 
emissions as compared to cement-system, which in turn, lower the challenges of a titanic 
dilemma of global warming. Having high regard for innovative Geopolymer technology, 
this has long been documented to offer the potential for incorporation of wastes in 
producing Geopolymer construction composites. It extends a systematic solution for their 
disposal dilemma. This is the core reason why geopolymers are dexterous of valorizing 
quite a lot of pozzolanic wastes from diverse resources of glass rich in Alumina plus Silica. 
Various researchers have worked on various wastes to be utilized for preparing diverse 
pastes to apply for construction industries [1-4]. Significantly, the geopolymer emits nine-
fold low carbon footprint and six times lesser operational energy in comparison to the 
contemporary cement production process, saving natural limited mineral resources as 
fuels to achieve towering temperatures for calcination of Limestones – an essential raw 
material for cement as well as slimming down the earth-heating [6-8]. Little preceding 
investigations are easy to get to on geopolymer paste with WG- valorization. To date, highly 
limited investigations have conducted on geopolymerization of pastes integrated with WG 
or WG-powder or WG- mixes blended with Slag, Fly ash, etc. Momentously, the viability 
and acceptance of such WG blended Geopolymeric paste must be confirmed by verifying 
its significant parameters to establish it as a 'sustainable' structural material. For this 
reason, the present scientometric review aspires to valorize and stimulate the application 
of waste glass integrated manufacturing of novel geopolymer paste making it over as a 
'''class' material keeping an eye on its attributes viz., workability, compressive strength, 
thermal, microstructure, etc. along with challenges and applications to encourage their 
application as low carbon, reduced operational energy, affordable, durable, sustainable 
and user-benevolent inorganic polymerized composite in construction and infrastructure 
industries. 

2. Properties of Geopolymer Composites Incorporated with Glass Wastes  

2.1. Workability 

Wang et al. [13] have investigated on a study of the engineering attributes of Geopolymer 
material containing WG and its setting times as represented by Fig.1 that when the alkaline 
solution is taken as 0.5% and the liquid: solid ratio is escalated from 0.50 to 0.55, the early 
and final setting times are extended by 87 and 131 minutes respectively. If the liquid: solid 
ratio is augmented to 0.60, the initial and final setting times are made longer by 159 and 
227 min. Correspondingly. On account of the higher liquid: solid ratio, the alkaline solution 
is diluted via the water of the alkali metal silicate solution, and hence, the setting time is 
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lengthened. When the liquid: solid ratio is 0.55, and the alkaline solution is kept at 0.5%, 
the early and final setting times found are 300 min and 595 min in that order. 

 

Fig. 1 Setting time of alkali-activated waste glass material [13] 

When the alkaline solution boosts to 1%, the early and final setting times are cut down by 
45 min. and 100 min. respectively, signaling to an enhance in the alkaline solution that can 
condense the setting time. Fig. 2 displays that when the alkaline solution is kept at 0.75%, 
the liquid: solid ratio is 0.50, and the glass sand substitution level is 0%, the early and final 
setting times are 171 min. and 413 min., correspondingly. When the glass sand substitution 
is accelerated to 20 %, the initial and final setting times are 321 min. and 616 min., in that 
order. The upshot reveals that the setting time enhances as the glass Sand substitution 
escalates. For a reason, the glass sand is water repellent when the glass sand substitution 
accelerates, the glass sand cannot swiftly submit itself to a poly-reaction with Slag and OH 
ions, so the setting time has got extended. 

 

Fig. 2 Impact of glass waste on setting time of geopolymer paste [13] 

The study by Torres-Carrasco and Puertas [14], unearthed that the nature of the activator 
has significantly affected the development of paste strength. Of the solutions they 
investigated, the least performance was displayed by NaOH: Na2CO3 having pH = 13.3, 
with values of 29 MPa as portrayed in Fig. 3, which dropped to 17.1 MPa when 25 g of WG 
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was supplemented to that solution as an option to commercial Sodium Silicate, extending 
a pH of 13.4. Because pH controls Alumino-Silicate dissolution that encourages nucleation 
or condensation and polymerization, it plays an important role in the activation of the said 
materials. Even so, while a commercial Sodium Silicate, i.e., water glass, along with a 
SiO2:Na2O modulus of 0.86, as well as pH of 13.8, was employed, the strength measured 
was 54 MPa. As the liquid: solid ratio, i.e., L/S = 0.4, was the same in every one of the 
systems, though, when the commercial Sodium Silicate solution was employed, the paste 
showed a lower consistency. This may have partly described the enhanced mechanical 
strength monitored [15]. 

 

Fig. 3 Compressive strength for waste glass activated with different activating 
solutions [14] 

What is more, the reactivity of Si from a commercial Sodium Silicate is superior to the 
dissolve Si from WG. While the glass pastes were activated with a high OH- concentration 
eg. typically utilized to activate Fly ash, mechanical strength has increased. The optimum 
outcomes were monitored for the WG-NaOH solution (N10 + 15g), which exhibited the 
strength of 88 MPa. 

Torres-Carrasco and Puertas [16] have noticed the identical strength performance 
concerning Fly ash activated with this option to commercial Sodium Silicate, made by 
dissolving the WG through heating [6]. Ultimately, by taking 10M KOH solution as an 
activator, the WG obtained strength roughly of 50 MPa, which is a smaller value than that 
of the Na+ ion-containing system. Since the K+ cation dissolves less of the Ca and Mg 
present in the preliminary material, a reduced amount of reaction yield precipitates            
[18, 19]. 

Lin et al., [20] have investigated the setting time of WG incorporated Metakaolin-based 
Geopolymers and recorded that the setting time experiment was employed to investigate 
the early and final fresh paste setting times. The early setting time displayed that the fresh 
paste lost the workability, and the final setting time pointed out that mechanical strength 
enhanced. Fig. 4 illustrate the setting time experiment outcomes. 
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Fig. 4 Setting times of waste-glass metakaolin-based geopolymers [20] 

Fig. 4 depicts that the setting time ascended as the Metakaolin (MK) was substituted with 
WG of TFT-LCD. The early and final setting times of the MK-based Geopolymers were 
around 533 min. and 615 min., correspondingly. Since more MK was substituted with WG 
of TFT-LCD, the early and final setting times are augmented. When 10% of the MK was 
substituted by WG of TFT-LCD, the early and final setting times were about 666 min. and 
765 min., in that order. While 40% of MK was substituted with WG of TFT-LCD, the early 
and final setting times boosted to 1158 min and 1245 min correspondingly. The upshots 
are represented that the Valorization WG of TFT-LCD enhanced the workability. 

2.2. Compressive Strength 

The study by Torres-Carrasco and Puertas [14], unearthed that the nature of the activator 
has affected significantly. Kastiukas and Zhou, [21] studied the influence of WG addition on 
the mechanical performance of Geopolymer binders accompanied by Tungsten Mining 
Wastes (TMW). The average compressive strength of the four poles apart compositions of 
Geopolymer binders with the substitution of TMW by WG for up to 40 % by weight is 
summed up in Fig. 5.  

The upshots achieved for only TMW-Geopolymer binders are also taken into account. Fig. 
5 has pointed out that the compressive strength boosted with an enhancement of WG 
content across all ages. Substitution of 40 % by weight of WG, i.e., specimens 
60TMW40WG, have shown 16% of augment in SiO2 molar content and demonstrated the 
highest 28th day compressive strength of 41 MPa; a 127% enhancement comparative to the 
100TMW control specimen. The compressive strength at the initial age was also monitored 
to enhance with the boost in WG content. Commencing with the control specimen of 
100TMW, the compressive strength on the first day is merely 12.3% of the final 28th-day 
strength. 

Nevertheless, for 20, 30, and 40 % substitution of TMW by weight with WG, the first-day 
strength enhances to 48.6, 67.8, and 72% of the ultimate 28th-day strength. To investigate 
the latter strength enhancements, SEM micrographs of Geopolymer binders unearthing the 
micro-structural divergences in specimens manufactured incorporating WG are depicted 
in Fig. 6. 
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Fig. 5 Effects of WG on compressive strength [21] 

 

Fig. 6 SEM images of a 60TMW40WG, b 100TMW, c amorphous reaction products in 
60TMW40WG and d unreacted WG particles [21] 

Particles of TMW on the first day (60TMW40WG specimen) (Fig. 6a) displayed more zones 
of the Muscovite crystal with a laminated structure, which is shown as lighter areas that 
can be deduced as an augment in the echelon of Al and Si leaching. On the other side, the 
particles of Muscovite on the first day 100TMW specimens (Fig. 6b) stayed comparatively 
unaffected. The structure of specimens of 60TMW:40WG seems to have a smaller number 
of voids, whereas the reaction products emerge as denser and with more permanence, i.e., 
they are not composed of remote areas such as the case of 100TMWspecimens.  
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Dense amorphous gel formations were also observed in the 60TMW:40WG as illustrated 
in Fig. 6c). Also, fig. demonstrates how WG particles are partly converting into amorphous 
reaction yields propping up the suggestion that an enlarged substitution of WG contributes 
a means of escalating reactive Silica and, in this manner, growing the Si: Al ratio. In other 
words, less dependence on employing more expensive and less sustainable soluble Silica 
met within commercial Na2SiO3 (Sodium Silicate) solution. Subsequent to 28 days, a lot of 
bulky particles of SiO2 were found entrenched in the matrix of Geopolymer binders as given 
away in Fig. 6d. 

Nevertheless, it was not easy to establish the amount which came from the TMW and WG. 
However, it can be concluded that the enhanced WG content might not have merely 
contributed reactive Silica to the mixture but also encouraged to strengthen the 
Geopolymer binders as inert filler, most probably by the coarser portion of WG. The 
compressive strength results with the optimum substitution by WG, i.e., 40 % by weight 
are comparable with the outcomes of Pacheco- Torgal et al.[22], who achieved 39.6 MPa at 
28 days for TMW incorporated Geopolymer mortar. Though, the achievement was only 
subsequent to an energy-intensive Calcination of the TMW at 950°C for 2 hours. 

A study by Rivera et al., [23] leads to the upshots of the compressive strength examinations 
on the synthesized Alkaline cement cured for 7 days, which are illustrated in Fig. 7. Even 
though the composition of the WG is extremely analogous, the compressive strength at 7 
days, for the three alkaline-activated residues is very dissimilar.  

The bottle residues represented the greatest resistance of 56 MPa at low concentrations of 
the activator solution NaOH which was only 4 molar. The lower percentage of NaOH 
necessitated for the activation of the residue is not only cost-effective but also 
environmentally benign. This is attributed to the enhanced percentage of dissolution in 
alkaline condition, which is an index of the better reactivity, irrespective of the bulky size 
of the particle as the action of the medium could take place on the surface of the particles 
which stay entrenched in the alkaline activated matrix performing as a reinforcement that 
limits the propagation of cracks and augments the resistance. It has been chronicled that 
an elevated concentration of MOH activator where, M = Na+ or K+ generates a high pH in 
the liquid phase, and results in an enhanced percentage of ionic species, that limits the 
mobility of ions and therefore, hinders the process of polymerization [24,25]. 

 

Fig. 7 Effect of waste glass (W.G) on Compressive strength at 7 days[23] 
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What's more, Silica from the WG has a better solubility at higher concentrations of NaOH 
and at the reaction temperature which was 70° C, extended its amorphous nature, and this 
surplus of soluble Silica in the mix is predicted to augment the viscosity of the network 
[26], by this means declining the mobility of Silicate chains in the formulation and 
providing to the loss of mechanical strength in the trial piece. A few researchers assigned 
this dwindle to an advanced attack on particles of WG by the alkali, which forms an outside 
layer on the particles which delays the reaction [27,28]. The said outcomes put forward 
the survival of a restricting value of the concentration of NaOH, in particular, taking into 
account the contribution of Sodium from the WG. 

The study of Rivera et al., [22] has obtained the value as 4 Molar, keeping the compressive 
strength almost constant or drop off considerably, as shown in Fig. 7. The referred result 
coincides with that recorded by Pascual et al.  [27].  

Fig. 8, the upshots of compressive strength of the Geopolymer samples employing NaOH of 
4 M as an activator are compared, at the ages of 7 and 28 days of curing. A drop in the 
context of the mechanical resistance at 28 days is monitored, of about 4% for bottle glass 
waste, 8% for window glass waste, and 32% for lamp glass waste. The falls in strength 
noticed between 7 and 28 days could be owing to the phase modifications taking place for 
the duration of ageing, though, shrinkage and cracking [26]. 

 

Fig. 8 Effect of waste glass (W.G) on Compressive strength at 7 and 28 days [23] 

Haji Mohammadi et al. [28] have reported on the behavior of drying shrinkage of the 
Geopolymer pastes over time, which is demonstrated in Fig. 9. The control group with no 
aggregates possess the uppermost rate of shrinkage, which is supposed owing to the higher 
quantity of gel production for the analogous amount of binder paste as there are no 
aggregates present. The aggregates do not shrink, and hence influences the ultimate 
percentage of shrinkage of the system. Consequently, the quantity of aggregate content is 
significant for a reduction in shrinkage [29]. The Sand group displays a noticeably high 
proportion of shrinkage than the glass grouping. Mortars are well-known to exhibit low 
shrinkage in comparison with the pure paste, on account of the enclosing aggregates [30]. 
It is also identified that the size enhances of aggregates accelerates the drying shrinkage of 
the mortars [30,31].  

For that reason, the behavior monitored in Fig. 9 is logical i.e., a decline in shrinkage from 
the control grouping to the Sand group and a further fall in shrinkage from the sand group 
to the glass group having finer WG particles. It is quite attention-grabbing to make a note 
that the glass group designates amazingly low shrinkage on the 7th day and 14th day; 
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however, the shrinkage out of the blue quadruples on the 21st day! It stems from the fact 
that the WG-fine is fundamentally pozzolanic, and it will ultimately play a role in the 
kinetics of the Geopolymerization process. The quantity percentage of Silica dissolution 
from WG at ambient temperature is identified to be trifling [32]. 

 

Fig. 9Drying shrinkage of geopolymer binders  [28] 

Also, another study by Puertas and Torres-Carrasco [33], has flashed lights on the 
mechanical performance of the pastes, which is depicted in Fig. 10. Fig. exhibits that 
compressive strength ascended with curing time in every one of the pastes. The least 
values of strength were noted down, at all ages, for paste Slag-Geopolymer with 
NaOH/Na2CO3. N/C, i.e., the paste made with NaOH/Na2CO3 as the activator, and the 
highest for a paste of slag Geopolymer with water glass solution, manufactured with water 
glass activator. The graph also displays that the greater the content of WG in the activator 
solution in the Slag-Geopolymer N/C family of pastes, the superior was their mechanical 
strength, though neither was as strong as a paste of WG-Slag Geopolymer. In the range of 
100–0.01 μm, the total porosity and pore size distribution for the pastes are 
correspondingly made known in Fig. 11, whereby the porosity values are demonstrated in 
the percentage of the entire specimen volume. The total porosity was highest in the paste 
of Slag-Geopolymer prepared with N/Cat all ages, varying from 18 to 24%. While in the 
case of pastes made with Si possessing activators, total porosity was considerably low: 4 
to 9% in WG-Slag Geopolymer and 7 to 9% in paste Slag Geopolymer made with N/C-25. 
Pore size distribution pursued an analogous pattern as shown in Fig.11, with a higher 
proportion of micro and mesopores in the pastes manufactured with the silicon-activators. 
The paste made with 25 g/100 mL WG had a bigger fraction of pores lesser than 0.01 μm. 
These total porosity and pore size distribution outcomes are constant with the 
compressive strength obtained for the materials examined, as demonstrated in Fig. 10. 
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Fig. 10 Compressive strength of AAS pastes [11] 

 

Fig. 11 Pore size distribution in pastes [33] 

Martinez-Lopez and Escalante-Garcia, [34] have also studied concerning the compressive 
strength of the Geopolymer paste evolution from 1 to 28 days for the pastes grouped by 
the quantity percentage of WG. The compressive strength generally enhanced with the 
period, and the greatest strength at 28 days was for specimen CN1 with 4% Na2O 
employing NaOH as an activator, 0%WG, and curing at 20℃. Paste CN17 demonstrated a 
strength reduce following 14 days owing to the long-termed curing at a higher 
temperature, following Puertas [35], who talked about the strength decline that it is owing 
to the slimming down of Silica gel phase developed at early ages, Silica gel encloses water 
not bound chemically and it evaporates readily at elevated temperature, this reduction 
results into formation of cracks in strength detriment. It is discernible that in trials of 0 to 
25% WG, i.e., with a low percentage of WG, the strength mitigated with the boost of 
percentage quantity of Na2O; the enhance of Na2O contents in blast furnace slag (BFS) has 
been recorded to trim down the strength [36,37]. 

Wang [38]designated that 2 to 8 % of Na2O was enough to acquire higher strength in BFS 
pastes, some other researchers have also signified that a surplus of Alkalis directed to 
Carbonation and strength loses owing to the referred phenomenon[37,39].On the other 
side, the pastes with 50 % WG demonstrated inferior strength for 4 to 8% of Na2O that 
points that the Slag and class contested for an inadequate quantity of activator, it also 
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seems that the strength enhanced with a grouping of elevated curing temperature, 
enhanced quantity percentage of Na2O along with the presence of Na2CO3; however, the on 
the whole attitude of these composites designate that there was no apposite percentage of 
content of Na2O, i.e., lower content of Na2O, were not as much as essential for the activation 
of WG, and a high percentage of Na2O had a pessimistic impact on the activation of BFS, as 
reported in the micro-structures as shown in Fig. 12, whereby the quantity of non-reacted 
WG particles was elevated in comparison with other trials. It was accounted that the 
advanced percentage of WG advantaged from the amalgamation of Na2CO3, as 
demonstrated by trials CN6, CN15, CN17, and CN25 with 25%, 50%, 75%, and 100 % of 
WG respectively. 

 

Fig. 12 Scanning electron micrograph of the samples CN1, CN6, CN15, CN17 and CN25 
at 28 days [34] 

Ruiz-Santaquiera [40] found that the solubility of glass was found more employing an 
activation solution of NaOH: Na2CO3 at the ratio of 50:50, and Sodium Carbonate functions 
as a pH stabilizer in Alkaline solution; i.e., for merely NaOH, the Ions of Hydroxide [OH] 
declined as the Silica dissolved, on making the adding together of Na2CO3 permitted the 
OH- ions to stay quite constant with time, permitting the split of more Si AO bonds. The 
temperature for curing also had a powerful impact on strength; elevated temperatures 
supported the early strength; this was in harmony with accounts on BFS binders [41–43]. 
The author also mentioned the WG necessitates a prolonged curing time to build up higher 
mechanical characteristics. 

Tho-In et al., [44] 'What's more to add, the compressive strengths of the Fly Ash based 
Geopolymer pastes with diverging substitutions of Fly Ash by WG. The upshots fingers 
towards the substitution levels of both fluorescent lamp glass powder (FP) and ground 
container glass powder (CP) have imperative impacts on the compressive strengths of 
Geopolymer pastes. The best possible performances for FP and CP substitutions are 
attained from the 10FP and 20CP samples with compressive strengths of 41.1 MPa and 
47.6 MPa, correspondingly, whereas the reference paste displays a compressive strength 
of 45.7 MPa. With substitution by FP, the compressive strength inclines to reduce as the 
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substitution level is enhanced. Samples 10FP,20FP, 30FP and 40FP demonstrate 
compressive strengths of 41.1, 40.7, 39.6, and 33.3 MPa, in that order, while 100 FA has a 
compressive strength of 45.7 MPa. The decline in compressive strength may be assigned 
to the substitution with FP, altering the Silicon: Aluminum ratio on account of its elevated 
Silicon content. The attributes of Geopolymers are considerably modified with 
comparatively little alterations in Silicon and Aluminum contents during the 
Geopolymerization of Alumino-Silicates [45]. Higher Silicon: Aluminum ratios persuade 
the development of low cross-linked Alumino-Silicate materials with reduced 
strengths[46, 47]. 

Davidovits [48], as well as Chindaprasirt et al. [49], have pointed out that the optimum 
Silicon: Aluminum ratio for a good-strength Geopolymer was among 3.5 to 4.0. 
Nevertheless, the geopolymer samples employing 10 to 30%FPdemonstrated compressive 
strengths of 87 to 90% that of the reference paste owing to the higher fineness of the FP-
particles. The fine FP- particles play the role of micro-fillers for the Geopolymer paste, 
inducing matrix densification. The compressive strengths of Geopolymer paste 
incorporating CP are also mitigated, analogous to those amalgamating FP, on account of 
the enhanced Silicon: Aluminum ratios. Nevertheless, the compressive strengths of the CP-
pastes are superior to FP-pastes at the constant substitution levels. This is for the reason 
that the CaO content of 12.80% in CP is greater than in FP, which was7.43%. High CaO 
levels in Geopolymer pastes have been accounted to form supplementary Calcium-Silicate-
Hydrate or Calcium Alumino-Silicate Hydrate phases along with other Geopolymerization 
yields, consequently, producing denser structures and enhanced strengths [50, 51]. The 
Geopolymer paste is incorporating 20%CP demonstrates the greatest compressive 
strength of 47.6 MPa, a little more than that of the reference paste. This may be due to the 
amalgamation of a correct quantity of fine CP-particles with a higher content of CaO. 

2.3. Thermal 

Badanoiu et al. [52], have examined thermal attributes in the context of mass changes, 
porosity, and compressive strength. They reported that the mass alterations evaluated on 
the cubic paste samples treated at diverse temperatures are represented in Fig. 13. 

 

Fig. 13 Mass loss of pastes after thermal treatment at different temperatures [52] 
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The mass losses noted down for B_N5 (NaOH 5 M), and BR25_N5 (NaOH 5 M) pastes 
subsequent to thermal treatment at temperatures among 400 and 800℃ is consisted 
among 19% and 22%; this significant weight loss is chiefly owing to the dehydration and 
transformation of Sodium Silicate (Aluminate) Hydrates which confirms the foaming of the 
material. For theBR25_RF (Red mud slurry filtrate (RF) pastes, the mass losses are smaller 
with 8 to 12% mostly owing to the low-quantity of Sodium Silicate (Aluminate)Hydrates 
developed when filtrate RF with low alkalinity in comparison with NaOH 5 M was 
employed as the liquid ingredient. Two B_N5 pastes – one treated at 600°C and another at 
800°C, possess the apparent density values smaller than 0.866 g/cm3. For theBR25_N5 
pastes, apparent density the values trim down with the augment of temperature for 
thermal treatment. The said data are in good agreement with the enhancement of open 
porosity, which also evaluated visually as depicted in Fig. 17. The greatest values for open 
porosities are documented for BR25_RF paste prior to and subsequent to thermal 
treatment at 400℃and 600°C. The referred values can be compared with the loose and 
heterogeneous micro-structure specific for the said samples, as exemplified in Figs. 14, 15, 
and 16. Thermal treatment at 700°C, which is exceeding the melting point of brown glass, 
confirms paste reduction and densification of the micro-structure as portrayed in Fig.-18 
in comparison with Fig.-15c and 15d. 

As a result, the open porosity sharply declines to 1.64%. The enhancement in 
temperature for thermal treatment to 800 ℃ trims down the viscosity of the melt stage, 
and the gases generated by Sodium Silicate(Aluminate, Ferrite) stages develop bubbles in 
the material; thus, the micro-structure represents abundant pores of a variety of sizes Fig. 
19e and 19f, and the open porosity value enhances again. Fig. 19 illustrates the evolution 
of verses temperature values of compressive strength. ForB_N5 paste, the values of the 
compressive strength declines with the escalation of thermal treatment temperature, in 
fine correlation with the augment of porosity. Even so, the compressive strength of 2 to 5 
MPa is fine for foamed materials [53]. Densification of the micro-structure of BR25_RF 
paste treated at 700℃ confirms an imperative augment of compressive strength, which is 
found at 25 MPa. Expectedly, the enhancement of open porosity, for pastes treated at 
800℃determines to dwindle in compressive strength, but the value found of 8.6 MPa is 
still higher. 
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Fig. 14 SEM micrographs of B_N5 (a and b), BR25_N5 (c and d), and BR25_RF (e and f) 
paste before thermal treatment [52] 

Zhang et al., [54] have clarified that as an ingredient in Geopolymer concrete the surface of 
the WG-aggregates can react with Alkaline solution over time and good binding with the 
Geopolymer paste in bulk. Furthermore, the development of compressive strength of paste 
mixes with escalating waste glass powder (GP) as powder coal fly ash (PCFA) substitution 
from 0% to 30% is displayed in Fig. 21. 
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Fig. 15 SEM micrographs of B_N5 (a and b), BR25_N5 (c and d) and BR25_RF (e and f) 
paste after thermal treatment at 400 °C for 1 h [52] 
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Fig. 16 SEM micrograph and EDX analysis B_N5 paste treated at 400 °C for 1 h [52] 

 

Fig. 17The visual aspect of BR25_RF pastes after thermal treatment for 1 h at 
temperatures between 400 and 800 °C [52] 

 

Fig. 18 SEM micrographs of BR25_RF paste after thermal treatment at 700 °C for 1 h 
[52] 



Luhar and Luhar/ Research on Engineering Structures & Materials 7(4) (2021) 481-504 

 

497 

 

Fig. 19 SEM micrographs of B_N5 (a and b), BR25_N5 (c and d) and BR25_RF (e and f) 
paste after thermal treatment at 800 °C for 1 h [52] 

 

Fig. 20 Compressive strengths of pastes before and after thermal exposure [52] 
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Fig. 21 Compressive strength development of paste with GP as PCFA [54] 

The compressive strength of one day is identical within all mixes while the compressive 
strength accelerates considerably at 7 and 28 days with a greater quantity of GP 
substitution. In comparison with R [0% substitution], up to 35% strength enhance is 
monitored in G30 [30% GP as PCFA substitution]. The said augment could be assigned to 
the advanced GP reactivity and accessibility of soluble Silica contributed by the reaction 
among GP and NaOH that encourages the Geopolymerization procedure and directs to 
elevated quantity of gel development. The international activation course is comparable to 
the conjugational impact of employing Sodium Silicate and Sodium Hydroxide as alkali 
activator. Preceding investigations also determined that this conjugational impact 
consequences in supplementary accessible Silica in the system and escalates the gel Poly-
condensation [55], which provides improved mechanical attributes. More than that, Fly 
ash is well-known to possess Hollow Cenospheres and Plerospheres that are susceptible 
to surface opening within dissolution course of action. For that reason, the production of 
reaction yields is supposed to be stimulated on the internal PCFA surface [56,57]. This 
occurrence has also been determined in PCFA cement paste mixtures, where reacted 
hollow PCFA-particles offer additional room for the reaction yields [58]. The opening of 
the '''closed' voids in PCFA was investigated by alkaline solution treatment to validate that 
the PCFA in the study may also hold reaction yields. A comparison of the pore structure of 
with and without treated PCFA through 4 M NaOH solutions for 2 hours uncovers palpable 
disparities. As given away in Fig. 22 (a), the total porosity of the without treated original 
ash was 5.69% while it got enhanced to 17.42% subsequent to treatment. 

Not only that, Fig. 22(b) designates that the pore size range expands from 3 to 6 μm 
towards 2 to10 μm following treatment with an alkaline solution. Consequently, all the 
referred facts suggested that the surface opening of hollow PCFA may amplify the ease of 
access of the finer pores, and that's why endorse the reaction yields production within 
PCFA-particles.  

Nevertheless, they inefficiently offer the bonding of particles that directs to reduce 
compressive strength. This impact inclines to be diluted on escalating the content of GP 
since the diminished potential for the PCFA to have room for reaction yields. For that 
reason, they are augmenting the quantity of GP, finally pilots to augmentation of the 
compressive strength. On the other hand, a substantial strength decline is met within the 
case of G10 10% of GP in comparison to R at 7 and 28 days, which entails that dissimilar 
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mechanisms are engaged at lower substitution levels. This unforeseen propensity may be 
induced by the finer size of the particle distribution of GP in comparison with PCFA.  

 

 

 

Fig. 22(a) cumulative pore-size distribution and (b) differential pore size distribution 
[54] 

The diminutive size of a particle of GP and its angular shape may have a pessimistic effect 
on the stuffing density of the mix [59] that could escort to a compressive strength drop off. 
For the moment, the low density of mix with GP substitution may also contribute to the 
strength reduction. It is worthless that the impacts are merely predominant on the 
compressive strength development at low GP substitution levels [≤10%]. With advanced 
GP substitution levels [≥20%], the governing feature may progressively alter from the 
physical impact toa chemical one. Compared with R mix, merely a slight augment of gel 
development is found inG10whereas a noteworthy augment is monitored inG20 and G30 
(20%, and 30% of GP) mixes. 
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2.4. Microstructural 

Kastiukas and Zhou [60] explored the impact of WG supplement of WG on microstructural 
attributes of Geopolymer binders incorporated with Tungsten Mining Wastes (TMW). The 
initial age reaction product development in the 100 TMW (100% tungsten mining waste) 
specimens is publicized in Fig. 23a. The outcomes from the SEM imaging illustrate sites of 
N–A–S–H gel reaction products, say P1, with dissimilar cation and anion replacement of Fe, 
Mg, and K that possess the structure of amorphous type and point up branch-like 
formulations bridging the reaction products collectively. The same reaction yields can also 
be observed integrating with the particles of Quartz from the TMW, developing the gel 
system. Fig. 23b encompasses crystals of Muscovite (M) into TMW incorporating 
Geopolymer binders is shown to form a thickly laminated structure for the duration of 
Alkali activation indicative of uptake of hydroxyl (OH) ions on account of rehydroxylation. 
Through EDX micro-analyses, the Al: Si ratio for non-reacted Muscovite was confirmed as 
1.0 when readings recorded subsequent to one day of reaction with the Alkali activator 
noticed the latter value plunge to 0.65, representing an obvious signal of the discharge of 
Aluminium cations into the solution. 

 

Fig. 23 SEM image of TMW incorporating geopolymer binder [60] 

3. Conclusion and discussion 

This paper reviews the valorization of the applications of WG incorporation for the 
development of geopolymer paste and discussed the previous few studies on workability, 
strength, thermal, and microstructural properties. This review included the possibility of 
employing WG in a geopolymer as a precursor for alkaline cement. The review reveals that 
it is wholly possible to blend these wastes in construction and building materials, sans any 
further makeover beyond crushing to develop innovative Geopolymer building materials. 
Geopolymer paste with a lightweight glass waste aggregate can be used as foam concrete. 
Glass can be ground easily to very fine particles that can replace fine sand in lightweight 
geopolymer foams. Over the time, the surface of the glass particles reacts with the paste 
and forms stronger bonds with the geopolymer binder. These inimitable features make 
glass fines a suitable substitute for fine sand in geopolymer foam applications. To sum up, 
the application of WG has been established as a valuable material in making Geopolymers 
with excellent and acceptable attributes that valorize it as an economical and sustainable 
construction material. This is a valuable step putting a step forward towards the “Green 
Concept” and in the direction of its valorization. 
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 Hydraulic structures like spillways, glacis, etc. undergoes abrasion-erosion due 
to impact & cavitation losses due to the flowing water action. To overcome the 
deterioration of the concrete in such structures, addition of fibers to the concrete 
can be viable solution as it is known to increase the structural integrity of the 
concrete. A comparative study of various engineering characteristics using high 
strength concrete by incorporating steel fibers and micro polypropylene fibers 
has been carried out. Water/binder ratio of 0.23 has been kept constant for the 
study. Dosage for steel fibers is kept as 1, 1.25 and 1.5% by volume while for 
polypropylene fibers were kept as 1, 2 & 3 kg/m3. Engineering properties such 
compressive strength, flexural strength, toughness, energy absorption, splitting 
tensile strength, drying shrinkage, abrasion resistance, and water and air 
permeability of high-performance concrete with & without fibers in its fresh & 
hardened state are investigated in this paper. Based on the study, the steel fibers 
with 1.5% dosage are found to be more effective in countering the abrasive and 
repetitive loading which can be more effective in the repairs of spillways and 
glacis of concrete dams. 

© 2021 MIM Research Group. All rights reserved. 
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1. Introduction 

The abrasive action of waterborne solid particles such as boulders, debris etc. at high 
velocity is one of the major issues while design of the hydraulic structures like spillways, 
glacis etc. Therefore, it is desired to develop a high-performance concrete that can provide 
high abrasion-erosion & cavitation resistance to sustain the high velocities & impact 
containing silt and rolling boulders over the hydraulic structures. This in turn will also 
reduce operation and maintenance cost of the structures.    

Liu & Donald [1], Holland [2], Papenfus [3], Galvao, Portella & Kormann [4] reported that 
abrasion erosion resistance of concrete increases with the increase in compressive 
strength. Liu & Donald [1], Holland [2], Wu, Yen, Liu & Hsu [5] reported water-to-cement 
ratio as an important factor and recommended to adopt the lowest practical water-cement 
ratio where abrasion-erosion is of major concern. Liu & Donald [1], Holland [2], 
Kryzanowski, Mikos, Sustersic & Planinc [6], Papenfus [3] investigated the abrasion 
erosion resistance using different types of coarse aggregates in concrete composite. The 
test results indicate that abrasion erosion resistance of concrete increases with the 
increase in the hardness of coarse aggregates when the water to-cement ratio and 
compressive strength are kept constants and concluded that the hardest available 
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aggregate should be used in new construction or repair of stilling basins or other hydraulic 
structures.  

Holland [2] & Papenfus [3], ACI 546.R [7] & ACI 210.R [8] Committee reported that the 
concrete containing silica fume & high range water reducing agent has better abrasion 
erosion resistance where hard aggregate was not available to develop very high strength 
concrete. Liu & Donald [1], Holland [2], Papenfus [3], Galvao, Portella & Kormann [4] 
reported that impregnation of Polymer & Epoxy in concrete mix and Surface treatment 
with coatings like polyurethane improves abrasion-erosion resistance. Kryzanowski, 
Mikos, Sustersic & Planinc [6], Galvao, Portella & Kormann [4] investigated and found that 
the introduction of granular rubber/waste rubber with complementary polymer binder 
increases the abrasion-erosion resistance of concrete.  

It is important to note the difference between erosion caused by impact forces such as 
cavitation caused by rocks and debris impacting at high velocity and type of erosion that 
occurs due to wearing action of low velocity particles. Contradictory data are available 
regarding the performance of SFRC on abrasion-erosion & cavitation. Liu & Donald [1], 
Holland [2] reported that FRC is less resistant to abrasion-erosion due to smaller particles 
at lower velocities when compared with concrete without fibers. This is because of the 
adjustments in the mixture proportions to accommodate the fiber requirement which 
reduces coarse aggregate content and increases the paste content. As per the ACI 544.4R 
[9] committee report both laboratory tests and full-scale field trials have shown Steel Fiber 
Reinforced Concrete (SFRC) has high resistance to cavitation’s forces resulting from high-
velocity water flow and the damage caused by the impact of large waterborne debris at 
high velocity.  

Lin & Cheng [10] studied the performance of inclusion of steel fibers and silica fume in the 
concrete composite and found that abrasion resistance of concrete is improved by 8-15%. 
Hu & Yin [11] studied the impact angle of abrasion and found that steel fibers improve 
erosion resistance at low impact angle (ø=15 degree). Stig Ostfjord [12], Papenfus [3] & 
ACI 544.1R [13] reported that adding fibers in concrete can enhance toughness, moment 
capacity, tensile strength, stiffness and brittleness of concrete. Stig Ostfjord [12], ACI 
544.1R [13], Shah & Jenq [14], Gopalaratnam & Shah [15], Kamal, Kassimi & Ghoddousi 
[16] concluded that steel fibers can absorb the deformation energy of concrete and reduce 
the risk of cracking. While designing the abrasion resistant concrete, abrasion resistance 
alone should not be emphasized rather the abrasion resistance of concrete should be 
assessed based on different parameters that defines the mechanical properties of concrete. 
Mechanical properties such as compressive strength, tensile strength, aggregate strength, 
modulus of elasticity, toughness, impact strength, chemical Admixtures, surface polishing 
& coatings, curing and other additives (Silica Fume and fibers) must be assessed in order 
to assess the abrasion-erosion & cavitation resistance [17]. 

Satish Sharma et.al. [18-19] concluded that the addition of 5% silica fume shows significant 
improvement in compressive strength, flexural strength, static modulus of elasticity, split 
tensile strength, drying shrinkage and water permeability. Inclusion of steel fiber increases 
the abrasion resistance of concrete. The inclusion of silica fume might have enhanced the 
bond between steel fibers and paste. Bond strength between fibers and paste is another 
important factor, associated with abrasion resistance. Based on the results, the recycled 
concrete and recycled fiber concrete with the proposed mix design have a high 
compressive strength, and due to relatively high porosity of the recycled aggregate 
concrete, its density has decreased by 2.48% and its water absorption increased by 54% 
compared to the natural concrete [20].  

The exceptional characteristics of high-performance fiber reinforced concrete in 
comparison to conventional concrete make it a very good choice for long- span bridges and 
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high-rise buildings (21) and in recent many attempts have been made to characterize the 
behavior of fiber-reinforced concrete (FRC) both experimentally and numerically in 
various conditions (22, 23, 24, 25). Various types of fibers such as natural and polymeric,  
e.g. polypropylene (PP) may be used to enhance the performance of concrete for different 
applications. The enhancement of different types of fibers on the flexural strengths and 
toughness is mainly attributed to the fiber crack-bridging and load-carrying capacities 
wherein the fibers alter the failure pattern and results in the ductile failure of concrete. 
Specimens with hooked-end fibers show the best flexural performance. An increase in 
volume fractions of both steel and polypropylene fibers leads to an increase in the 
compressive, splitting tensile and flexural strengths of concrete (26, 27). The post-peak 
ductility of concrete is improved and the strength degradation is alleviated with increasing 
fiber volume fraction and steel fiber aspect ratio (28, 29, 30). In addition, specimens with 
corrugated and hooked-end fibers exhibit a better failure behavior than specimens with 
straight fibers, with multiply micro-cracks induced by mechanical interlocks of deformed 
steel fibers observed at the main cracks (31, 32, 33). 

The research program presented herein sets out to test a comprehensive number of HPC 
specimens with substantially varied parameters to expand the database of test results of 
the developed HPC. The subsequent objective is to study and quantify the material’s post-
cracking characteristics of SFRC specimen, to improve or sustain abrasion-erosion & 
cavitation problems associated with hydraulic structures. 

2. Experimental Program 

2.1. Constitutive Materials 

Following concrete making materials have been used for the investigations on high 
performance concrete:  

• Ordinary Portland Cement (OPC) 53 Grade satisfying to the specification of 
IS:12269-2013[34] [Table 1] 

• Silica Fume (SF) satisfying to the specification of IS:15388-2003[35], [Table 1] 
• Fine (Zone-II) & Coarse aggregate (20mm downsize) satisfying to the 

specifications as per IS: 383-1970[36] [Table 2],  
• Potable water 
• Polycarboxylic Ether (PCE) based super plasticizer satisfying to the 

specification of IS:9103[37] 
• Fibers: (i) Hooked end steel fibers of 0.55mm diameter with an aspect Ratio 

of 63 satisfying to the specification of ASTM A 820[38]. The Material test 
certificate of tensile strength provided by manufacturer is 1468.99N/mm2 
where minimum requirement is 345 N/mm2 as per ASTM A 820. 

• (ii) Micro Polypropylene with properties as given in table 3 ware used. 
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Table 1. Physical, Chemical and Strength Characteristics of Cement 

Characteristics OPC -53 Grade Silica Fume 
Physical Tests: 

Fineness (m2/kg) 320.00 22000 
Soundness Autoclave (%) 00.05 - 

Soundness Le Chatelier (mm) 1.00 - 
Setting Time Initial (min.) & (max.) 170.00 & 220.00 - 

Specific gravity 3.16 2.24 
Chemical Tests: 

Loss of Ignition (LOI) (%)  1.50 1.16 
Silica (SiO2) (%) 20.38 95.02 

Iron Oxide (Fe2O3) (%) 3.96 0.80 

Aluminium Oxide (Al2O3) 4.95 - 

Calcium Oxide (CaO) (%) 60.73 - 
Magnesium Oxide (MgO) (%) 4.78 - 

Sulphate (SO3) (%) 2.07 - 

Alkalis (%) Na2O & K2O 0.57 & 0.59 0.73 & 2.96 
Chloride (Cl) (%) 0.04 - 

IR (%) 1.20 - 

Moisture (%) - 0.43 

 
 

Table 2. Properties of Aggregates 

Property 
Granite Fine 

Aggregate 20 mm 10 mm 
Specific gravity 2.70 2.69 2.64 

Water absorption (%) 0.32 0.35 0.72 

 
Sieve  

Analysis  
Cumulative Percentage 

Passing (%) 

40 mm 100 100 100 
20 mm 95 100 100 
10 mm 7 95 95 

4.75 mm 0 19 87 
2.36 mm 0 2 68 

1.18 mm 0 0 38 

600 µ 0 0 10 

300 µ 0 0 2 

150 µ 0 0 0 
Pan 0 0 100 
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Table 3. Properties of Polypropylene Fiber 

Properties Value 

Cut length (mm) 12 

Effective diameter (micron) 20-40 

Specific gravity 0.90-091 

Melting point (0C) 160-165 

Elongation (%) 20-60 

Alkaline stability Very good 

Young’s modulus (MPa) ˃4000 

2.2 Mixture Proportion and Concrete Production 

The control concrete was designed & optimized using 10% silica fume by weight of cement 
as per IS: 10262[39]. Mix proportions for fiber reinforced concrete were optimized using 
different percentages of steel and polypropylene fibers for the desired slump.  Since 
hooked end steel fibers of 1, 1.25 & 1.5% by concrete volume & micro-Polypropylene fiber 
dose of 1 kg/m3, 2 kg/m3 & 3kg/m3 was adopted for the study, some adjustments were 
done in the mix proportions to maintain the required slump. The dose of PCE based 
superplasticizer is adjusted and the ratio of fine to coarse aggregate is adjusted 
accordingly. Concrete mix proportions are shown in Table 4.  

For conducting studies, the concrete mixes were prepared in pan type concrete mixer. 
Before use, the moulds were properly painted with mineral oil, casting was done in three 
different layers and each layer was compacted on vibration table to minimize air bubbles 
and voids. After 24 hours, the specimens were demoulded from their respective moulds. 
The laboratory conditions of temperature and relative humidity were monitored during 
the different ages at 27±2oC and relative humidity 65% or more. The specimens were 
taken out from the tank and allowed for surface drying and then tested in saturated surface 
dried condition. 

Table 4. Concrete Mix of Control and Fiber Reinforced Concrete 

Type of 
concrete 

Designation 
Water 

(kg/m3) 
OPC 

(kg/m3) 
SF 

(kg/m3) 
HRWRA  
(kg/m3) 

CA  
(kg/m3) 

FA 
(kg/m3) 

Fibers 
(kg/m3) 

Control CM 131.1 570 64 9.51 1093.0 625.0 0.00 

SFRC 
1% 

S1 131.1 570 64 10.30 1132.2 693.8 78.50 

SFRC 
1.25 % 

S2 131.1 570 64 11.10 1126.6 693.8 98.13 

SFRC 
1.5% 

S3 131.1 570 64 11.89 1126.6 699.5 117.75 

PFRC 
1kg/m3 

P1 131.1 570 64 9.51 1093.0 630.7 1.00 

PFRC 
2kg/m3 

P2 131.1 570 64 10.30 1160.3 619.3 2.00 

PFRC 
3kg/m3 

P3 131.1 570 64 11.10 1160.3 619.3 3.00 
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*OPC= Ordinary Portland Cement, SF=Silica fume, CA=Coarse Aggregate, FA=fine 
Aggregate, HRWRA=High Range Water Reducing Agent/Admixtures, SFRC=Steel fiber 
reinforced concrete & PFRC= Polypropylene fiber reinforced concrete 

The laboratory conditions were maintained as per Indian Standard during casting, placing 
& testing of concrete specimen i.e. 27±2oC and 65±5 RH. The slump, measured as per IS: 
1199 [40] of control concrete was 150mm. It was observed that the slump value decreases 
with the introduction of fibers into the mixture which affects the workability of the 
concrete. To maintain the required workability slump of 130-150 mm, dose of PCE based 
HRWRA is adjusted and more fines are added to mix.  

The air content of mixes was measured as per ASTM C 231 [41] (pressure method) and it 
was found that it increases with introduction of steel fibers by 30 to 50%. The wet density 
of CM and PFRC was around 2542kg/m3 while slightly more density was observed for 
SFRC mix i.e., 2560kg/m3. The setting times (both initial and final) of all mixes were 
determined as per IS:8142 [42] and were found to be fairly similar i.e., 7.5 hours & 9.2 
hours respectively. 

3. Test Setup 

3.1. Mechanical Parameters: Compressive Strength, Flexural Strength and 
Splitting Tensile Strength  

The compressive and flexural strength tests were carried out at 3, 7 and 28 day’s age on 
cubes (150 mm) and beams (100 × 100 × 500 mm) respectively. The test procedure 
followed during the tests was in conformity with IS: 516 [43] for compressive strength test 
and ASTM C1609 [44] for flexure strength test. Splitting tensile strength test was carried 
out at 3, 7 and 28 day’s age on cylinder specimen (150 mm diameter & 300 mm length) as 
per in IS: 5816 [45]. Drying Shrinkage test was carried out on prism (75 × 75 × 300 mm) 
at 28 day’s age as per IS: 1199 [40]. 

3.2. Flexure Toughness Test 

The flexure test apparatus consisting of a three-point bending with pin and roller type 
supports was used. The specimen size was 100 × 100 × 500 mm with clear span of 400 
mm. Test was carried out as per the provisions of ASTM C 1609 [27]. Test was carried out 
in displacement control mode in a servo controlled closed-loop system with a bending 
yoke where Linear Variable Displacement Transducers (LVDT) were mounted on the sides 
of the yoke around the specimen. These LVDT’s were connected to display unit to measure 
the net deflection at the center of the beam.  Experimental setup is shown in Fig. 1.  The 
test facility is specifically developed to study the post cracking behavior of fiber reinforced 
concrete and measure the flexural toughness of the test specimen. 
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Fig. 1 Experimental flexure toughness test setup as per ASTM C 1609[27]. 

3.3 Abrasion Resistance Test (Under Water Method) as per ASTM C1138 

The abrasion test (under water method) was carried out at 28 days on a concrete specimen 
with dimensions of 300 mm diameter and 100 mm thickness as per the procedure given in 
ASTM C-1138. The test set up and specimen of abrasion test (under water method) is 
shown in Fig. 2. 

 

 

1.Specimen before test 

 

2. Specimen after test 

Fig. 2 Abrasion test (Under water method) setup as per ASTM C 1138 

The initial mass of the concrete specimen (Diameter 300±2 mm & Height 100±13 mm) 
were recorded in air & in water, then the specimen was kept in test container with surface 
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to be tested facing up on the seating blocks. The agitation paddle was placed such that the 
bottom of paddle was 38±5 mm above the surface of specimen. The abrasive charges (Steel 
balls) were placed on the surface of specimen and water was added upto 165±5 mm above 
surface of specimen. Then the agitating paddle was rotated at the rate of 1200±100 rpm. 
The specimen was removed from test container at the end of every 12-hours of operation 
and the abraded material was flushed off & surface of specimen was dried off. The mass of 
specimen was recorded again in air & water. The test was repeated for six times of 12-
hours periods for a total of 72 hours and final mass loss was recorded.  

3.4 Abrasion Resistance Test (Revolving Disk Method) as per ASTM C 779 

The abrasion test was carried out at accelerated 28 days on a concrete slab of size 300 × 
300 mm with 100 mm thickness as per the procedure given in ASTM C-779 (46). The test 
set up and specimen of abrasion test (revolving disk method) is shown in Fig. 3. 

 

 

1.Specimen before 
test 

 

2. Specimen after test 

Fig. 3 Abrasion Test (Revolving Disk Method) Setup as per ASTM C 779 

3.5 Water and Air Permeability 

Water permeability test was carried out at the age of 28 day’s age on concrete cylinder 
(150 mm diameter & 150 mm height) as per DIN-1048[47] and Air permeability test at 28 
days was carried out on slabs (300 × 300 × 100 mm) using Torrent Permeability tester. 

4. Result and Discussion 

4.1. Mechanical Parameters: Compressive Strength, Flexural Strength & 
Splitting Tensile Strength 

4.1.1. Compressive Strength 

The result of compressive strength at 3, 7 & 28 days of control & fiber reinforced concrete 
is shown in Fig. 4. Test result indicates that the compressive strength of control concrete 
and micro polypropylene fiber reinforced concrete specimens are fairly similar. There is a 
substantial increase in the compressive strength of steel fiber reinforced concrete as 
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compared to control concrete. The compressive strength of the steel fiber-reinforced 
concrete is maximum at 1.25 & 1.5% steel fibers with 12 & 14% increment respectively. 

 

Fig. 4 Compressive Strength at 3, 7 and 28 Days 

The significant increase in compressive strength of the concrete with steel fibers is a result 
of increased concrete integrity wherein steel fibers randomly distributed in concrete 
matrix binds the composites together and restricts the disintegration upon loading to peak 
stress. 

4.1.2. Flexural Strength 

Flexural strength at 3, 7 & 28 days of the mixes (CM, SFRC & PFRC) covered in the study is 
shown in Fig. 5. From test results it is observed that there is an increase in the flexural 
strength with the introduction of fibers into the mix. For micro polypropylene fibers 
reinforced concrete the increments are in the range of 7% to 18% and for steel fiber 
reinforced concrete it varies from 20% to 42%. 

 

Fig. 5 Flexural Strength at 3, 7 and 28 Days 
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The increase in the flexural strength of the concrete can be attributed to the bridging action 
of fibers which acts as a tensile reinforcement and subsequently increases the flexural 
capacity of the beam. Fibers addresses the tensile strength by two mechanisms wherein 
first mechanism it reduces the crack propagation by bridging action while in second 
mechanism it delays the crack initiation by contribution to the loading before initiation of 
cracks at surface. 

4.1.3. Splitting Tensile Strength 

Splitting tensile strength at 3, 7 & 28 days of control & fiber reinforced concrete is shown 
in Fig. 6. Test results indicate that the tensile strength of control and micro polypropylene 
fiber reinforced concrete specimens are almost similar. In case of SFRC, there is a 
substantial increase in the tensile strength compared to control by about 40% to 75%. 
Uniformly distributed Fibers acts as a tensile reinforcement due which this significant 
increase in splitting tensile strength can be seen. A part of initial load is taken by the steel 
fibers and full load is transferred to the concrete once the fibers fails by pull out or break 
out of the fibers from the concrete matrix.  

 

Fig. 6 Splitting Tensile Strength at 3, 7 and 28 Days 

4.1.4.  Load – Deflection Behavior 

Based on test results of SFRC segments (S1, S2 & S3) as shown in Fig. 7 and Fig. 8, addition 
of steel fibers into the mix result in ductile response in load deflection curve. The load-
deflection response of fibre reinforced concrete generally starts by an initial portion that 
is linearly elastic up to a certain load and then deviates from its linearity. This is often 
identified as the onset of first cracking in the matrix. If the cement matrix is not reinforced 
with fibers, first cracking is followed by a sudden drop in the load-deflection curve, and 
failure occurs which is observed in case of control concrete. The addition of steel fibers 
mostly influences the response of the concrete mixture after the onset of initial cracks by 
the bridging action. These fibers reduce the crack propagation by addressing the tensile 
loads and acts as a tensile reinforcement which results in the ductile failure while the 
control concrete being brittle in nature undergoes sudden failure. 
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Fig. 7 Load - Displacement Curves of SFRC (S1, S2 & S3) Specimen at 7 Day 

 

Fig. 8 Load - Displacement Curves of SFRC (S1, S2 & S3) Specimen at 28 Day 

4.1.5.  Mode of Failure 

Steel fibers in concrete allows the bridging of cracks, which aids in increasing the ductility 
of the concrete after the post cracking stage. The crack behaviour of S1, S2 & S3 also shows 
different pattern.  S1 shows single crack whereas S2 & S3 shows multiples cracks, this 
maybe because, if the fibre content in the mix is more, it is possible that the load- bearing 
capacity of the fibers is greater than the load on the composite at the first crack. Additional 
loading will result in additional cracks, until the matrix is divided into a number of 
segments separated by cracks. The cracking may stop when the stress transferred to the 
matrix no longer exceeds the cracking load. For all practical purposes, the load-deflection 
response of fibre reinforced cement composites can be classified as either "strain-
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softening" or "strain-hardening. As per Naaman [31], High performance fiber reinforced 
cement composites are a class of FRC composites characterized by a strain hardening 
behavior in tension after first cracking, accompanied by multiple cracking up to relatively 
high strain levels.  

From load-deflection curve of SFRC at 28 days S1 shows strain softening, the load carrying 
capacity decreases gradually after the onset of first crack load of 27.5 kN, whereas S2 & S3 
show strain hardening i.e. even after the onset of first cracks load at 28.3kN & 29.4kN the 
segment load carrying capacity increases till it reaches ultimate crack load at 30.8kN & 
32.3 kN respectively which is tabulated in Table 5. 

The area under load- deflection curve from 0 to L/150 (here L=400 mm) is the flexural 
toughness which is the apparent amount of energy absorbed by the specimen. The 
toughness of Steel Fibre Reinforced Concrete analyzed as per ASTM C 1609[25] from the 
load – deflection curve at 28days strength are 27, 43 & 59 Joules respectively for S1, S2 & 
S3 mix. 

Table 5. Summary of Parameters Obtained from Load-Deflection Curve Of SFRC Specimen 
as per ASTM C 1609[28] at 28 Days 

Parameters  
HS-SFRC 

S1 S2 S3 

Fist peak Load in kN 27.5 28.3 29.4 
Peak load in kN - 30.8 32.3 

Fist Peak Strength in MPa 11.0 11.32 11.76 
Peak Strength in MPa - 12.32 12.92 

Residual load at net deflection of L/600 in 
kN 

13.8 24.7 29.5 

Residual strength at net deflection of L/600 
in MPa 

5.52 9.88 11.80 

Residual load at net deflection of L/150 in 
kN 

3.20 7.20 12.6 

Residual strength at net deflection of L/150 
in MPa 

1.28 2.88 5.04 

Area Under the load vs net deflection curve 
0 to L/150 in Joules 

27.0 43 59 

Strength is calculated as PL/bd2, where P=load in kN at corresponding displacement. 
L=length of specimen in mm, b= width of specimen in mm and d =depth of specimen in 
mm. 

4.2. Durability Parameters: Drying Shrinkage, Abrasion, Water and Air 
Permeability 

4.2.1. Drying Shrinkage 

The result of drying shrinkage of control & fiber reinforced concrete is shown in Fig. 9. 
From the figure, a reduction in drying shrinkage can be observed of 20% to 37% in PFRC 
as compared to the control while in case of SFRC reduction of 8 to 29% is observed. Fibers 
incorporated in concrete are known to control cracking arising from drying and/or plastic 
shrinkage behaviour in the cementitious matrix. The mitigation of drying shrinkage aids 
the concrete aesthetically and also by controlling and preventing shrinkage cracks the 
durability of concrete can be enhanced. 
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Fig. 9 Drying Shrinkage at 28 Day 

4.2.2. Abrasion Resistance Test (Under Water Method) as per ASTM C1138 

From the test result (Fig. 10), the 28 days age cumulative abrasion volume loss in m3 for 
control mix is 110 x 10-6 m3 and for Steel fiber reinforced concrete mix of 1 % to 1.5% of 
steel fibers by volume varies from 102 x 10-6  to 120 x 10-6  m3 while for concrete mix with 
polypropylene fibers volume loss varies from 111 x 10-6  to 109 x 10-6 m3. 

 

Fig. 10 Abrasion Resistance Test (Under Water Method) 

This test result shows varying abrasion loss when steel fibers are introduced into the mix, 
more abrasion volume loss is observed as compared to control mix. This is primarily due 
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to abrasion of mortar part of concrete as in SFRC, adjustments were made in the mix 
proportions to accommodate steel fibers which reduces coarse aggregate content and 
increases the paste content. It was observed that the coarse aggregates in concrete were 
not getting abraded in this test.  

4.2.3. Abrasion Resistance Test (Revolving Disk Method) as per ASTM C 779 

 

Fig. 11 Abrasion Wear Value at 28 Day 

From Fig. 11, the inclusion of fibers produced an improvement in the abrasion resistance 
of the concrete. In this study, it was found that the most significant improvement was 
achieved with the optimum inclusion of steel fibers at 1.5 % by volume, it can be also seen 
that abrasion wear decreases with increase in fibers percentage. The reduction in abrasion 
wear value of SFRC to that of control concrete is 58 to 68% & 5% to 13.89% for PFRC. 

Considering the test results of both methods of abrasion resistance tests, SFRC can be a 
viable solution for repairs and construction specific elements critical to erosive or abrasive 
action in hydraulic structures. By increasing the integrity of the concrete, steel fibers hold 
the composites together and reduces the disintegration of aggregates and thus addresses 
the problem of cavitation and erosion of concrete constituents. 

4.2.4. Water Permeability  

Concrete Samples were cast and tested for water permeability after 28 days of water 
curing. Results of the test from Fig. 12 indicates significant decrease in the permeability of 
concrete with the addition of steel fibers. Test result shows that in SFRC specimen water 
penetration is almost negligible as the reduction of water penetration percentages vary 
from 61% to 99%.  This is most likely due to the stitching and multiple cracking effect of 
the steel fibers. Steel fibers seems more effective as compared to polypropylene fibers as 
per the experimental results. 
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Fig. 12 Water Penetration at 28 Day 

4.2.5. Air Permeability 

From Fig. 13 it is observed that the air permeability coefficient (kT-16m2) value of SFRC 
specimens are less than that of control concrete by 80% to 91% and while in case of PFRC 
specimens values are 14 to 76% less than the control. The result indicates the quality of 
concrete as good. The permeability coefficient decreases with increase in steel fibers 
percentage by volume in the mix.  

 

Fig. 13 Air Permeability Coefficient at 28 Day 

The reduction in air and water permeability of the SFRC reduces the ingress of chlorides, 
sulphates, etc. from the constant contact of water. Further, this reduction in permeability 
can be attributed to the reduced number and depth/width of the micro cracks on the 
surface of concrete due to incorporation of steel fibers. Bridging action of steel fibers plays 
an important role in increasing the overall integrity of the concrete.  
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5. Conclusion 

The addition of different fibers affects the different properties and steel fibers have been 
proven more efficient in addressing the abrasion and erosion in the hydraulic structures. 
Following conclusions can be drawn with respect to the properties studied: 

• High Strength Steel Fiber Reinforced Concrete incorporating 1, 1.25 & 1.5% 
steel fibers have improved mechanical & durability properties substantially as 
compared to Control & Polypropylene Fiber Reinforced Concrete of same 
water to binder ratio. Addition of polypropylene fibers will not be a viable 
solution wherein abrasive and repetitive loading is applicable. 

• Among the three HS-SFRC mix selected for evaluation, the mix with 1.5% steel 
fibers shows maximum strain hardening behavior in the load deflection curve 
indicating that the specimen can absorb more energy, comparatively.  

• The Toughness or energy absorption & residual strength of HS-SFRC with 
1.5% steel fiber content is highest compared to HS-SFRC with 1% & 1.25% 
steel fibers. Therefore, HS-SFRC with 1.5 % steel fiber can sustain higher 
impact at higher velocities and will result in lesser deterioration of concrete 
by flowing water containing large debris, boulders, etc. 

• This test result for abrasion resistance test (Under water method) shows 
varying abrasion loss when steel fibers are introduced into the mix, more 
abrasion volume loss is observed as compared to control mix. The test results 
for abrasion resistance test (Revolving Disk method) shows the reduction in 
abrasion wear value of SFRC compared to that of control concrete in the range 
of 58 to 68%. Therefore, considering both the results of both tests use of steel 
fibers will be more efficient and effective against the abrasive action water in 
hydraulic structures. 

• Air and water permeability has been substantially reduced upon addition of 
steel fibers which will increase the resistance to ingress of chlorides, sulphates 
and other ions and will enhance the durability of the concrete.  

• With the overall improvement in engineering characteristics as reported in 
this paper, the optimized mix incorporating 1.5% steel fibers is found suitable 
for application in spillways where cavitation due to impact is of major concern 
& 1.25% to 1.5% for abrasion-erosion in glacis.  
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 In this work, the free vibration and the stability problems of functionally graded 
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how the definition of homogenized/generalized displacements allows to 
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computational effort. Moreover, a unified expression capable to express the 
buckling load for different constrain conditions is discovered. The latter may be 
considered the natural extension of the Euler’s one derived in the century XVIII. 
In order to verify the reliability of the proposed method, natural frequencies, 
buckling loads and static displacements of differently constrained beams are 
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© 2021 MIM Research Group. All rights reserved.	

 
Keywords:  
Functionally graded 
beams;                       
Free vibration;         
Buckling load;         
Beam theory;         
Finite element 
approach 

	

1.	Introduction	

Since the beginning of the actual century, there has been a considerable interest in the 
study of functionally graded materials (FGMs) due to their ability to satisfy the increasing 
demands in modern technologies. This class of composites is formed by varying percentage 
content of materials in any desired direction and, consequently, it owns properties that 
vary gradually with respect to the spatial coordinates. Compared with the traditional 
laminated composite materials, the FGMs have no interfaces of material property, so that 
the phenomena of stress concentration can be reduced greatly. The literature on the topic 
shows several studies on the structures in both the civil and mechanical engineering. 
Among these papers, for example, a three dimensional solution for the problem of 
transversely loaded, all around clamped, rectangular plates, within the linear, small 
deformation theory of elasticity, is presented by Elishakoff & Gentilini [1]. Theoretical and 
numerical formulations based on the third-order deformation plate are developed by 
Reddy [2]. Huang & Shen [3] treat the nonlinear vibration and dynamic response of FGM 
plates, taking into account conduction and temperature-dependent material properties. 
Referring to the modelling of functionally graded beams (FGBs), Reddy [4] applies couple 
stress theories, introduced by Eringen [5] and developed by Yang et al. [6], to describe 
micro-mono-dimensional structures. Most of the work mentioned have considered 
variation of the material properties in the thickness direction. A relatively small number of 
researchers consider the variation of the material properties along the axial direction 
[7],[8]. Moreover, Zhu & Sankar [9] consider the Euler beam theory in the special case of 
Young modulus varying following a polynomial law in the thickness direction. Although 
the presence of papers showing the application of new formulations, only a small number 
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of them aims to simplify the solution procedures for the FGBs under the Euler-Bernoulli 
and Timoshenko hypotheses.  

In Euler-Bernoulli beam theory, cross sections, perpendicular to the neutral axis before the 
bending, remain perpendicular to the neutral axis even after the bending. This model is 
suitable for slender beams and lower modes of vibration, while it is inadequate to 
characterize the response of short beams, due to lower shear rigidity. To overcome this 
draw back, the Timoshenko beam theory is largely applied. A useful review of the studies 
on shear deformable beams and plates can be found in the book by Wang & al. [10]. 
Furthermore, the work made by Li & al. [11] is also interesting. They show a unified 
approach for analysing static and dynamic behaviour of both Euler-Bernoulli and 
Timoshenko FGBs introducing a new variable linked to vertical and rotational degrees of 
freedom of beams. This type of technique is widely used in literature and it leads to 
physical speculations based on not local theories [12] and computational advantageous 
methods [13]. With the same philosophy, Falsone G. & La Valle G. [14] show a new kind of 
approach that lies on the concept of homogenization of the general beam cross-section and 
on the introduction of generalized quantities with the aim of simplifying differential 
equations governing the correspondent elastic equilibrium problem.  

The goal of this work is to apply homogenized/generalized displacements, introduced in 
the last cited paper in static conditions, for dynamic problems and buckling problems. 
Moreover, a FE formulation, based on the use of the homogenized/generalized 
displacements, is shown for the Timoshenko FGBs. The paper is organized as follows: first 
the differential equations governing dynamic equilibrium of FGBs, in terms of 
homogenized/generalized axial and transversal displacements, are derived. Then, the 
above cited FE formulation is shown in the details. In section 5, the buckling problem is 
treated, showing how the use of the above cited displacement leads to a very simple 
formulation, able to give some exact solutions. Lastly, in section 6, some simple numerical 
examples are shown to verify the reliability of the reported approach.   

2.	Preliminary	Concepts	

In this section, some preliminary known concepts are given in order to introduce the 
notations and the formulations that will be used in the remaining part of the paper. 

 

Fig. 1 Geometry of a functionally graded beam 

The beams are referred to a Cartesian coordinate system (O; x, y, z) with the origin O placed 
in the geometrical centre of an extreme section; the z-axis coincides with the beam axis, 
while the y-axis coincides with the section principal axis along the thickness. The Young 
modulus is assumed changing along the thickness in a generic way.  

2.1.	Hamilton’s	Principle	for	Timoshenko	FGBs.	

The Timoshenko theory is based on the following assumptions in the displacement field 
(see [15], [16], [17], [18] and [19]):  
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𝑢௭ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ 𝑤ሺ𝑧, 𝑡ሻ  𝑦𝜙ሺ𝑧, 𝑡ሻ (1a) 

𝑢௬ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ 𝑣ሺ𝑧, 𝑡ሻ (1b) 

𝑢௫ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ 0 (1c) 

where uz and uy are the punctual displacement components, while w, v and ϕ are the 
displacement variables generalized to the cross-section. The punctual axial and shear 
deformations, εz and	 γzy, and the punctual axial and shear stresses, σz and τzy, can be 
obtained by the compatibility conditions and constitutive relations that, taking into 
account Eq. (1a), give:  

𝜀௭ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ
𝜕𝑢௭ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ

𝜕𝑧
ൌ

𝜕𝑤ሺ𝑧, 𝑡ሻ

𝜕𝑧
 𝑦

𝜕𝜙ሺ𝑧, 𝑡ሻ

𝜕𝑧
 (2a) 

𝛾௭௬ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ
𝜕𝑣ሺ𝑧, 𝑡ሻ

𝜕𝑧
 𝜙ሺ𝑧, 𝑡ሻ (2b) 

𝜎௭ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ 𝐸ሺ𝑦ሻ𝜀௭ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ 𝐸ሺ𝑦ሻ ቈ
𝜕𝑤ሺ𝑧, 𝑡ሻ

𝜕𝑧
 𝑦

𝜕𝜙ሺ𝑧, 𝑡ሻ

𝜕𝑧
 (2c) 

𝜏௭௬ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ ൌ 𝐺ሺ𝑦ሻ𝛾௭௬ሺ𝑥, 𝑦, 𝑧ሻ ൌ 𝐺ሺ𝑦ሻ ቈ
𝜕𝑣ሺ𝑧, 𝑡ሻ

𝜕𝑧
 𝜙ሺ𝑧, 𝑡ሻ (2d) 

E(y) and G(y) being the normal and transversal material modulus, respectively. Here, they 
are assumed to change along the y axis. The generalized internal actions, the axial one N, 
the transversal one T and	the bending moment M,	are given by: 

𝑁ሺ𝑧, 𝑡ሻ ൌ න𝜎௭ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ𝑑𝐴


ൌ 𝐸
𝜕𝑤ሺ𝑧, 𝑡ሻ

𝜕𝑧
 𝐸ଵ

𝜕𝜙ሺ𝑧, 𝑡ሻ

𝜕𝑧
 (3a) 

𝑀ሺ𝑧, 𝑡ሻ ൌ න𝑦𝜎௭ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ𝑑𝐴


ൌ 𝐸ଵ
𝜕𝑤ሺ𝑧, 𝑡ሻ

𝜕𝑧
 𝐸ଶ

𝜕𝜙ሺ𝑧, 𝑡ሻ

𝜕𝑧
 (3b) 

𝑇ሺ𝑧, 𝑡ሻ ൌ න𝜏௭௫ሺ𝑥, 𝑦, 𝑧, 𝑡ሻ𝑑𝐴


ൎ
𝐺

𝜒
ቈ
𝜕𝑣ሺ𝑧, 𝑡ሻ

𝜕𝑧
 𝜙ሺ𝑧, 𝑡ሻ (3c) 

where the following notation has been used: 

𝐸 ൌ න𝑦𝐸ሺ𝑦ሻ𝑑𝐴


 

𝑖 ∈ ሼ0,1,2ሽ 

(4a) 

𝐺 ൌ න𝐺ሺ𝑦ሻ


𝑑𝐴 (4b) 

and where	 is the correction shear factor. In order to obtain the governing equations, the 
Hamilton’s Principle is applied:  

     
0

0
T

K U V dt 	
			

(5)	
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where δU	is the virtual strain energy, δK	is the virtual kinetic energy, and δV	is the virtual 
work done by the external forces. Taking into account Eqs.(3), they assume the following 
form:  

𝛿𝑈 ൌ න න൫𝜎௭𝛿𝜀௭  𝜏௭௬𝛿𝛾௭௬൯𝑑𝐴𝑑𝑧






ൌ න

⎩
⎨

⎧𝐸
𝜕𝑤
𝜕𝑧

𝜕𝛿𝑤
𝜕𝑧

 𝐸ଵ ൬
𝜕𝑤
𝜕𝑧

𝜕𝛿𝜙
𝜕𝑧


𝜕𝜙
𝜕𝑧

𝜕𝛿𝑤
𝜕𝑧

൰ 

𝐸ଶ
𝜕𝜙
𝜕𝑧

𝜕𝛿𝜙
𝜕𝑧


𝐺

𝜒

𝜕𝑣
𝜕𝑧

𝜕𝛿𝑣
𝜕𝑧


𝜕𝑣
𝜕𝑧

𝛿𝜙  𝜙
𝜕𝛿𝑣
𝜕𝑧

 𝜙𝛿𝜙൨
⎭
⎬

⎫


𝑑𝑧 

(6a) 

𝛿𝐾 ൌ න 𝑚 ൬
𝜕𝑤
𝜕𝑡

𝜕𝛿𝑤
𝜕𝑡


𝜕𝑣
𝜕𝑡

𝜕𝛿𝑣
𝜕𝑡

൰  𝑚ଵ ൬
𝜕𝜙
𝜕𝑡

𝜕𝛿𝑤
𝜕𝑡


𝜕𝑤
𝜕𝑡

𝜕𝛿𝜙
𝜕𝑡

 𝑚ଶ
𝜕𝜙
𝜕𝑡

𝜕𝛿𝜙
𝜕𝑡

൰൨



𝑑𝑧 (6b) 

𝛿𝑉 ൌ െ න ൫𝑞௭𝛿𝑤  𝑞௬𝛿𝑣൯𝑑𝑧



 (6c) 

where: 

   i
i

A

m y y dA                                                        (6d) 

qz	and qy being the axial and transversal external loads, while (z) is the material mass 
density of the FGB. Substituting the expressions of	δU,	δK,	δV	from Eqs. (6a,c) into Eq. (5), 
integrating by parts with respect to both t	and z and fixing the following usual dynamic 
boundary conditions: 

𝛿𝑤ሺ𝑧, 0ሻ ൌ 𝛿𝑤൫𝑧, 𝑡൯ ൌ 0 (7a) 

𝛿𝜙ሺ𝑧, 0ሻ ൌ 𝛿𝜙൫𝑧, 𝑡൯ ൌ 0 (7b) 

𝛿𝑣ሺ𝑧, 0ሻ ൌ 𝛿𝑣൫𝑧, 𝑡൯ ൌ 0                              (7c) 

tf being the final instant of the analysis temporal interval, it is possible to obtain:  

𝛿𝑢: െ𝐸 ቆ
𝜕ଶ𝑤
𝜕𝑧ଶ 

𝐸ଵ

𝐸

𝜕ଶ𝜙
𝜕𝑧ଶ ቇ  𝑚

𝜕ଶ𝑤
𝜕𝑡ଶ  𝑚ଵ

𝜕ଶ𝜙
𝜕𝑡ଶ െ 𝑞௭ ൌ 0 (8a) 

𝛿𝜙: െ𝐸ଶ ቆ
𝜕ଶ𝜙
𝜕𝑧ଶ 

𝐸ଵ

𝐸ଶ

𝜕ଶ𝑤
𝜕𝑧ଶ ቇ 

𝐺

𝜒
൬

𝜕𝑣
𝜕𝑧

 𝜙൰  𝑚ଶ
𝜕ଶ𝜙
𝜕𝑡ଶ  𝑚ଵ

𝜕ଶ𝑤
𝜕𝑡ଶ ൌ 0 (8b) 

𝛿𝑣: െ
𝐺

𝜒
ቆ

𝜕ଶ𝑣
𝜕𝑧ଶ 

𝜕 𝜙

𝜕𝑧
ቇ െ 𝑞௬  𝑚

𝜕ଶ𝑣
𝜕𝑡ଶ ൌ 0 (8c) 

with the boundary conditions:  

൬𝐸
𝜕𝑤
𝜕𝑧

 𝐸ଵ
𝜕𝜙
𝜕𝑧

൰ 𝛿𝑤൨




ൌ 0 (9a) 

൬𝐸ଵ
𝜕𝑤
𝜕𝑧

 𝐸ଶ
𝜕𝜙
𝜕𝑧

൰ 𝛿𝜙൨




ൌ 0 (9b) 
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𝐺

𝜒
൬

𝜕𝑣
𝜕𝑧

 𝜙൰ 𝛿𝑣൨




ൌ 0 (9c) 

Eqs. (9a,b) show that the static boundary conditions are coupled. This makes not simple 
the application of the FE method and the solution of some relevant problems, as the 
analysis of the free vibration frequencies or the buckling loads. 	

2.2.	Generalized/Homogenized	Displacements	

In the above cited authors’ work [14], the expressions of the generalized/homogenized 

axial displacement, w, and rotation,  , are given as: 

1

0

( , ) ( , ) ( , ) ( , ) ( , )GE

E
w z t w z t z t w z t y z t

E
      (10a) 

1

2

1
( , ) ( , ) ( , ) ( , ) ( , )

CE

E
z t z t w z t z t w z t

E y
       (10b) 

The inverse relationships are:  

𝑤ሺ𝑧, 𝑡ሻ ൌ
�̄�ሺ𝑧, 𝑡ሻ െ 𝑦ீா𝜙ሜ ሺ𝑧, 𝑡ሻ

1 െ
௬ಸಶ

௬ಶ

 (11a) 

𝜙ሺ𝑧, 𝑡ሻ ൌ
𝜙ሜ ሺ𝑧, 𝑡ሻ െ

ଵ

௬ಶ
�̄�ሺ𝑧, 𝑡ሻ

1 െ
௬ಸಶ

௬ಶ

 (11b) 

3.	Hamilton’s	Principle	In	Terms	Of	Generalized/Homogenized	Displacements	

By replacing Eqs. (10a,b) and Eqs. (11a,b) into Eqs. (8a,c) and (9a,c), it is possible to obtain 
the governing equations of Timoshenko FGBs. They have the following expressions: 

𝛿𝑤: െ𝐸
𝜕ଶ�̄�
𝜕𝑧ଶ  𝑚ଵଵ

𝜕ଶ�̄�
𝜕𝑡ଶ  𝑚ଵଶ

𝜕ଶ𝜙ሜ

𝜕𝑡ଶ െ 𝑞௭ ൌ 0 (12a) 

𝛿𝜙: െ𝐸ଶ
𝜕ଶ𝜙ሜ

𝜕𝑧ଶ 
𝐺

𝜒
൬

𝜕𝑣
𝜕𝑧

െ 𝛺ଶଵ�̄�  𝛺ଶଶ𝜙ሜ ൰  𝑚ଶଵ
𝜕ଶ�̄�
𝜕𝑡ଶ  𝑚ଶଶ

𝜕ଶ𝜙ሜ

𝜕𝑡ଶ ൌ 0 (12b) 

𝛿𝑣: െ
𝐺

𝜒
ቆ

𝜕ଶ𝑣
𝜕𝑧ଶ െ 𝛺ଶଵ

𝜕�̄�
𝜕𝑧

 𝛺ଶଶ
𝜕𝜙ሜ

𝜕𝑧
ቇ െ 𝑞௬  𝑚

𝜕ଶ𝑣
𝜕𝑡ଶ ൌ 0 (12c) 

with the following boundary conditions:  

𝐸
𝜕�̄�
𝜕𝑧

𝛿𝑤൨




ൌ 0 (13a) 

ቈ𝐸ଶ
𝜕𝜙ሜ

𝜕𝑧
𝛿𝜙





ൌ 0 (13b) 
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𝐺

𝜒
൬

𝜕𝑣
𝜕𝑧

 𝛺ଶଶ𝜙ሜ െ 𝛺ଶଵ�̄�൰ 𝛿𝑣൨




ൌ 0 (13c) 

in which some useful coefficients have been defined:  

𝜴ଵଵ ൌ
1

1 െ
௬ಸಶ

௬ಶ

ൌ 𝜴ଶଶ (14a) 

𝜴ଵଶ ൌ 𝑦ீா𝜴ଵଵ (14b) 

𝜴ଶଵ ൌ
1

𝑦ா
𝜴ଶଶ (14c) 

𝑚ଵଵ ൌ 𝑚𝜴ଵଵ െ 𝑚ଵ𝜴ଶଵ (14d) 

𝑚ଵଶ ൌ െ𝑚𝜴ଵଶ  𝑚ଵ𝜴ଶଶ (14e) 

𝑚ଶଵ ൌ െ𝑚ଶ𝜴ଶଵ  𝑚ଵ𝜴ଵଵ (14f) 

𝑚ଶଶ ൌ 𝑚ଶ𝜴𝟐𝟐 െ 𝑚ଵ𝜴ଵଶ (14g) 

It is easy to verify that the introduction of the new kinematic quantities allows to decouple 
the first two boundary conditions (Eqs.(13a,b)). This simplifies remarkably the application 
of the FE method, as will be seen in the next section 

4.	Dynamic	and	Static	Applications	of	FE	Method	

4.1	Dynamic	Problem	

Following the usual FE procedures for the dynamic analysis of beams (see, for example  
[20], [21], [23] and [24]), it is useful to approximate the kinematic variables as the product 
of two independent functions, one of the spatial coordinate and one of the time. By applying 
the same assumption here, the generalized/homogenized displacements are 
approximated as follows:  

�̄�ሺ𝑧, 𝑡ሻ ൌ 𝑊ሜ ሺ𝑧ሻ𝑒ିఠ௧ (15a) 

𝜙ሜ ሺ𝑧, 𝑡ሻ ൌ 𝛷ሜ ሺ𝑧ሻ𝑒ିఠ௧ (15b) 

𝑣ሺ𝑧, 𝑡ሻ ൌ 𝑉ሺ𝑧ሻ𝑒ିఠ௧ (15c) 

Taking into account these relationships and fixing qy= qz=0, in order to analyse beam free 
vibrations, Eqs. (12a,c) become:  

𝛿𝑤: െ𝐸
𝑑ଶ𝑊ሜ

𝑑𝑧ଶ െ 𝜔ଶሺ𝑚ଵଵ𝑊ሜ  𝑚ଵଶ𝛷ሜ ሻ ൌ 0 (16a) 

𝛿𝜙: െ𝐸ଶ
𝑑ଶ𝛷ሜ

𝑑𝑧ଶ 
𝐺

𝜒
൬

𝑑𝑉
𝑑𝑧

െ 𝛺ଶଵ𝑊ሜ  𝛺ଶଶ𝛷ሜ ൰ െ 𝜔ଶሺ𝑚ଶଵ𝑊ሜ  𝑚ଶଶ𝛷ሜ ሻ ൌ 0 (16b) 

𝛿𝑣: െ
𝐺

𝜒
ቆ

𝑑ଶ𝑉
𝑑𝑧ଶ െ 𝛺ଶଵ

𝑑𝑊ሜ

𝑑𝑧
 𝛺ଶଶ

𝑑𝛷ሜ

𝑑𝑧
ቇ െ 𝜔ଶ𝑚𝑉 ൌ 0 (16c) 

In order to implement a FE approach, let us consider the weak formulation directly to Eqs. 
(16) (strong and weak formulations are crucial concepts of partial differential equations: 
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the weak formulation turns a differential equation to an integral one). If a generic FE of 
length h is referred to a local axis reference 0<ξ<h, it is possible to write:  

ቈെ𝐸
𝑑𝑊ሜ

𝑑𝜉
𝜈ଵ





 න 𝐸
𝑑𝑊ሜ

𝑑𝜉





𝑑𝜈ଵ

𝑑𝜉
𝑑𝜉 െ 𝜔ଶ න 𝑚ଵଵ




𝑊ሜ 𝜈ଵ  𝑚ଵଶ𝛷ሜ 𝜈ଵ𝑑𝜉 ൌ 0 (17a) 

ቈെ𝐸ଶ
𝑑𝛷ሜ

𝑑𝜉
𝜈ଶ





 න 𝐸ଶ





𝑑𝛷ሜ

𝑑𝜉
𝑑𝜈ଶ

𝑑𝜉


𝐺

𝜒
൬

𝑑𝑉
𝑑𝑧

െ 𝛺ଶଵ𝑊ሜ  𝛺ଶଶ𝛷ሜ ൰ 𝜈ଶ𝑑𝜉

െ 𝜔ଶ න 𝑚ଶଵ𝑊ሜ 𝜈ଶ




 𝑚ଶଶ𝛷ሜ 𝜈ଶ𝑑𝜉 ൌ 0 

(17b) 

െ
𝐺

𝜒
൬

𝑑𝑉
𝑑𝑧

െ 𝛺ଶଵ𝑊ሜ  𝛺ଶଶ𝛷ሜ ൰ 𝜈ଷ൨




 න
𝐺

𝜒
൬

𝑑𝑉
𝑑𝑧

െ 𝛺ଶଵ𝑊ሜ  𝛺ଶଶ𝛷ሜ ൰




𝑑𝜈ଷ

𝑑𝜉
𝑑𝜉

െ 𝜔ଶ න 𝑚𝑉



𝜈ଷ𝑑𝜉 ൌ 0 

(17c) 

where 1, 2 and 3 are opportune weight functions. Eqs. (17a,c) allow to evidence primary 
and secondary variables. The degree of interpolation for the functions W ,   and V  can 
be generic, but  the degree of interpolation of V  must be an unit more than that of   (we 
define it as Consistent Interpolation Element (CIE)). Then, it is: 

𝑊ሜ ሺ𝜉ሻ ൎ ൣ�̱�ௐሜ ሺ𝜉ሻ൧
்

𝑊ሜ̱ ൣ�̱�ௐሜ ሺ𝜉ሻ൧
்

ൌ ቀ𝛹ଵ
ௐሜ ሺ𝜉ሻ, 𝛹ଶ

ௐሜ ሺ𝜉ሻ, . . . , 𝛹
ௐሜ ሺ𝜉ሻቁ (18a) 

𝛷ሜ ሺ𝜉ሻ ൎ ൣ�̱�ఃሜ ሺ𝜉ሻ൧
்

𝛷ሜ̱ ൣ�̱�ఃሜ ሺ𝜉ሻ൧
்

ൌ ቀ𝛹ଵ
ఃሜ ሺ𝜉ሻ, 𝛹ଶ

ఃሜ ሺ𝜉ሻ, . . . , 𝛹
ఃሜ ሺ𝜉ሻቁ (18b) 

𝑉ሺ𝜉ሻ ൎ ሾ�̱�ሺ𝜉ሻሿ்�̱�ൣ�̱� ሺ𝜉ሻ൧
்

ൌ ൫𝛹ଵ
ሺ𝜉ሻ, 𝛹ଶ

ሺ𝜉ሻ, . . . , 𝛹ାଵ
 ሺ𝜉ሻ൯ (18c) 

Replacing Eqs. (18a,c) into Eqs. (17a,c) and, with the aim of applying a Ritz-Galerkin  FE 
approach, setting ν1(ξ)= 𝛹

ௐഥ (ξ) (i=1,…,n), ν2(ξ)= 𝛹
Фഥ (ξ) (i=1,…,n) and ν3(ξ)= 𝛹

(ξ) 
(i=1,…,n+1), the following equations are obtained:  

⎝

⎛൦

�̱̱�ௐሜ ௐሜ 0̱̱ 0̱̱

�̱̱�ఃሜ ௐሜ �̱̱�ఃሜ ఃሜ �̱̱�ఃሜ 

�̱̱�ௐሜ �̱̱�ఃሜ �̱̱�

൪



െ 𝜔ଶ ൦

�̱̱�ௐሜ ௐሜ �̱̱�ௐሜ ఃሜ 0̱̱

�̱̱�ఃሜ ௐሜ �̱̱�ఃሜ ఃሜ 0̱̱

0̱̱ 0̱̱ �̱̱�

൪

⎠

⎞ 
𝑊ሜ̱

𝛷ሜ̱
�̱�





ൌ 

�̱�ଵ

�̱�ଶ

�̱�ଷ





⇒ ൫�̱̱� െ 𝜔ଶ�̱̱�൯�̱� ൌ �̱� 

(19) 

where:  

�̱̱�ௐሜ ௐሜ ൌ න 𝐸





𝑑�̱�ௐሜ ሺ𝜉ሻ

𝑑𝜉
𝑑ൣ�̱�ௐሜ ሺ𝜉ሻ൧

்

𝑑𝜉
𝑑𝜉 (20a) 

�̱̱�ఃሜ ௐሜ ൌ න െ
𝐺

𝜒
𝛺ଶଵ�̱�ఃሜ ሺ𝜉ሻൣ�̱�ௐሜ ሺ𝜉ሻ൧

்
𝑑




𝜉 (20b) 

�̱̱�ఃሜ ఃሜ ൌ න 𝐸ଶ
𝑑�̱�ఃሜ ሺ𝜉ሻ

𝑑𝜉





𝑑ൣ�̱�ఃሜ ሺ𝜉ሻ൧
்

𝑑𝜉


𝐺

𝜒
𝛺ଶଶ�̱�ఃሜ ሺ𝜉ሻൣ�̱�ఃሜ ሺ𝜉ሻ൧

்
𝑑𝜉 (20c) 



Falsone	and	La	Valle	/	Research	on	Engineering	Structures	&	Materials	7(4)	(2021)	523‐538	

 

530 

�̱̱�ఃሜ  ൌ න
𝐺

𝜒




�̱�ఃሜ ሺ𝜉ሻ

𝑑ሾ�̱�ሺ𝜉ሻሿ்

𝑑𝜉
𝑑𝜉 (20d) 

�̱̱�ௐሜ ൌ  െ
ீబ

ఞ
𝛺ଶଵ





ௗఅ̱ೇሺకሻ

ௗక
ൣ�̱�ௐሜ ሺ𝜉ሻ൧

்
𝑑𝜉             (20e) 

�̱̱�ఃሜ ൌ න
𝐺

𝜒
𝛺ଶଶ

𝑑�̱�ሺ𝜉ሻ

𝑑𝜉




ൣ�̱�ఃሜ ሺ𝜉ሻ൧

்
𝑑𝜉 (20f) 

�̱̱� ൌ න
𝐺

𝜒





𝑑�̱�ሺ𝜉ሻ

𝑑𝜉
𝑑ሾ�̱�ሺ𝜉ሻሿ்

𝑑𝜉
𝑑𝜉 (20g) 

�̱̱�ௐሜ ௐሜ ൌ න 𝑚ଵଵ




�̱�ௐሜ ሺ𝜉ሻൣ�̱�ௐሜ ሺ𝜉ሻ൧

்
𝑑𝜉 (20h) 

�̱̱�ௐሜ ఃሜ ൌ න 𝑚ଵଶ�̱�ௐሜ ሺ𝜉ሻ



ൣ�̱�ఃሜ ሺ𝜉ሻ൧

்
𝑑𝜉 (20i) 

�̱̱�ఃሜ ௐሜ ൌ න 𝑚ଶଵ




�̱�ఃሜ ሺ𝜉ሻൣ�̱�ௐሜ ሺ𝜉ሻ൧

்
𝑑𝜉 (20j) 

�̱̱�ఃሜ ఃሜ ൌ න 𝑚ଶଶ�̱�ఃሜ ሺ𝜉ሻ



ൣ�̱�ఃሜ ሺ𝜉ሻ൧

்
𝑑𝜉 (20k) 

�̱̱� ൌ  𝑚



�̱�ሺ𝜉ሻሾ�̱�ሺ𝜉ሻሿ்𝑑𝜉    (20l) 

and: 

�̱�ଵ ൌ ሾെ𝑁ሺ0ሻ 0 . . . 0ିଵ 𝑁ሺℎሻሿ் (20m) 

�̱�ଶ ൌ ሾെ𝑀ሺ0ሻ 0 . . . 0ିଵ 𝑀ሺℎሻሿ் (20n) 

�̱�ଶ ൌ ሾെ𝑇ሺ0ሻ 0 . . . 0 𝑇ሺℎሻሿ்                                                                             (20o) 

Eqs. (10) and (11) show that the generalized kinematic variables can be expressed in 
function of the generalized/homogenized ones and vice versa, in such a way their 
continuity is guaranteed. The continuity of generalized/homogenized variables is imposed 
by defining the location matrix Le for each finite element. Defining U as the vector whose 
entrances are the nodes displacements and Q as the vector containing the internal forces 
at the nodes, and following the same steps of the classical FE approach, it is possible to 
obtain: 

  2K M U Q  (21) 

where:  

    1T T T
e e e e e e e e e eK L K L M L M L Q L Q U L u  (22) 

By imposing static and kinematic boundary conditions, given Eqs. (10) and Eqs. (13), the 
system of equations (21) allows to derive the eigenvalues problem able to define the 
dynamic behaviour of a FGB. 	
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4.2	Static	Problem	

Eqs. (12), simplified for the static case, take the form:  

െ𝐸
𝑑ଶ�̄�
𝑑𝑧ଶ െ 𝑞௭ ൌ 0 (23a) 

െ𝐸ଶ
𝑑ଶ𝜙ሜ

𝑑𝑧ଶ 
𝐺

𝜒
൬

𝑑𝑣
𝑑𝑧

െ 𝛺ଶଵ�̄�  𝛺ଶଶ𝜙ሜ ൰ ൌ 0 (23b) 



 

     
 

2
0

21 222
0y

G d v dw d
q

dz dz dz
 (23c) 

Through the same steps considered previously, the solving equation is obtained as:  

 KU F Q  (24) 

where K, U, Q are equal to those which appear in Eq. (21); F is defined as follows:  

 T
e eF L F  (25) 

and: 

�̱� ൌ 
�̱�ଵ
0̱
�̱�ଷ

൩ (26a) 

�̱�ଵ ൌ න �̱�ௐሜ ሺ𝜉ሻ𝑞௭ሺ𝜉ሻ𝑑𝜉



 (26b) 

�̱�ଷ ൌ න �̱�ሺ𝜉ሻ𝑞௬ሺ𝜉ሻ𝑑𝜉



 (26c) 

5.	Analytical	Solutions	for	Buckling	Analysis		

In this section the generalized/homogenized displacements are used with the aim of 
finding analytical solutions for the buckling problem of Timoshenko FGBs. It is noteworthy 
that some of the analytical solutions set out herein are a novelty in literature; this despite 
a lot of paper which deal with this problem already exist, for example, [24], [25], [26], [27], 
[28], and [29]. 

5.1.	Buckling	Load	of	a	Clamped‐Free	Beam	

In order to investigate the buckling of a generic column subjected to a compressive force 
P, Eqs. (12) become: 

െ𝐸
𝑑ଶ�̄�
𝑑𝑧ଶ ൌ 0 (27a) 

െ𝐸ଶ
𝑑ଶ𝜙ሜ

𝑑𝑧ଶ 
𝐺

𝜒
൬

𝑑𝑣
𝑑𝑧

 𝛺ଶଶ𝜙ሜ െ 𝛺ଶଵ�̄�൰ ൌ 0   (27b) 
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2 2
0

22 212 2
0

G d v d dw d v
P

dz dz dz dz
   (27c) 

with the boundary conditions:  

𝐸
𝑑�̄�
𝑑𝑧

𝛿𝑤൨ ൌ 0 (28a) 

൬
𝐺

𝜒
൬

𝑑𝑣
𝑑𝑧

 𝛺ଶଶ𝜙ሜ െ 𝛺ଶଵ�̄�൰ െ 𝑃
𝑑𝑣
𝑑𝑧

൰ 𝛿𝑣൨




ൌ 0   (28b) 

ቈ𝐸ଶ
𝑑𝜙ሜ

𝑑𝑧
𝛿𝜙





ൌ 0 (28c) 

Noting that for a clamped-free beam the generalized transversal stress is equal to zero in 
the free end, T(L)=0, it is possible to assume T(z)=0 for all the beam. Furthermore, 
combining Eq.(27a), Eq.(28a) and Eqs.(11), 𝑤ഥ(z)=0 is obtained. Hence, Eq. (28b) allows to 
give the generalized/ homogenised rotation 𝜙ത as a function of the generalized transversal 
displacement v: 

      
 




 
         

 

0

0
22

0
22

( )
0 ( )

G
P

dv z dv zG dv z
z P z

Gdz dz dz



 (29) 

Substituting Eq.(29) into Eq.(27b) and deriving with respect to z, the differential equations 
governing the buckling problem of a Timoshenko FGB is derived:  

 
  

  


4 2
2 22 2

4 2
0

/
0

1 /

d v z d v P E
dz dz P G

 (30) 

This result implies that the buckling load Pn for this kind of beam is given by: 




  
 

2 2
2

2

22
0

(2 )
E

n E
E

P n E
P P

P L
G

 
(31) 

In order to clarify the transition process between Eqs. (30) and (31), we need to 
remember that the general solution of Eq. (30) is: 

      cosv z A z Bsin z Cz D  (32) 

By imposing the boundary conditions v(0)=0, v(L)=0, dv/dz(0)=0 (see Eqs. (11a,b-29) with 
w(0)=0 since the beam is supposed clamped in z=0), d2v/dz2(L)=0 (see Eqs. (13b-29)); we 
get the following system in the unknown variables A, B, C and D: 



Falsone	and	La	Valle	/	Research	on	Engineering	Structures	&	Materials	7(4)	(2021)	523‐538	

 

533 

   

   

 

 

 
    


 
  

0

cos sin 0

0

cos sin 0

A D

A L B L CL D

B C

A L B L

 (33) 

System (33) gives no trivial solution if and only if cos(L)=0: it follows L=n/2 then Eq. 
(31) is achieved.  

5.2.	Buckling	Load	for	a	Simply	Supported‐Simply	Supported	Beam	

In this case, Eqs.(27) and Eqs.(28) continue to hold. Taking into account Eq.(27a), Eq.(28a) 
and Eqs.(11), it is possible to obtain 𝑤ഥ(z)=yGE𝜙ത(0). Therefore, deriving Eq. (27b) and 
adding to it Eq.(27c), it is easy to show that Eq.(30) still holds. This implies that the 
buckling load is given by: 




  
 

2 2
2

2

22
0

E
n E

E

P n E
P P

P L
G

 
(34) 

Similar steps as the one just made in Subsection 5.1 needs to be performed. 

6.	Numerical	Applications	

From here on out,	the following acronyms are introduced: S-S for simply supported-simply 
supported; C-C for clamped-clamped; C-F for clamped-free and C-S for clamped-simply 
supported. 

6.1.	Natural	Frequencies	for	S‐S	Beams		

Let us consider a S-S Timoshenko FG beam with a rectangular cross of width b, height h, 
length L, shear correction factor : 

     65 17.6 10 m 2 20 1.2h b h L h  (35) 

The beam is characterized by an elastic modulus and a density variable along the thickness 
with an exponential law:  

𝐸ሺ𝑦ሻ ൌ ሺ𝐸 െ 𝐸ሻ ൬
𝑦
ℎ


1
2

൰
ே

 𝐸 (36a) 

𝜌ሺ𝑦ሻ ൌ ሺ𝜌 െ 𝜌ሻ ൬
𝑦
ℎ


1
2

൰
ே

 𝜌 (36b) 

where Ea=14400 MPa, Eb=1440 MPa, ρa=122 kg/mm, ρb=12.2 kg/mm. The exponent N 
defines the composition of the section and, here, it is assumed equal to five different values. 
The elastic tangential module is given by the usual expression:  

   
 


2 1

E y
G y  (37) 

ν being the classical Poisson coefficient, here chosen equal to 0.38. The results obtained by 
the FE approach previously introduced (numerically approximated) are compared with 
the natural frequencies obtained in accordance with the procedure exposed by Li [11] 
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(theoretical and numerical approximated). Ten finite elements having the same length 
have been used; moreover, polynomial interpolating functions of order one for 𝑤ഥ and 𝜙ത 
and of order two for v have been applied (This level of refinement is maintained for all 
numerical applications exposed in this section). The accordance of the values reported in 
Table 1 ensures the correctness of the methodology applied. Clearly, these FE results could 
be improved by a p-refinement or a h-refinement.  

Table 1. First three natural frequencies (expressed in s-1) for a S-S beam with different 
values of N 

N ω1 Li ω1 FEM ω2 Li ω2 FEM ω3 Li ω3 FEM 
0.2 0.85 0.85 3.36 3.41 7.41 7.67 
0.5 0.81 0.82 3.22 3.27 7.11 7.37 
1 0.77 0.78 3.06 3.11 6.77 7.02 
5 0.82 0.82 3.25 3.30 7.17 7.43 

100 0.93 0.92 3.67 3.67 8.08 8.24 

6.2.	Natural	Frequencies	for	C‐C	and	C‐S	Beams	

The same mechanical and geometrical characteristics assumed in the previous subsection 
are taken into account. For the beams here considered, no analytical solution exists in the 
literature. Consequently, the FE method exposed in section 4 has been applied for any 
examined boundary conditions. Natural frequencies derived for a C-S Timoshenko beam 
are collected in Table 2, while those derived for a S-S beam are given in Table 1. Table 2 
shows the results obtained for the C-C beam. Lastly, the natural frequencies linked to a C-
F beam are reported in Table 3.  

Table 2. First three natural frequencies (expressed in s-1) for C-C and C-S beams with 
different values of N 

C-C beam C-S beam 
N	 ω1 ω2 ω3 ω1 ω2 ω3 

0.2 1.98 5.62 11.44 1.33 4.32 9.03 
0.5 1.90 5.41 11.03 1.27 4.15 8.69 
1 1.81 5.15 10.54 1.21 3.95 8.29 
5 1.92 5.45 11.11 1.29 4.19 8.76 

100 2.17 6.12 12.36 1.46 4.73 9.82 
 

Table 3. First three natural frequencies (expressed in s-1) for the C-F beam with different 
N 

C-F beam

N	 ω1 ω2 ω3 
0.2 0.30 1.90 5.33 
0.5 0.29 1.83 5.12 
1 0.28 1.73 4.87 
5 0.29 1.84 5.16 

100 0.33 2.09 5.82 

Eqs. (36a,b) describe the change of material along the cross section of the analysed beam; 
these laws are functions of a parameter N which can be considered an indicator of the 
mixture of the two components that constitute the sample in exam. In detail, when N tends 
to infinity then the cross section tends to be homogeneous with the properties of the 
stiffest component (Ea=14400 MPa, ρa=122 kg/mm); on the other hand, when N	tends to 
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zero then the beam tends to be homogenous with the properties of the weakest one 
(Eb=1440 MPa, ρb=12.2 kg/mm). In light of the above, it is not surprising that in Table 1, 2 
and 3 the natural frequencies increase with growing N.	

6.3.	Buckling	Loads	for	S‐S	and	C‐F	Beams	

Eqs.(31) and Eq.(34) are here applied to the same above considered beams. In this case, 
the use of the homogenized/generalized displacements makes possible to have exact 
relations expressing the buckling load of these Timoshenko FGBs. Table 4 shows the 
numerical results obtained evaluating Eqs. (31) and (34): indeed, buckling loads increases 
with growing N since the sample becomes progressively more stiff (same remarks are true 
for natural frequencies (see Subsections 6.1 and 6.2) 

6.4.	Static	Bending	C‐C	and	C‐S	Beams	

In this application, the same mechanical and geometrical characteristics used previously 
are maintained. The static external action is represented by a vertical uniformly 
distributed load with intensity qy= 10 N/mm. The coefficient N appearing in Eqs.(41) is 
assumed equal to 10. Fig.2 and Fig.3 show the transversal displacements obtained with the 
FE formulation, here presented, compared with the analytical ones.    

Table 4. First three buckling loads (expressed in newton (N)) for S-S and the C-F beam 
with different values of N 

S-S beam C-F beam 
N	 P1 P2 P3 P1 P2 P3 

0.2 0.06 0.22 0.47 0.014 0.06 0.12 
0.5 0.10 0.39 0.85 0.025 0.10 0.22 
1 0.19 0.76 1.67 0.05 0.19 0.43 
5 0.28 1.08 2.34 0.07 0.28 0.61 

100 0.36 1.42 3.09 0.09 0.36 0.81 

 

 

Fig.2 Static transversal deflection (expressed in mm) under constant load for C-C beam 
with N=10 
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Fig.3 Static transversal deflection (expressed in mm) under constant load for C-S beam 
with N=10 

Fig.2-3 show a higher rate of convergence in the case in which natural (or static) boundary 
conditions need to be imposed: in the same condition, the accuracy of the numerical 
solution obtained for the C-S beam (Fig. 3) is better than the one obtained in the C-C case 
(Fig. 3). This aspect is strictly related to the new approach introduced: the generalized-
homogenized displacements aim to create natural boundary conditions equivalent but 
simpler than the classical ones valid for FG beams. Indeed, the analytical solution is derived 
following the same procedure shown in the previous paper of the authors [14].  

7.	Conclusions	

In the present work, a new theoretical formulation based on some 
homogenized/generalized displacements has been introduced in order to solve bending, 
free vibration and buckling problems of Timoshenko FGBs, i.e. mono dimensional elements 
with constitutive properties that vary gradually along the thickness. The proposed 
formulation allows the definition of a new FE approach able to uncouple the required 
boundary conditions and it involves the use of the Navier method for solving dynamic 
problems: according to the latter, the kinematic variables are approximated as the product 
of two independent functions. The homogenized/generalized displacements are 
appropriately defined with the aim of uncoupling the expression of axial, shear and 
moment stresses generalized to the cross section in the case of FGMs so as to achieve a 
greater procedural saving. Numerical results are compared, when possible, to the 
analytical ones obtained by following Li’s model and a good match is shown. Different 
conditions of constraint are analysed to verify the reliability and the physical 
correspondence of the proposed approach: natural frequencies related to S-S, C-C, C-S, C-F 
beams and buckling loads for S-S, C-F are compared for different values of an opportune 
parameter which rules the material composition of the cross section. In accordance with 
physical intuition, natural frequencies and buckling loads increase with increasing the 
mean Young’s modulus and the mean shear modulus of the cross section.  Just for the sake 
of clarity, transversal numerical displacements are derived only for C-C and C-S beams 
under static condition of load and they are compared with the exact ones. The performed 
numerical applications have revealed that the proposed procedure is highly competitive 
with the most used in literature: moreover, a higher rate of convergence in the case in 
which natural (or static) boundary conditions need to be imposed is shown. Finally, a 
closed expression capable of expressing buckling loads linked to FGBs is discovered: it does 
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not yet exist in literature and it could be considered the natural extension of that valid for 
homogenous mono-dimensional structures.  
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 Reflectance spectra calculations of double and multi-layer antireflection coating 
(ARC) structures based on Fresnel equations were studied in this work. A 
detailed explanation of Fresnel equations was presented with different 
polarization of incoming light for multi-layer antireflection coatings for solar cell 
applications. TiO2/SiNx, MgF2/ZnS thin film stacks for double layer ARC and 
SiO2/Al2O3/TiO2, MgF2/SiO2/TiO2 thin film stacks for multi-layer ARC were 
studied. Transfer matrix method and PC1D simulation software were used 
additionally to simulate crystalline silicon solar cells with considered double and 
multi-layer ARC films on their front surface with calculated thicknesses. Average 
reflectance (400-1100 nm) of silicon surface by Fresnel equations with triple 
layer ARC was around 2.72%. Solar cell performances with each ARC structure 
were compared to evaluate the achieved output of reflectance of investigated 
thin films. Simulated short circuit current density of solar cells with tri-layer ARC 
was 39.71 mA/cm2, was significantly higher than that of the ARC-free solar cells 
resulting in an efficiency of 19.1%.  
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1. Introduction 

Solar cell industry is dominated by crystalline silicon solar cells with a global market share 
of 93% [1]. The highest confirmed efficiency for monocrystalline and multicrystalline are 
26.7% and 22.3% respectively [1,2]. Achieving high efficiencies with low cost is important 
to expand the use of solar energy based on photovoltaics. To establish high efficiencies of 
solar cells, numerous researchers and scientists have been looking for various ways in 
utilizing the basic techniques to improve the efficiency of solar cells. One the most 
important part of the production of modern high-efficiency solar cell is the integration of 
antireflection coating [3]. Antireflection coating (ARC) is a thin film layer of dielectric 
material deposited on top of the surface of solar cell to reduce optical losses due to 
reflection and increase the transmittance of light, thus improving current generation of 
solar cell and improve its overall efficiency. Silicon nitride is the most widely used 
antireflection coating in industrial level production of solar cells due to various advantages 
such as bulk and surface passivation properties and proven stability [4,5]. As a result, 
deposition of SiNx using plasma enhanced chemical vapor deposition (PECVD) became an 
integral part in the production of modern silicon solar cells [4,6]. Other than that, 
alternative ARCs including TiO2, SiO2, Al2O3, ZrO2, HfO2 etc. has been studied and applied to 
the solar cell structures by a variety of deposition techniques both as a single layer or as in 
stacks [3,7–11]. On the other hand, solar cell simulation softwares support researchers to 
design, develop and optimize solar cells. Softwares such as Silvaco TCAD, Sentaurus TCAD 
and PC1D are used to study the significance of antireflection coating in improving the 
efficiency of solar cells [12–14]. Lenie et. al demonstrated the effect of SiO2 and Si3N4 as 
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ARC on short circuit current (JSC), open circuit voltage (VOC), fill factor (FF) and efficiency 
(η) of silicon solar cell using Silvaco software [9]. Islam et. al used Sentaurus TCAD in 
simulation of ITO/Si3N4/ZnO:Al as antireflection coating and studied the effect of ARC in 
JSC, VOC and efficiency of silicon solar cells [8]. These studies of antireflection coatings using 
simulation softwares have shown a significant increase in JSC, and η of antireflection coated 
silicon solar cell when compared to an uncoated solar cell. Due to the vast amount of 
research data that are compiled in order to make these softwares, they can predict and give 
accurate output on up to sub-90nm semiconductor manufacturing processes and provide 
atomic-level accuracy [15].  

Various mathematical equations are available for solving the reflectance spectra of solar 
cells with ARC. The ‘transfer matrix method’ is the most commonly used equation for 
solving reflectance spectra of multi-layer thin film stacks due to abundance of available 
sources [16–18]. For ‘N number’ layers of thin films deposited on a substrate, multiple 
reflected and transmitted light are accounted and calculated using a transfer matrix form 
of each layer. Another way of calculating the reflectance spectra of ARC is through the use 
of ‘Fresnel’s equations’ using Rouard’s Method [19,20]. In this method, the reflectance and 
transmittance coefficients are calculated using Fresnel’s equations which are simplified by 
Rouard’s method. The total reflectance can be calculated by adding all the interacting light 
waves at the top surface of the ARC. Application of single layer antireflection coating 
(SLARC) equations using O.S. Heaven’s equations, transfer matrix method, and Fresnel 
equations are available in literature. Besides that, explanations of Fresnel equations for 
multilayer combinations along with application in solar cells is crucial for simulating its 
effects for future design of solar cells. 

In this work, basic structures and working principles behind double and multi-layer 
antireflection coatings were presented. Fresnel’s equation with the use of Rouard’s method 
were studied and compared with commonly used transfer matrix method in order to solve 
the reflectance spectra of double and multi-layer ARC. Introduced solutions are valid not 
only for silicon substrate but also for any type of substrate. Equations regarding the 
reflectivity of different polarities of light with respect to the incidence angle of the light 
source were also shown with detailed calculations. Additionally, PC1D simulation software 
was used to obtain various characteristics and behaviors of a silicon solar cell with up to 
three layers of antireflection coating which was also used for comparison purposes.  

2. Simulation Model and Fresnel’s Equations 

A conventional p-type silicon solar cell consists of <front metallic contacts/antireflection 
coating/n-type emitter/p-type silicon substrate/p-type back surface field/back contact>. 
An effective ARC structure has an important role for maximum absorption and minimum 
reflection of the incoming light. Light is an electromagnetic wave which have both electric 
and magnetic fields propagating perpendicularly with each other. The light emitted by the 
sun incident to the Earth’s surface is a non-polarized light [21]. The direction of the 
oscillation of the electric field in an electromagnetic wave determines the polarization 
direction. S-polarization or sometimes known as ‘perpendicular polarization’ occurs when 
the direction of propagation of electric field is perpendicular to the incident surface while 
P-polarization or ‘parallel polarization’ occurs when the electric field is parallel to the 
incident surface [18]. The light emitted by the sun is a combination of different 
wavelengths and polarization combined with each other which results in a white light that 
can be seen by the naked eye. When sunlight hits an interface, i.e. silicon, the intensity of 
reflection will vary depending on the polarization and angle of incidence. Those incoming 
waves resulting in total wave either by constructively or destructively interfering with 
each other. Fig. 1a and 1b illustrates the various interacting waves between the substrate 
and the incident medium for double layer antireflection coating (DLARC) and multi-layer 
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antireflection coating (MLARC) composed of three layers on silicon substrate. The variable 
n0 stands for the refractive index of air while ns stands for refractive index of the silicon 
substrate. The refractive index of antireflection coating in between air and silicon are 
denoted with subsequent numbers from top to bottom layer. 

 

 

(a) (b) 

Fig. 1 (a) Interaction of light waves in a silicon, (b) Interaction of light waves in a 
silicon solar cell with DLARC solar cell with MLARC 

When incoming light hits an interface and propagates from one medium to another 
medium with different refractive index, while a part of the light is transmitted or absorbed 
into the latter medium, some portion of the light is reflected back, as explained in literature 
[8,22-24]. During this transaction, the diffraction of transmitted light bends in an angle and 
changes the angle of propagation. At the end, the sum of all the interacting waves at the top 
surface figures the total intensity of the reflected light in the solar cell. Therefore, double, 
and multi-layer ARC can reduce the reflection more effectively than that of the single layer 
ARC by utilizing destructive interference of waves in multiple interfaces. 

3. Double and Multi-Layer Anti Reflection Coating (DLARC and MLARC) 

A highly efficient solar cell must have very low reflectance in wide range of wavelengths, 
so it can utilize as much the energy from the sun. SLARC can only achieve near-zero 
reflection at a specific wavelength. In order to further reduce the reflections in wider range 
of wavelengths with DLARC and MLARC, a combination of lower refractive index material 
as the outer layer and higher refractive index at the bottom layer can be stacked to lower 
average reflectance in wider range of wavelengths compared to SLARC. DLARC and MLARC 
have more complex reflections which can interfere with other reflected and transmitted 
waves that results in a lower total reflectance [21]. As a result, detailed calculations are 
needed to solve the total reflection at the surface of the solar cell due to the multiple 
interacting waves in a silicon solar cell with DLARC and MLARC (Fig. 1a and 1b). 

 

 3.2 DLARC Equations Using Fresnel’s Equation and Rouard’s Method 

Rouard’s method simplifies the calculation of the reflectance spectra of any ‘N’ number of 
dielectric stacks deposited on a substrate. Reflectance spectra of the solar cell with DLARC 
can be solved by following equations [8,19,24]: 
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𝛿1 =
2𝜋𝑛1𝑑1𝑐𝑜𝑠𝜃1

𝜆𝑜
      (1) 

δ2 =
2πn2d2cosθ2

λo
 (2) 

r1 = r0,1 + [(t0,1e−iδ1)(r1,2e−iδ1)(t1,0)]

+ [(t0,1e−iδ1)(t1,2e−iδ2)(r2,se−iδ2)(t2,1e−iδ1)(t1,0)]

+ [(t0,1e−iδ1)(r1,2e−iδ1)(r1,0e−iδ1)(r1,2e−iδ1)(t1,0)]
+ ⋯ 

(3) 

Simplifying by using Rouard’s method   

r2 =
r1,2 + r2,se−2iδ2

1 + r1,2r2,se−2iδ2
       (4) 

r1 =
r0,1 + r2e−2iδ1

1 + r0,1r2e−2iδ1
   (5) 

𝑅 = |
𝑟1(𝑠)

2 + 𝑟1(𝑝)
2

2
|   + ⋯ (6) 

3.2. DLARC Equations Using Transfer Matrix Method 

The transfer matrix method alternative for double layer ARC can also be calculated by 
using the following equation: 

𝑅 =  

𝑛0
2 [𝑐𝑜𝑠 𝛿1 𝑐𝑜𝑠 𝛿2 −

𝑛2

𝑛1
𝑠𝑖𝑛 𝛿1 𝑠𝑖𝑛 𝛿2]

2

+ (𝑛0𝑛3)2 [
𝑐𝑜𝑠 𝛿1 𝑠𝑖𝑛 𝛿2

n2
+

𝑐𝑜𝑠 𝛿2 𝑠𝑖𝑛 𝛿1

n1
]

2

+

[𝑛1 𝑠𝑖𝑛 𝛿1 𝑐𝑜𝑠 𝛿2+ 𝑛2 𝑠𝑖𝑛 𝛿2 𝑐𝑜𝑠 𝛿1]2 + 𝑛3
2 [𝑐𝑜𝑠 𝛿1 𝑐𝑜𝑠 𝛿2 −

𝑛1

𝑛2
𝑠𝑖𝑛 𝛿1 𝑠𝑖𝑛 𝛿2]

2

− 2𝑛0𝑛𝑠

𝑛0
2 [𝑐𝑜𝑠 𝛿1 𝑐𝑜𝑠 𝛿2 −

𝑛2

𝑛1
𝑠𝑖𝑛 𝛿1 𝑠𝑖𝑛 𝛿2]

2

+ (𝑛0𝑛3)2 [
𝑐𝑜𝑠 𝛿1 𝑠𝑖𝑛 𝛿2

n2
+

𝑐𝑜𝑠 𝛿2 𝑠𝑖𝑛 𝛿1

n1
]

2

+

[𝑛1 𝑠𝑖𝑛 𝛿1 𝑐𝑜𝑠 𝛿2+ 𝑛2 𝑠𝑖𝑛 𝛿2 𝑐𝑜𝑠 𝛿1]2 + 𝑛3
2 [𝑐𝑜𝑠 𝛿1 𝑐𝑜𝑠 𝛿2 −

𝑛1

𝑛2
𝑠𝑖𝑛 𝛿1 𝑠𝑖𝑛 𝛿2]

2

+ 2𝑛0𝑛𝑠

         (7) 

3.2. MLARC Equations Using Fresnel’s Equation and Rouard’s Method 

In order to further reduce the reflectance in a broad spectrum, multi-layer combination of 
different dielectric materials can be stacked on top of each other. The equation used for 
solving the total reflectance of MLARC can be calculated using Rouard’s method by: 

For k number of layers: 

δk =
2πnkdkcosθk

λ0
 (8) 

For the kth layer:  

rk =
(rk−1,k) + (rk,k+1)e−2iδk

1 + (rk−1,k)(rk,k+1)e−2iδk
   (9) 
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For k-1 layer until k=2: 

rk =
(rk−1,k) + (rk)e−2iδk

1 + (rk−1,k)(rk)e−2iδk
  (10) 

r1 =
r0,1 + r2e−2iδ1

1 + r0,1r2e−2iδ1
  (11) 

Then the total reflectance at the surface of ARC can be calculated by Eq. (6). 𝑛1 and 𝑛2 are 
the refractive indexes of the 1st and 2nd medium, respectively. 𝜃1 is the angle of incidence 
from the source to medium 1, 𝜃2 is the angle of light entering from medium 1 to 2, 𝑟𝑠,𝑝 is 

the coefficient of reflection for s and p polarizations, 𝑡𝑠,𝑝 is the coefficient of transmission 

for s and p polarizations. 𝑑1 and 𝑑2 are the thicknesses of the medium 1 and 2, respectively 
in nm. 𝛿1 is the phase change of the wave, 𝛿2 is the phase change at the 2nd layer, 𝑟1 is the 
total reflection coefficient, 𝑟2 is the total reflectance coefficient at the 2nd layer, 𝜆0 is the 
wavelength at free space in nm, 𝑟𝑎,𝑏 is the coefficients of reflection from medium a to b, 𝑡𝑎,𝑏 
is the coefficients of transmission from medium a to b, R is the total reflection at the surface 
of ARC. 

4. DLARC and MLARC Simulation Results 

Fig. 2 shows the reflectance spectra of silicon surface with DLARC comparing to the SLARC 
and bare silicon surface calculated by Fresnel equations. The values of refractive index ‘n’ 
and extinction coefficient ‘k’ of Silicon [25], TiO2 [26], MgF2 [27], ZnS [28] and SiNx [29] 
were also obtained from [30,31]. SiNx and ZnS SLARC with various thicknesses were given 
in Fig. 2a and 2b where a significant decrease of the reflectance is clear comparing to the 
bare flat silicon surface. Minimum of spectra shifts to the higher wavelengths as the 
thickness of SLARC increases. Experimental measurement of TiO2/SiNx DLARC was 
performed in a polished p-type FZ Silicon wafer and deposited using PECVD at a substrate 
temperature of 200ºC [32]. MgF2/ZnS DLARC was deposited using electron beam with a 
substrate temperature of 125ºC for ZnS and 200ºC for MgF2 [33]. These experimental data 
were used to assess the accuracy of the calculations under consent of related reference. 
Comparisons found to be relatively in agreement with simulated data in current work. 
Table 1 shows the average reflectance of each device using various methodologies. 
Simulated data were in good agreement with the experimental data especially in visible 
spectrum between 400 nm to 700 nm where the solar intensity is in its maximum. 
Additionally, spectra of the TiO2/SiNx and MgF2/ZnS DLARC with different thicknesses in 
stacks were given in Fig. 2e and 2f, respectively. Minimum of the TiO2/SiNx spectra shifts 
through the higher wavelengths as the thickness of the stack increases. Reflectance of 
MgF2/ZnS DLARC coated surface in the range of 400-800 nm increases significantly when 
the thickness of MgF2 is less than 100 nm in the stack. The one minimum characteristic of 
TiO2/SiNx DLAR coated wafers with high average reflectance than that of the wafers coated 
with MgF2/ZnS is due to the high/low ‘n’ order of the stack where MgF2/ZnS has a gradually 
increasing order of ‘n’ with optimum values from surface to bulk. 
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(a) (b) 

  

(c) (d) 

 
 

(e) (f) 

Fig. 2 Reflectance spectra of silicon substrate with (a) SiNx SLARC, (b) ZnS SLARC, (c) 
TiO2/SiNx DLARC, (d) MgF2/ZnS DLARC, (e) TiO2/SiNx DLARC with various 

thicknesses, (f) MgF2/ZnS DLARC with various thicknesses 
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Table 1. Average reflectance (400-1100 nm) of silicon substrate with DLARC achieved by 
using different methods 

 Fresnel’s Eq. TMM PC1D Experimental 
TiO2/SiNx 10.899 10.848 10.107 12.729 
MgF2/ZnS 2.802 2.755 2.266 5.973 

 

MgF2/ZnS combination provided a 2.2% average reflectance based on simulation with 
PC1D. Average reflection of MgF2/ZnS DLARC was estimated by Fresnel Equations as 2.8% 
which is slightly closer estimation than that of the TMM method.  

Alternative MLARC simulations using combination of three layers of ARC on silicon 
substrate were shown in Fig. 3a and 3b. Table 2 summarizes the average reflectance of 
each device using different methodologies. 

  

(a) (b) 

Fig. 3 Reflectance spectra of silicon substrate with (a) SiO2/Al2O3/TiO2 MLARC and (b) 
MgF2/SiO2/TiO2 MLARC 

Table 2. Average reflectance (400-1100 nm) of of silicon substrate with MLARC achieved 
by different methods 

 Fresnel’s Eq. PC1D 

SiO2/Al2O3/TiO2 2.799 2.111 

MgF2/SiO2/TiO2 2.720 2.228 

 

TiO2 with high ‘n’ of 2.59 (at 550 nm) was used as the bottom layer of the ARC for MLARC 
where TiO2 with lower ‘n’ of 2.11 (at 550 nm) were used for DLARC which can be achieved 
by different processing conditions [23]. Although MLARC layers provides similar reflection 
values, MgF2/SiO2/TiO2 combination achieved the best results in device performance due 
to very low reflectance at the peak of solar spectrum with high spectral irradiance. 
Estimated average reflectance of the silicon surface with SiO2/Al2O3/TiO2 and 
MgF2/SiO2/TiO2 MLARC were 2.8% and 2.72%, respectively. Reflectance of 
SiO2/Al2O3/TiO2 coated wafers provides less reflectivity especially in the range of 800-
1100 nm than that of the wafers coated with MgF2/SiO2/TiO2. On the other hand, 
MgF2/SiO2/TiO2 coated wafers have lower reflectivity in the range of 500-800 nm which 
covers the peak region of solar spectrum. 
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For the analysis of DLARC and MLARC, both TMM and Fresnel calculations can predict the 
behavior of reflectance spectra of antireflection coatings with different combinations of 
dielectric materials. Although, results by Fresnel equations were slightly closer to the 
experimental values than that of the values achieved by TMM, both techniques were in a 
good agreement with the experimental measurements. In general, a combination of a lower 
refractive index materials such as MgF2 or SiO2 with refractive index of less than 1.5 can be 
appropriate for the first layer while higher refractive index materials such as TiO2 and ZnS 
are suitable materials at the bottom layer.  

In case of double or multi-layer stackings, combination of materials with lower refractive 
index to higher refractive index in ascending order can have achieve a lower reflectance 
spectrum on wide range of wavelengths. Various data show the difference in the values of 
n and k of the same material due to different deposition techniques and parameters used 
such as annealing temperature [27, 28]. The output spectra of the simulation would vary 
depending on different values of refractive index and extinction coefficients of materials 
that are used. Due to the gradual refractive indexes and thicknesses of materials in 
MgF2/ZnS structure a reduced overall reflectivity could be achieved in DLARC. Spectra was 
achieved in W shape which means reflectivity reaches minimum corresponding to two 
wavelengths and contribute to reduce reflectivity over a broad range of spectrum [34]. 
MLARC provides further reduced reflectance especially in visible range and in overall 
spectrum. It is worth to bear in mind that the properties of the materials other than ARC 
effect plays an important role on silicon solar cell performances as well, such as passivation 
of defects etc. Therefore, all materials with good ARC may not lead high efficiencies as 
expected in real devices. 

5. Silicon Solar Cell Simulations by PC1D  

PC1D version 5.9 is a semiconductor modeling software made by UNSW Australia which is 
widely used in solar cell research [14]. High efficiency silicon solar cell with DLARC and 
MLARC were simulated with PC1D. Simulations were carried out by fixing the solar cell 
parameters except of the ARC films. The same ARC films were applied with the same 
thicknesses as in Figs. 2-3 to investigate the impact of each ARC film on the performance 
of a silicon based solar cell. Table 3 shows the parameters of the solar cell that were used 
in the simulation. 

Table 3. Solar cell device parameters using PC1D 

Front surface texture depth 3 µm 

Internal optical reflectance Enabled 

Series Resistance 0.8 Ω 

Shunt Resistance 50000 Ω 

Emitter Sheet Resistance 60 Ω/square 

Thickness 180 µm 

Front diffusion (N-type) 2×1020 cm-3 peak 

Rear diffusion (P-type) 3×1018 cm-3 peak 

Front SRV 1×102 cm/s 

Rear SRV 1×106 cm/s 

Bulk recombination τn = τp = 30 µs 

Temperature 25oC 
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Table 4 presents the electrical performance of each solar cell with and without ARC where 
relationship of the electrical parameters can be given as η = (VMP×JMP)/PIN = 
(VOC×JSC×FF)/PIN. η is the conversion efficiency, VMP and JMP are the voltage and current at 
the maximum power point, respectively. PIN is the standard 1 sun input power for 
measurements (100 mW/cm2). The values of refractive index used in the simulation were 
obtained [27, 28].  I-V curves of the best solar cells with ARC compared with the simulated 
solar cell without ARC is shown in Fig. 4. The antireflection effect of DLARC and MLARC 
layers on the short circuit current density can be clearly confirmed.  

Table 4. Performance of solar cells with various layers of ARC 

 ARC film  
(thickness in nm) 

JSC 
(mA/
cm2) 

VOC 
(mV) 

JMP 
(mA/
cm2) 

VMP 
(mV) 

FF 
(%) 

 

(%) 

No ARC No ARC 26.28 609.7 24.25 517 78.25 12.54 

SLARC 
SiNx (67) 37.03 618.7 35.00 508.1 77.62 17.79 
ZnS (67) 36.18 618.1 33.76 515.2 77.78 17.39 

DLARC 
TiO2 (8) / SiNx (60) 37.08 618.7 35.03 508.6 77.66 17.82 
MgF2 (107) / ZnS 

(60.5) 
39.58 620.4 36.96 515.2 77.55 19.04 

MLARC 

SiO2(80)/Al2O3(30)/Ti
O2(60) 

39.45 620.4 36.91 514.3 77.56 18.98 

MgF2(79)/SiO2(35)/Ti
O2(55) 

39.71 620.5 37.01 516.2 77.53 19.10 

 

 

Fig. 4 I-V curve of best solar cells with SLARC, DLARC and MLARC compared 
with the solar cell without ARC 

  

An uncoated solar cell reflects more than 35% or one third portion of incoming light due 
to inherent reflective properties of silicon. Increase in conversion efficiency can be 
confirmed by DLAR and MLAR coated solar cells due to the significant decrease in 
reflectance. Improvement in solar cell performances were achieved by using MgF2/ZnS as 
DLARC and MgF2/SiO2/TiO2 as MLARC. The best JSC values of the solar cells with MLARC is 
39.71 mA/cm2 which is significantly higher than the JSC of uncoated cell (26.28 mA/cm2) 
due to the impact of ARC coatings on trapping the incoming light. As a result of using ARCs, 
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the best simulated efficiencies for corresponding cells with SLARC was 17.79% with SiNx 
which was improved up to 19.1% with MgF2/SiO2/TiO2 MLARC. DLARC provided a JSC of 
39.58 mA/cm2 leading an efficiency of 19% owing to the reduced reflection in a broad 
range of spectrum. It is worth to mention that considering the properties of materials and 
interfaces in the device depend on the source of the materials and the 
deposition/processing techniques, it is challenging to compare simulation results with real 
devices based on the antireflection-only effect with exact set of device parameters. 
However, simulations and experimental results can be compared by the total increment in 
the conversion efficiency for an estimation. For instance, an increase on efficiency of 6.1% 
with MgF2/ZnS DLARC was reported comparing to the solar cells without an ARC [34] 
which is similar to the results in current work providing the possible increase of 6.32% on 
efficiency with MgF2/ZnS DLARC. One of the conclusions can be that a significant reduction 
of surface reflectance achieved by an optimized DLARC for silicon solar cells would be 
sufficient for high efficiencies. However, alternative ARC structures can be developed by 
utilizing Fresnel equations for more complex solar cells such as multijunction, perovskite 
or other emerging solar cells. 

6. Conclusion 

The reflectance spectra of double and multi-layer antireflection coatings based on Fresnel 
equations were studied in this work. Various experimental measurements were used to 
validate the accuracy of the equations besides the comparison of results with transfer 
matrix method. PC1D simulation results were also added to further validate and measure 
the overall performance of each combination of ARC. The average reflection of the solar 
cell without any antireflection coating from 400 to 1100 nm around 37% which results to 
a huge loss in the overall efficiency of the solar cell due to the reflection of more than 1/3 
of incoming light. It was shown that a proper selection of antireflection coating material 
with optimum thickness can result to such huge decrease of reflectance from the surface 
and increase in the overall performance of solar cells. And the Fresnel equations can be 
supportive for estimating the reflectance behavior of coated surfaces. For the MgF2/ZnS 
DLARC stack, it was concluded that the thickness of MgF2 less than 100 nm is not favorable 
due to the significant increase of the reflectance of MgF2/ZnS DLARC coated surface in the 
range of 400-800 nm, from 2% to up to peak of 10%. Estimated average reflectance of the 
silicon surface when with SiO2/Al2O3/TiO2 and MgF2/SiO2/TiO2 MLARC were 2.8% and 
2.72%, respectively. SiO2/Al2O3/TiO2 coating wafers provides less reflectivity than that of 
the wafers coated with MgF2/SiO2/TiO2 especially in the range of 800-1100 nm. On the 
other hand, MgF2/SiO2/TiO2 coated wafers have lower reflectivity in the range of 500-800 
nm which is valuable as it covers the peak region of solar spectrum. MgF2/SiO2/TiO2 
MLARC achieved the overall best result with simulated efficiency of 19.1%. Selection and 
combination of materials are crucial in achieving the reduced reflectance which results to 
a more efficient device. Therefore, an accurate simulation can be rewarding for researchers 
and manufacturers in selecting the best combination of materials to optimize their devices. 
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 Analysis of the structural failure of the Beirut port silos by the August 4, 2020 
explosion is presented in this paper. The structural response of the silos due to 
the blast loading imposed by the explosion was assessed using 3D laser scan. 
Then, the silos were modeled using three-dimensional finite element models 
using Abaqus explicit. The silos’ damage and failure were investigated to 
estimate the blast magnitude and to check the silos structural response against 
the silos’ concrete strength and additional reinforcement and concrete coating 
added to the silos in 2000. In addition to the effects of reinforcing the ribs 
between the silos as well as the soil and foundation. Therefore, these parameters 
were tested after estimating the blast magnitude to check the structural status 
of the remaining part of the Beirut port silos (if they can be reusable), the role 
played by the foundation and soil and if the silos’ response would have changed 
if certain parameters were taken differently in the design. In this article, the 
damage and silos’ displacement obtained from the numerical models were 
compared to the results obtained by the 3D laser scan. The results of this 
investigated article show that a blast magnitude of 337.5 tons TNT (938 tons of 
Ammonium Nitrate) best captures the silos’ displacement and damage amount. 
The silos exhibit a tilt between 20 and 30 cm in the direction of the blast. The 
numerical results indicate that constructing the silos with higher compressive 
strength would not have affected the silos’ damage. Nevertheless, adding the 
extra concrete coating and reinforcement layer in 2000 to the outer silos 
decreased the amount of damage in the silos. Moreover, reinforcing the ribs 
between the silos would have decreased the silos displacement and damage 
amount. Finally, the soil and the foundation played a positive role in the 
explosion by absorbing part of the released energy while the silos, in the current 
state, cannot be reused. 

© 2021 MIM Research Group. All rights reserved. 
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1. Introduction 

Serious damage to buildings and other infrastructures may be caused by accidental 
explosions, military explosions, and terrorist attacks [1 - 3]. In addition, failure of 
structures can occur due to faults in design such as the collapse of Terminal 2E Roissy at 
Charles de Gaulle airport in 2004 [4], due to large creep and shrinkage of concrete 
structures [5, 6], or it can be caused by earthquakes [7 - 9] and blast loading such as the 
2020 Beirut port silos explosion. 

On August 4, 2020, a large fire in warehouse number 12 started at the port of Beirut. The 
fire was followed by a huge explosion that sent a blast wave which radiated through the 
city. The explosion caused severe damage all over the city of Beirut and was heard as far 
away as Cyprus that is about 200 km across the Mediterranean Sea. This explosion left 
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more than 200 people were killed, and more than 7500 injuries. Moreover, it caused 
around $15 billion damage in properties and left more than 300 000 people homeless. The 
explosion, only few meters away from the Beirut port silos, created a crater approximately 
140 m wide, which was then flooded with seawater as shown in Fig. 1. As a result, the blast 
wave caused extensive damage not only to the city of Beirut but also to the country’s grains 
storage silos: the Beirut port silos (Fig. 2). The cause of explosion was blamed to the 
detonation of 2750 tons of Ammonium Nitrate that were stored at warehouse 12 in the 
port.  

  

a) b) 

Fig. 1 The Beirut port silos, a) before August 4, 2020 blast and b) after August 4, 2020 
blast [10] 

  

Fig. 2 The damaged grained Beirut port silos, after August 4, 2020 blast [11, 12] 

Several blast incidents due to the explosion of Ammonium Nitrate occurred around the 
world (Table 1) such as in Texas, in the USA in 1947 that left 552 victims [13], in Toulouse, 
France in 2001 that left 20 victims [14], in Mihailesti Romania in 2004 that left 18 victims 
[15] and in West Texas, in the USA in 2013 that left 15 victims and more than 260 injuries 
[16]. As a result, even though Ammonium Nitrate is a common farm and garden fertilizer, 
it is a hazardous explosive chemical especially when it is contaminated (by intention) with 
fuel oil, diesel or triggered by a fire [17,18]. It should be noted that Ammonium Nitrate is 
listed in the European’s Seveso Directive that regulates the storage and handling of all 
hazardous chemicals in Europe [19]. 

Bauer et al. [24] and King et al. [25] studied the degree of uncertainty associated with the 
explosive magnitude of Ammonium Nitrate. They found that an uncontaminated 
Ammonium Nitrate can be very difficult to detonate by any sort of flame, spark or friction 
under normal storage conditions. Ammonium Nitrate’s detonation can only happen when 
its size is higher than the size of the critical charge and is characterized by a super-sonic 
pressure wave that travels through a material. Therefore, the initiation of an Ammonium 
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Nitrate shock wave requires an enormous amount of energy [25]. Nevertheless, the Joint 
Research Center JRC [26] does not rule out the possibility of Ammonium Nitrate’s 
decomposition under normal storage conditions.  

Table 1. Main accidents worldwide caused by Ammonium Nitrate and the corresponding 
charges 

Blast incident location Date Casualties 
Ammonium 

Nitrate (tons) 
Faversham, Kent, United Kingdom 

[20] 
April 2, 1916 115 deaths 700 

Oppau, Germany [21] September 21, 1921 561 deaths 450 
Texas, USA [13] April 16, 1947 552 deaths 2086 & 870 

Brest, France [20] July 28, 1947 29 deaths 1700-3309 
Porgera Gold Mine, Papua New 

Guinea [22] 
August 2, 1994 11 deaths 80 

Toulouse, France [14] September 21, 2001 20 deaths 200-300 
Mihailesti. Romania [15] May 24, 2004 18 deaths 20 

West Texas, USA [16] April 17, 2013 15 deaths 240 
Port of Tianjian, China [23] August 12, 2015 173 deaths 800 

Beirut port, Lebanon August 4, 2020 204 deaths  

 

In the work presented in this paper, the Beirut port silos blast on August 4, 2020 was 
analyzed using the 3D laser scan and 3D numerical model. The 3D laser scan was 
performed by the higher school of Engineering “ESIB” at Saint Joseph University of Beirut 
in collaboration with the Swiss company “Amann” Engineering. It estimated the amount of 
damage and deformation of the Beirut port silos. Due to its ability to provide important 
data, accelerating the workflow, avoiding expensive mistakes, and enhancing work 
productivity, 3D scan technique is being used in several industries such as engineering and 
medicine among others [27 - 29]. In this study, the 3D scan results were compared to the 
FE results, performed using Abaqus explicit. The 3D models allowed us to capture the 
response and damage of the silos in all its manifestations which provided a better 
understanding of the blast. Therefore, the objective of this paper is not only to check the 
Beirut port structural status following the blast, but also to explore and assess the effects 
and the contribution of several factors to the silos’ damage amount. As such, after 
estimating the blast magnitude, this study examines if the remaining part of the Beirut silos 
can be reused. Also, it explores the role the soil and the foundation played in the blast and 
if the silos’ response would have changed if certain parameters were taken differently in 
the design: silos’ concrete strength, additional reinforcement and concrete coating added 
to the silos in 2000 and reinforcing the ribs between the silos. 

2. Description of the Analyzed Case Study 

2.1. The Beirut Port Silos History 

In 1968, the Lebanese government at a cost of nearly $2.8 million funded the construction 
of the Beirut port silos. This project was built by the Czech construction company 
“Prumstav” along with several Lebanese experts in the civil engineering domain. The 
Beirut port silos, as shown in Fig. 3, were constructed in three phases. In the first phase, in 
the late 1960s, 24 silos, formed of 3 rows of 8 silos each (in total 24 silos) were built. Then, 
in phase 2, also in the late 1960s, another 3 rows of 6 silos each (in total 18 silos) were 
built. Finally, in 1997, 6 extra silos were constructed to fulfill the country’s grains reserves 
need.  

https://en.wikipedia.org/wiki/Faversham
https://en.wikipedia.org/wiki/Porgera_Gold_Mine
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From 2000 to 2002, the 48 m height, 8.5 m diameter silos having a 17 cm wall thickness 
underwent restoration work due to concrete carbonation. In this work, the internal wall of 
the outer rows of the silos was increased by 12 cm, i.e the wall thickness of these silos 
increased from 17 to 29 cm. Therefore, just before the August 4, 2020 blast, the Beirut port 
silos were able to withhold 123 200 tons of grains. The silos’ capacity was divided into 48 
big cells of 2000 tons each, as well as 26 smaller cells with 700 tons each and 30 cells with 
300 tons each.  

 

Fig. 3 The construction phases of the Beirut port silos 

2.2. The 3D Scan and the Equipment Used 

After the August 4, 2020 explosion, the Swiss Company “Amann” Engineering that is based 
in Geneva offered the Higher School of Engineering “ESIB” at the Saint Joseph University of 
Beirut free technical assistance to measure the damage in Beirut port silos using 3D scan. 
3D scan technique creates high-precision 3D models of real objects by capturing several 
snapshots of an object and then merging them together. Thus, the 3D model, formed of 
small triangles or polygons that constitutes the mesh, replicates the object’s geometry 
within minutes. This copy can be rotated and viewed from different angles. 3D scan 
technology has been gaining popularity in several industries such as in industrial design, 
engineering, medicine, forensics, archeology, heritage preservation, art and design, quality 
inspection, construction, automobile, etc.  

After obtaining the permission from the investigation judge and the Lebanese army, the 
Saint Joseph University of Beirut and the Swiss team, escorted by the Lebanese army, 
performed the complex mission in two phases. During the first phase in September 2020, 
the Swiss equipment LEICA BLK360 imaging scanner (Leica geosystems) was used (Fig. 
4(a)), while during the second phase in November 2020, the German equipment Z+F 
Imager 5010X scanner (Zoller & Fröhlich) was used (Fig. 4(b)). The difference between the 
two equipment lies in the way they acquire the 3D points, the number of points captured 
per second and the correction of tilt measurements. The LEICA BLK360 allows the 
acquisition of 3D points with an integrated spherical imaging and a thermography 
panorama sensor system in up to 360 000 points per second. It provides live image and 
scanner data stream viewing and editing with automatic tilt measurements. The Z+F 
Imager comes with a special navigation system that estimates the scanner position and 
orientation to support the Z+F Laser Control registration software during pre- and post-
registration on-site. It includes a dynamic compensator that corrects angular tilts for each 
pixel during scan acquisition that has a rate of 1 million pixels per second.  
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a) b) 

 

c) 

Fig. 4 Scanning the Beirut port silos using a) LEICA BLK 360 and b) Z + F Imager 5010 
X Imaging scanner and c) Comparing the scope of silos’ 3D scan (the left picture 

concerns the Z+F scope and the right, the Leica scope) 

Another difference is the scope range captured by each piece of equipment; i.e the 
panoramic and thermal camera. The LEICA BLK360 imaging scanner forced the team to 
stand far from the silos to capture the total silos’ height and not be in danger. Whereas the 
Z+F Imager 5010X allowed the team to sweep a volume 27 times larger per scan in a 
smaller amount of time since it has a larger scope range than the LEICA BLK360. The Z+F 
Imager is much more efficient in terms of color rendering as well as calibration between 
the laser device and the camera. Therefore, the use of the Z+F Imager 5010X in the second 
phase allowed for a better final 3D scan result. Fig. 4(c) presents a comparison of the scope 
of the silos’ 3D scan using the above equipment. The LEICA BLK360 completes full-dome 
scan, spherical and thermal 3D images with 6 mm at 10 m and 8 mm at 20 m point accuracy 
in less than 3 minutes using Waveform Digitizing (WFD) distance measurement system 
technology. In addition, the camera system is formed of a 15 Mpixel camera system, 150 
Mpixel full-dome capture, HDR, LED flash Calibrated 360° X 300° spherical image. While 
the thermal camera FLIR technology is based on a longwave infrared camera with thermal 
360° X 70° panoramic image. The Z+F Imager 5010X scanner comes with an external 



Ismail et al. / Research on Engineering Structures & Materials 7(4) (2021) 551-577 

 

556 

thermal camera (Z+F T-Cam) that allows the application of infrared information to the 
scan. Thus, it generates 360° full-dome thermal panorama scans in a fully automatic 
process. It records a full panorama (32 images) in 1:45 minutes with a resolution of 382 X 
288 pixel and an infrared spectrum of 7.5 to 13 µm as well as a lens’ field of view of 62° X 
49°. As a result, the term thermo-panorama is scaled to a scan resolution of 2500 pixel at 
360° with a working range greater than 1.6 m, a vertical field of view of 284° and a 
horizontal field of view of 360°. Note that the LEICA BLK360, due to its small size, was used 
in the slopes of the silos while walking on the grains. On the other hand, although the Z+F 
Imager 5010X provided more precise images, it was heavier and harder to manipulate than 
the LEICA BLK360 [30, 31]. 

As shown in Fig. 5, 752 million points of measure in three dimensions using 25 stations in 
360° panorama infrared images were obtained. Therefore, a full panoramic picture of the 
silos was acquired using the LEICA BLK360 as well as the Z+F Imager 5010X (Fig. 6 and 7 
(the video)). The obtained results show that the silos exhibit a general tilt of 20 to 30 cm 
in the direction of the blast. It should be noted that this tilt is not related to the original 
silos’ construction. The silos, in their current state, do not pass the silos’ design codes. The 
damage in the silos can be explained as follows: either the inner part (inside half cylinder) 
is damaged and/or the pile head is deformed beyond the elastic range and therefore 
broken (Fig. 8). 

 

 

Fig. 5 The Beirut port silos 3D scan, points acquired, and stations used 

 



Ismail et al. / Research on Engineering Structures & Materials 7(4) (2021) 551-577 

 

557 

 

 

 

Fig. 6 The Beirut port silos 3D scan (the color shadings red, green and blue refer to a 
20, 10 and 0 cm displacement in the direction of the explosion) 

 

 

Fig. 7 The Beirut Port Silos 3D scan (open the link to access the video) 

file://///Users/mimiismail/Downloads/Imp%20files%20from%20Raphael/3D%20scan%20video.MOV
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Fig. 8 Grain silos’ foundation construction (pile cap and driven piles) and excavation 
for the base slabs as well exposing the piles head before casting the pile cap (GEER 

report [32]) 

2.3. The Numerical Model 

3D Finite Element model was built to simulate the blast of the Beirut port silos using the 
FE software Abaqus explicit. The analyses were performed using large strain formulations 
while incorporating geometric nonlinearity. The simulated 3D models consisted of the 
reinforcement concrete silos and the grains (Fig. 9). The silos were built using 313 741 4-
node doubly curved shell, reduced integration, hourglass control, finite membrane strains 
S4R shell elements, as detailed in Table 2. In addition, the silos steel reinforcement was 
defined as layers of reinforcement as part of the silos’ shell elements using the rebars 
command (rebars’ layers option) available in Abaqus. The grains: wheat and corn, 
available at the time of the explosion (Fig. 10) were built using 529 678 8-node linear brick, 
reduced integration, hourglass control C3D8R solid elements (Table 2). 

The 8.5 m diameter modeled reinforced concrete silos were 48 m in height. The restoration 
work performed in 2000 (concrete and steel reinforcement) were accounted for in the 
numerical model. Thus, the outer silos had a 29 cm wall thickness while the internal silos 
had a 17 cm wall thickness. Fig 11 presents the silos geometry and it details the steel 
reinforcement, adopted in the 1960s (Fig 11, b) and 2000s (Fig 11, c) designs. 
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Fig. 9 The FE model 

Table 2. Numerical model parts and properties 

Part Material Element type used Number of nodes 
Number 

of 
elements 

Silos 
Reinforced 
Concrete 

S4R shell elements 302071 313741 

Grains 
Wheat and 

Corn 
C3D8R solid elements 578970 529678 

Pile cap 
Reinforced 
Concrete 

S4R shell elements 4800 7902 

Driven Piles 
Reinforced 
Concrete 

B31 beam elements 20846 17868 

Soil Medium 
Backfill 

platform 
C3D8R solid elements 37500 30400 

 

 

 

Fig. 10 Beirut silos grains capacity at the time of the blast 

24 silos (8 columns X 3 rows)

Concrete Silos: S4R elements

Grains: C3D8R elements

The center point of explosion
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Fig. 11  a) The geometry of the Beirut port silos, b) The steel reinforcement of the 
Beirut port silos and c) The concrete and steel restoration work of the Beirut port silos 

The blast on the silos was modeled using the CONWEP blast loading model in Abaqus 
explicit. This model simulates, through incident and reflected pressure, the loading effects 
caused by an explosion of an air blast (spherical waves) or a surface blast (hemispherical 
incident waves). Noting that the August 4, 2020 blast produced a hemispherical incident 
wave. The bottom of the silos’ boundary was assumed to be fixed while the blast loading 
was applied at the silos’ surface facing the explosion.  

The relevant properties of the silos, steel and grains used in the models are presented in 
Table 3. In this Table, ρ is the density (kg/m3), E is the Young modulus (GPa),ν is the 
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Poisson’s ratio, σy is the yield stress (MPa), K is the ratio of the second stress invariant on 
the tensile meridian, fb0/fc0 is the ratio of initial equibiaxial compressive yield stress to 
initial uniaxial compressive yield stress, c is the soil cohesion (kPa), Φ is the friction angle 
(°), ψ is the dilation angle (°) and f’c,m is the mean concrete compressive strength (MPa). 
The simplified damage plasticity model was used to define the concrete in the silos [33]. In 
addition, the inelastic/plastic behavior of the steel reinforcement was simulated using 
elastic-perfectly plastic material behavior by defining the steel yield stress. Whereas the 
grains: wheat and corn, were assumed elastic based on EN1991-4 [34] provision. Noting 
that the grains were also simulated using plastic material. The results show that the 
permanent displacement at the head of the third row of silos slightly increases from elastic 
to plastic cases without affecting the amount of damage in the silos. For example, for the 
337.5 tons TNT case, the permanent displacement at the head of the third row of silos only 
increases by 2.18% from elastic to plastic cases. Nevertheless, since the simulation running 
time of the plastic case needs twice as much as the elastic and the authors in this article 
wanted to account for the mass and movement of the grains, the grains were modeled using 
elastic properties.  

Table 3. Materials Properties 

Steel Properties 

ρ (kg/m3) E (GPa) ν σy (MPa) 

7850 206 0.3 448 

Wheat Properties 

ρ (kg/m3) E (MPa) ν 

769 20 0.2 

Corn Properties 

ρ (kg/m3) E (MPa) ν 

721 20 0.32 

Concrete Properties 

ρ (kg/m3) f’c,m (MPa) ν ψ(ᵒ) Eccentricity fb0/fc0 K 
Viscosity 

parameter 
E 

(GPa) 

2400 30 0.2 31 0.1 1.16 0.67 0 26.6 

 

To determine the center point of explosion, i.e. the detonation center point, the aerial 
photos captured by the Lebanese Army forces as well as the investigation done by Forensic 
Architecture [35] were used. As shown in Fig. 12, the center point of explosion was located, 
at about 70 m in front of the silos and 40 m from the side of the silos, in warehouse number 
12 which contained the explosive materials.  

Since the CONWEP model in Abaqus requires the equivalent mass of explosive materials 
to be in terms of TNT, the mass of Ammonium Nitrate was transformed into an equivalent 
mass of TNT by multiplying it by a scaling factor. Note that most finite element software 
determines the effect of an explosion in terms of the TNT equivalency model [36]. 
Therefore, the consequence of an explosion is documented in TNT mass equivalent as 
follows: 

𝑊𝑇𝑁𝑇 = 𝑊𝑒𝑥𝑝𝑋 𝑃𝑒𝑥𝑝 𝑋 𝜂                                                                                             (1) 

where: 𝑊𝑇𝑁𝑇  is the equivalent mass of TNT, 

𝑊𝑒𝑥𝑝 is the weight of the explosive substance, 
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     𝑃𝑒𝑥𝑝 is the explosive magnitude. It is defined by the ratio of the decomposition energy of 

1 ton of substance (in J) divided by the detonation energy of 1 ton of TNT (J), 

𝜂 is the efficiency of the explosion. It is defined by the ratio of the real emitted to the 
theoretical energy of the explosion [37].  

 

Fig. 12 The center point of explosion in warehouse number 12 

Cooper [38] and Locking [39] among other researchers, showed that the TNT equivalency 
model might present a high degree of uncertainty in terms of explosive magnitude 
estimation. 20 to 30% errors may be found in TNT equivalency between different studies 
in the literature. This is related to the various tests adopted such as the “Air Blast” or the 
“Sand Crush” to determine the TNT equivalency and the conditions associated with these 
tests. As a result, HSE [37,40] recommends not to accurately measure the explosive field 
since the explosion is not only related to the mass of explosive substance but also to the 
state of confinement, storage condition as well as the possibility of the presence of other 
contaminated materials that may affect the explosion and the amount of released energy. 
Nevertheless, several researchers in the literature estimated the equivalent mass of TNT 
by multiplying the quantity of the explosive substance by a scaling factor [14, 37, 41 - 44]. 
The value of this scaling factor (𝑃𝑒𝑥𝑝 𝑋 𝜂 ) varies from a study to another. In this study, a 

scaling factor of 0.39 was adopted which is based on Krauthammer [44] study and the 
Lebanese army investigation data. As such, the mass of Ammonium Nitrate used in the 
CONWEP model was transformed into an equivalent TNT mass by multiplying it by a 
scaling factor of 0.39.  

Finally, to make sure accurate and stable results are obtained in the FE simulations while 
minimizing the computational speed, a mesh sensitivity analysis was performed in Abaqus. 
Different meshing options were adopted for the shell silos and the solid grains: 0.25, 0.5 
and 1 m, to check the maximum amount of deformation in the least damaged row of silos 
(row number 3), occurring at the head. The results of the mesh sensitivity analysis, as 
shown in Fig. 13, indicate that at the head of the third row of silos, the maximum 
displacement varies on average 3.1 and 2.62% while the permanent displacement varies 
on average 3.19 and 4.43% between the 0.25 and 0.5 m and between the 0.5 and 1 m cases 
respectively. Since the computational time of the 0.25 m case is 45 hours while the 
computational time of the 0.5 m is 23 hours and the deformations at the head of the silos 
only varies by about 3% between the 0.25 and 0.5 m, the 0.5 m mesh size was adopted in 
the FE analysis in this article. Also, to validate the FE model and to make sure the model is 
working correctly, first the artificial energy history was compared to the total energy. The 
results show that the artificial energy is significantly lower than the total internal energy. 

40 m

70 m



Ismail et al. / Research on Engineering Structures & Materials 7(4) (2021) 551-577 

 

563 

For example, for the 337.5 tons of TNT case, the maximum artificial energy equal to 66.18 
MJ is lower than the maximum total internal energy equal to 1053.19 MJ, indicating that 
the results are trustworthy with small artificial effects. Then, the FE results were compared 
to the 3D scan results in terms of damage as well as deformations in the silos, as will be 
detailed in the next section. 

 

Fig. 13 a) Maximum displacement and b) permanent displacement in the direction of 
the blast at the head of the silos for different mesh sensitivity analysis 

3. Comparison Between Site Measurements and the Results of the Numerical Model 

To check the structural status of the remaining part of the Beirut port silos (if they can be 
reusable) and if the silos’ response would have changed if certain parameters were taken 
differently in the design, an estimation of the blast magnitude was first performed. Thus, 
magnitudes of the blast, expressed in terms of equivalent masses of TNT, of 225, 337.5, 
550, 875 and 1100 tons (563, 938, 1375, 2188 and 2750 tons of Ammonium Nitrate) were 
considered/varied from the baseline case. The baseline case accounts for a mean concrete 
compressive strength of 30 MPa with all additional concrete coating and steel 
reinforcement added in 2000 and includes all grains available at the time of the explosion, 
as described in section 2. Moreover, the blast loading was applied at the silos’ surface facing 
the explosion with the detonation center point as indicated in Fig. 12 in the warehouse 
which contained the explosive materials. The displacements in the direction of the 
explosion at the head of the silos in the third row, shown in Fig 14, clearly demonstrate the 
significant contribution of the magnitude of the blast. It should be noted that a maximum 
and a permanent displacement were obtained for each silo. Since a permanent 
displacement was exceeded, then yield strength was exceeded. Note that the third-row 
silos’ numbering in is indicated in Fig. 15.  

For example, in silo 4, as shown in Fig. 14 and 16 and Table 4, the maximum displacement 
increases from 21.3 to 45.4 cm while the permanent displacement increases from 14.2 to 
37.6 cm as the blast magnitude is increased from 225 to 1100 tons TNT. Based on the 
above, the FE results were henceforth compared to the 3D scan results. Fig. 16 compares 
the displacement of the silos in the direction of the blast based on the 3D scan and the FE 
result. The results show that the first silo in the third row (the least damaged row), has lost 
its geometry. Whereas the other silos in this row have pertained their geometry and their 
8.5 m diameter; nevertheless, they tilted around 20 cm. Therefore, the silos in their current 
state, do not pass the limits set by design codes such as Eurocode [45]. The results of the 
3D scan, presented in Fig. 6, points out to a displacement of 20 cm (in red), 10 cm (in green) 
and 0 cm (in blue) in the direction of the explosion. 
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Fig. 14 a) Maximum displacement and b) permanent displacement in the direction of 
the blast at the head of the silos for different blast magnitudes (baseline case) 

 

Fig. 15 Silos 1 to 16 in the third row 

Comparing the results of Fig. 6 (3D scan) to Fig. 14 and 17 (FE results), we obtain that blast 
magnitudes of 550, 875 and 1100 tons TNT do not compare favorably to the results 
obtained from the 3D scan. A blast magnitude of 337.5 tons TNT (938 tons of Ammonium 
Nitrate) is found to best capture the 3D scan results and therefore, the real silos’ 
displacement and damage. This is clearly illustrated in Tables 4 and 5 and Fig. 6 where silos 
2 to 10 present a permanent displacement of around 20 cm while silos 11 to 14 present a 
permanent displacement of around 10 cm. For example, for silos 4, 5 and 9, the difference 
between the FE and 3D scan results is equal to 22, 14 and 3% for the estimated 337.5 tons 
TNT case while it is equal 52, 49 and 39 % for the 1100 tons TNT case. It should be noted 
that Rigby et al. [46], using empirical formula estimated the magnitude of the blast to an 
equivalent mass between 550 to 1100 tons TNT. In addition, Diaz [47] using images and 
videos’ recordings of the explosion posted on social media, estimated the magnitude of the 
blast to be in the order of 1100 tons TNT while Aouad et al. [48] using fireball analysis, 
estimated the magnitude of the blast to be equivalent to 810 tons TNT. Also, Stennett et al. 
[49] and Pasman et al. [50] using videos posted on social media in addition to analyzing  
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Fig. 16 Maximum permanent displacement in silos 4, 8 and 12 for the different blast 
magnitudes 

 

Fig. 17 Displacement of the silos in the direction of the blast a) 3D scan and b) FE 
results (in m) 

 
the crater formed by the blast [50] estimated the blast magnitude to an equivalent 637 tons 
of TNT with lower and upper bounds of 407 and 1000 tons and 650 tons of TNT with lower 
and upper bounds of 300 and 1000 tons respectively. Also, Valsamos et al. [51], based on 
the geospatial data taken from the open-source world map OpenStreetMap, estimated the 
blast magnitude to an equivalent 1100 tons TNT. To present the state of damage of the 337 
tons TNT estimated case, the silos’ damages in compression and tension are presented in 
Fig 18. The amount of silos’ damage, extracted from the FE models, presents the 
degradation of the silos’ elastic stiffness and is described by the compressive damage 
variable “dc” (damage in compression) and the tensile damage variable “dt” (damage in 
tension), where these damage variables range from 0: no damage to 1: destruction. 
Moreover, to show the state of damage of the silos’ elements, the cumulative surface 
damage rate curves are plotted in Fig. 19. On the ordinate is the percentage of the damaged 
surface having undergone the amount of damage indicated while on the abscissa is the 
damage indicator (1 refers to completely damaged elements/surfaces). Finally, the status 
of damage of the 1100 and 337.5 tons of TNT are shown in Fig 20. As indicated by these 
figures, for the 1100 tons TNT case, the first and second row of silos are destroyed. On the 
other hand, for the 337.5 tons of TT case, the first row of silos is destroyed while the second 
is partially destroyed, similar to reality where part of the second row of silos is still visible 
after the explosion (Fig 2). 
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Table 4. Permanent displacement in the direction of the blast (cm)- FE results 

FE/different blast magnitudes 1 2 3 4 5 6 7 

225 tons TNT 10.87 12.40 13.78 14.18 14.21 13.91 13.31 

337.5 tons TNT 15.15 19.07 22.03 23.03 23.35 23.22 22.69 
550 tons TNT 22.94 29.31 33.99 34.63 34.50 33.96 33.22 
825 tons TNT 21.08 28.22 34.75 36.86 37.01 36.63 35.82 

1100 tons TNT 21.02 29.02 35.21 37.59 38.95 38.94 37.79 

 

Table 4 (con.). Permanent displacement in the direction of the blast (cm)- FE results 

FE/different blast magnitudes 8 9 10 11 12 13 14 15 16 

225 tons TNT 12.65 11.72 10.48 9.26 8.02 6.92 6.02 4.84 3.56 

337.5 tons TNT 21.92 20.55 18.44 16.30 13.99 12.10 10.68 8.66 6.57 

550 tons TNT 32.21 30.82 28.85 26.63 24.41 22.36 19.97 16.24 13.04 

825 tons TNT 34.47 32.25 29.72 27.40 25.43 23.93 22.17 19.18 15.67 

1100 tons TNT 35.62 32.66 29.83 27.49 24.83 22.53 20.35 17.86 14.39 

 

Table 5. Comparison between the FE and 3D scan results 

 silo 
FE (tons TNT) 

3D scan 
225 kt  337.5 550t 825 1100 

U (cm) 
4 

14.2 23.0 34.6 36.9 37.6 18 

% difference (3D scan to FE) -27.0 21.8 48.0 51.2 52.1 - 

U (cm) 
5 

14.2 23.3 34.5 37.0 39.0 20 

% difference (3D scan to FE) -40.7 14.3 42.0 46.0 48.7 - 

U (cm) 
9 

11.7 20.6 30.8 32.2 32.7 20 

% difference (3D scan to FE) -70.7 2.7 35.1 38.0 38.8 - 

 

 

 

Fig. 18 Damage in a) compression and b) tension- 337.5 tons TNT baseline case (FE) 
(Damage variables range from 0 (no damage) to 1 (destruction)) 

a) 
b) 

The center point of explosion
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Fig. 19 The cumulative surface damage rate curve 

 

Fig. 20 The SDEG output of the a) 1100 and b) 337.5 tons of TNT simulated cases 
(Damage variables range from 0 (no damage) to 1 (destruction)) 

4. Analysis of Additional Parameters Responses to the Blast Loading 

4.1. Effect of the Concrete Strength 

To study the effect of concrete strength, the displacement response of Beirut port silos was 
investigated for concrete compressive strengths f’c,m: 30 and 40 MPa starting from the 
baseline scenario. The results obtained and presented in Fig. 14, 21 and 22 indicate that 
for low levels of blast magnitude (225 tons and 337.5 tons TNT), f’c,m does not affect the 
silos’ displacement. The average ratio of permanent displacement at the head of the silos 
for the case of f’c,m =40 MPa to f’c,m:=30 MPa in the direction of the explosion is around 1.00 
and 1.03 for 225 tons and 337.5 tons TNT respectively. However, as the magnitude of the 
blast increases from 550 tons to 1100 tons TNT, this ratio increases from 1.09 to 1.36 for 
the case of f’c,m=40 MPa to f’c,m: =30 MPa.  
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Fig. 21 Permanent displacement in the direction of the blast at the head of the silos for 
different blast magnitudes in the case of f'c,m=40 MPa  

 

Fig. 22 Permanent displacement in the direction of the blast at the head of the silos for 
different concrete strength for a blast magnitude of a) 337.5 tons TNT and b) 1100 

tons TNT 

The significant contribution of concrete compressive strength as the magnitude of the blast 
increases may be due to the improvement of concrete shear resistance that leads to a 
reduction in the absorbing capacity of the blast energy. In general, the concrete shear 
strength increases with the increase in compressive strength. In addition, concrete with 
higher compressive strengths has greater resistance to blast loading [52]. Therefore, as the 
compressive strength increases, the concrete becomes stronger and able to withstand 
more load; in other words, it can withstand more permanent deformation. Noting that the 
increase in concrete compressive strength makes the latter more ductile, causing the 
failure of the structure in a brittle manner. This is manifested by the decrease not only in 
the amount of energies stored in the model under the blast model (the strain energies) but 
also in a decrease in the total and kinetic energies. For example, as the concrete 
compressive strength increases from 30 to 40 MPa for the 1100 tons cases, the strain 
energy decreases from 480.29 to 395.50 MJ and the total energy decreases from 29.60 to 
26.14 MJ. The increase in concrete compressive strength also causes a decrease in the 
amount/level of silos’ damage. Nevertheless, for the low level 337.5 tons of TNT estimated 
blast magnitude, designing silos with higher compressive strength would not have affected 
the damage obtained in Beirut port silos. 
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4.2. Effect of the Additional Reinforcement and Concrete Coating (ARC) Added in 
2000 

To assess the contribution of the additional reinforcement and concrete coating (ARC), 
added from 2000 to 2002 to the outer silos, the damage and displacement behavior of the 
silos in the case of “no ARC” was compared to the case of “with ARC” (baseline case) for the 
different blast magnitudes. In the restoration work, the internal wall of the outer rows of 
the silos was increased by 12 cm and an extra layer of steel reinforcement was added as 
shown in Fig. 11. The results, presented in Fig. 23 and Table 6, show that the silos with “no 
ARC” exhibit lower tilting/displacement but a higher amount of damage (in compression 
and tension) for blast magnitudes greater than 337.5 tons TNT compared to the “with ARC” 
cases. For example, the ratio of permanent displacement in the direction of the blast for 
the case “with ARC” compared to the “no ARC” case in silo number 1 is equal to 0.75 for 
225 tons TNT, while it is equal to 0.97 and 1.09 for 337.5 tons TNT and 882.5 tons TNT 
respectively. Similarly, this ratio in silo number 6 is equal to 0.82 for 225 tons TNT, while 
it is equal to 1.25 and 1.35 for 337.5 tons TNT and 882.5 tons TNT respectively. Therefore, 
for the estimated blast magnitude 337.5 tons TNT, the case “with ARC” (baseline case) 
exhibits on average a 5 % greater amount of displacement compared to the “no ARC” case. 
It should be noted that silos 15 and 16 were destroyed in the blast. For the estimated blast 
case (337.5 tons TNT), the amount of damage in compression and tension exhibited in the 
silos is greater in the case of “no ARC” (Fig. 24) compared to the “with ARC” case (Fig. 18). 
As a result, the FE results indicate that reinforcing the outer silos from 2000 to 2002 played 
a positive role in the blast by decreasing the amount of the silos’ damage. 

Table 6. Ratio of permanent displacement in the direction of the blast (cm) of the cases 
with ARC to no ARC 

Additional 
reinforcement 

Magnitude of the 
blast (tons TNT) 

1 2 3 4 5 6 7 

disp (with ARC)/ disp 
(no ARC) 

225  0.75 0.77 0.82 0.84 0.84 0.82 0.80 
337.5  0.97 1.06 1.19 1.22 1.24 1.25 1.24 
550  1.52 1.66 1.75 1.68 1.61 1.60 1.61 
825 1.09 1.18 1.35 1.37 1.35 1.35 1.36 

1100 0.98 1.08 1.20 1.22 1.24 1.25 1.23 

Table 6 (con.). Ratio of permanent displacement in the direction of the blast (cm) of the 
cases with ARC to no ARC 

Additional 
reinforcement 

Magnitude of 
the blast (tons 

TNT) 
8 9 10 11 12 13 14 15 16 

disp (with ARC)/ 
disp (no ARC) 

225  0.77 0.73 0.68 0.64 0.61 0.59 0.56 0.49 0.40 
337.5  1.23 1.20 1.13 1.04 0.94 0.85 0.79 0.69 0.58 
550  1.64 1.70 1.74 1.73 1.75 1.73 1.62 1.41 1.24 
825 1.37 1.41 1.43 1.42 1.46 1.49 1.56 1.53 1.33 

1100 1.20 1.18 1.17 1.17 1.15 1.14 1.12 1.08 0.97 
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Fig. 23 a) Maximum displacement and b) permanent displacement in the direction of 
the blast at the head of the silos for different blast magnitudes in the case of no ARC 

 

 

Fig. 24 Damage in a) compression and b) tension 337.5 tons TNT with no ARC (FE) 

4.3. Effect of Reinforcing the Ribs Between the Silos 

To check if reinforcing the ribs between the silos, such as the ARC performed from 2000 to 
2002, would have decreased the damage of Beirut port silos, the estimated blast magnitude 
337.5 tons of TNT case was simulated for the case without and with additional 
reinforcement in the ribs. The numerical results, presented in Fig. 25 and 26, show that if 
the ribs were reinforced, they would have played a significant role in the blast by 
decreasing the silos displacement as well as damage amount. At the head of the silos and 
in the direction of the explosion, the maximum and permanent displacements decrease on 
average by 12% and 20%, respectively for the case with to without additional 
reinforcement in the ribs. For example, in silos 4 and 5, that exhibit the maximum 
displacement and damage amount in the direction of the explosion, the permanent 
displacement decreases from 23.02 and 23.35 cm to 20.60 and 20.49 cm when reinforcing 
the ribs. As a result, the FE results indicate that reinforcing the ribs would have not only 
decreased the silos’ displacement, but it would have played a positive role in the explosion 
by absorbing a small part of the released energy. The strain energy (the energy stored in 
the model under the blast loading), the dissipated energy (the wasted energy outside the 
model) and the total energy (the sum of all potential energies in the system) released from 
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the models are 3, 5% and 4% lower in the case when additional reinforcements were 
added to the ribs. 

 

Fig. 25 a) Maximum and b) Permanent displacement in the direction of the blast for 
the 337.5 tons TNT without and with additional reinforcement in the ribs between the 

silos 

 

Fig. 26 The SDEG output of the 337.5 tons of TNT simulated cases a) without additional 
reinforcement and b) with additional reinforcement in the ribs between the silos 

4.4. Effect of the Soil and Foundation 

The August 4, 2020 explosion released rapid hot gases and produced high temperature and 
pressure, i.e. enormous amount of energy in only milliseconds. It formed of a blast wave 
that not only radiated throughout the city, but it radiated in the unbounded soil domain in 
a form of spherical type wave. Therefore, to check the contribution of the soil and 
foundation, an extra simulation consisting of the silos, the pile cap, pile foundation as well 
as the soil medium was simulated for the estimated 337.5 tons TNT blast magnitude (938 
tons of Ammonium Nitrate). The displacements at the head, intermediate and near-bottom 
of the silos were extracted from the FE model. The geometry and properties of the soil and 
foundation were extracted from the real 1960s plans and designs (Fig. 11). Fig. 27 shows 
the FE model in flexible-based condition, consisting of the silos, the grains, the 140 X 30 m 
pile cap, the 2500 30 X 30 cm driven square 15 m length piles as well as the 460 X 200 X 
17 m soil medium. In the FE model, and as detailed in Table 2, the pile cap was built using 
S4R shell elements formed using 7902 elements. Moreover, the pile cap’s steel 
reinforcements were defined as layers of reinforcement as part of the pile cap’s shell 
elements using the rebars command available in Abaqus. Finally, the piles were built using 
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B31 beam elements using 17868 elements while the soil medium was built using C3D8R 
solid elements using 30400 elements (Table 2). The typical Mohr-Coulomb model was 
used to define the plasticity behavior of the soil medium that is formed of a 2 m 
miscellaneous backfill sand material and 15 m sandy material that presents some levels of 
gravel and clay (Table 7). In addition, the concrete and steel reinforcements in the silos 
and pile cap were tied using the tie command in ABAQUS while the silos and the pile cap 
as well as the pile cap and the piles’ interface were modeled by tying the different parts 
together. 

As shown in Fig. 28, that presents the amount of damage the silos exhibited after the blast 
loading, the numerical results show that in both fixed and flexible-based cases, the first and 
second row of silos are destroyed while the third row of silos is damaged. Noting that in 
this row, the last two silos are destroyed (silos 15 and 16). Also, as shown in Fig. 29, silos 
4 and 5 exhibit the highest amount of displacement and damage. Therefore, silos 4 and 5 
will be used as reference silos in the analysis. The results indicate that, in silos 4 and 5, the 
maximum relative displacement (head with respect to bottom) only decreases by a ratio 
of 0.99 while the permanent relative displacement decreases by a ratio of 0.78 from the 
fixed to the flexible 337.5 tons TNT case. In addition, the average ratio of the maximum and 
relative displacement from the fixed to the flexible 337.5 tons TNT case at the head level is 
equal to 1.0 and 0.77, respectively. The increase in silos displacement is also detected at 
the intermediate level. For example, in silos 4 and 5, the maximum relative displacement 
(intermediate with respect to the bottom) increases by a small ratio of 1.06 while the 
permanent relative displacement decreases significantly by a ratio of 0.73 from the fixed 
to the flexible 337.5 tons TNT case. In addition, at the intermediate level for the 337.5 tons 
TNT, the average ratio of the maximum and relative silos’ displacement fixed to the 
flexible-based cases is equal to 1.06 and 0.71, respectively. 

 

Fig. 27 The FE model (flexible-based model) 

 Table 7. Soil Properties 

 ρ (kg/m3) E (GPa) ν c (kPA) Φ (°) ψ (ᵒ) 

Backfill Material 1500 40 0.25 2 44 2.5 
Sandy Soil with some levels 

of gravel and clay 
1700 25 0.25 10 38 10 

 

Pile cap: S4R elements

30 X 30 cm square Driven 
Piles: B31 elements

Soil Medium
C3D8R elements

Concrete Silos: S4R elements

The center point of explosion

24 silos (8 columns X 3 rows)

Grains: C3D8R elements
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Fig. 28 The SDEG output of the a) fixed and b) flexible-based 337.5 tons of TNT 
simulated cases 

 

Fig. 29 a) Maximum and b) permanent displacement in the direction of the blast for 
the 337.5 tons TNT fixed and flexible-based cases  

This increase in silos’ displacement is caused by the contribution/role played by the soil 
medium and the pile foundation. Therefore, to examine this contribution, the fixed and 
flexible numerical models’ different types of energies were extracted and compared. The 
results show that, the decrease in silos’ displacement is manifested by a decrease in the 
amount of strain and damage dissipated energies. These energies decrease by a ratio of 
0.82 and 0.78 from the fixed to the flexible-based case, respectively. The strain energy 
refers to the energy stored in the model while the damage dissipated energy refers to the 
wasted energy outside the model caused by the blast loading. On the other hand, the total 
energy released by the model increases by a ratio of 1.32 from the fixed to the flexible-
based case while the internal energy, external work and kinetic energy remain almost the 
same under both models. As a result, even though the silos exhibit a higher amount of 
displacement when considering the soil and the foundation, the level of damage is very 
close compared to the fixed-based modeled case. Therefore, the results indicate that the 
soil and the foundation played a positive role in the explosion by storing more while 
dissipating less amount of energies. The flexible model absorbed part of the released 
energy, which only accounts for 0.033% of the total energy released by the August 4, 2021 
explosion. The total energy released by the explosion is equal to 1.84 X 1012 J (every 1 ton 
of TNT releases 4.184 X 109 J) while the external work exhibited by the fixed and flexible-
based 337.5 tons TNT case is equal to 590 X 106 J. This value was calculated by dividing the 
external work exhibited by the FE model to the explosion released energy. The obtained 
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results indicate that the silos’ base displace 27 to 30 cm while the silos’ head displace 40 
to 65 cm in the direction of the explosion. These displacements exceed all limits set by 
design codes such as Eurocode [34,45], indicating that the silos, in the current state cannot 
be reused. 

5. Conclusions 

The Beirut port silos’ damage followed by the August 4, 2020 explosion was assessed using 
a three-dimensional laser scan and finite element simulations. The 3D scan was performed 
by the higher school of Engineering “ESIB” at the Saint Joseph University of Beirut in 
collaboration with the Swiss company “Amman” Engineering while the numerical models 
were simulated using Abaqus explicit. The effects of the blast magnitude, silos’ concrete 
strength, additional reinforcement and concrete coating added to the silos in 2000, 
reinforcing the ribs between the silos and the effect of the soil and the foundation were 
investigated. The damage and silos’ displacement obtained from the 3D FE models were 
compared to the results obtained by the 3D laser scan that were estimated in two phases 
using two different equipment: the LEICA BLK360 and the Z+F Imager 5010X.  

The 752 million points of measure in three dimensions using 25 stations in 360° panorama 
infrared images estimated a general tilt of silos between 20 and 30 cm in the direction of 
the blast. Therefore, comparing the 3D scan to the FE results allowed a precise estimation 
of the blast magnitude. A blast magnitude of 337.5 tons TNT (938 tons of Ammonium 
Nitrate) was found to best capture the 3D scan results and therefore, the real silos’ 
displacement and damage. 

The numerical results showed that for low levels of blast magnitude such as 337.5 and 225 
tons of TNT, concrete compressive strength does not affect the amount of silos’ 
displacement. Nevertheless, as the magnitude of the blast increases, designing the silos 
with higher concrete compressive strength decreases their damage amount. Nevertheless, 
for the 337.5 tons TNT estimation blast magnitude, designing the silos with higher 
compressive strength would not have affected the amount of damage obtained after the 
August 4, 2020 explosion. 

The FE results indicated that the silos with no additional reinforcement and concrete 
coating (ARC) added from 2000 to 2002 exhibit lower displacement and higher amount of 
damage (in compression and tension) for blast magnitudes greater than 337.5 tons TNT 
compared to the “with ARC” cases. Nevertheless, for the estimated blast case (337.5 tons 
TNT), the amount of damage exhibited in the silos is greater in the case of “no ARC” 
compared to the “with ARC” case. As a result, reinforcing the outer silos from 2000 to 2002 
played a positive role in the blast by decreasing the amount of the silos’ damage. 

The obtained results proved that if the ribs of the silos were reinforced like the ARC from 
2000 to 2002, this reinforcement would have played a positive role in decreasing the 
amount of silos’ displacement and damage and by absorbing a small part of the released 
energy. Reinforcing the ribs would have decreased the displacement at the head of the silos 
by 20%.  

As for the soil and the foundation, the results pointed out to the positive role they played 
in the blast. The flexible model absorbed part of the explosion released energy. Even 
though the level of damage was very close in the fixed and the flexible models, the presence 
of the soil and the foundation caused an increase in silos’ displacements. This increase was 
manifested by a decrease in the amount of strain and dissipated energies exhibited by the 
numerical model.  

Finally, the 3D scan and FE results showed that the silos’ base displaced 27 to 30 cm while 
the silos’ head displace 40 to 65 cm in the direction of the explosion. Thus, the silos 
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displaced 20 to 30 cm in the direction of the blast. These displacements exceed all limits 
set by design codes, indicating that the silos, in the current state cannot be reused. 
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 Riveted connections used in steel bridges may be subjected to localized fatigue 
cracking. Experimental data were obtained from coupon fatigue tests for the 
investigation of the role of the riveting process on fatigue resistance. Fracture 
mechanics models of both open-hole and riveted A36 steel coupon specimens 
were used to predict the fatigue life. Stress versus the number of cycles to failure 
curves (S-N curves) were established based on empirical results and combined 
with Air Force Grow software (AFGROW) fatigue life estimates and compared. 
Fatigue crack growth test data was developed and compared with the material 
library in AFGROW. Fracture surfaces of the specimens were examined and 
striation spacing measured using Scanning Electron Microscope (SEM) images. 
Subsequently, stress intensity factors and local crack growth rates were 
estimated. Estimates of the local crack growth rates and the estimated stress 
intensity ranges were compared with data obtained from fatigue crack growth 
test results.   Test results demonstrated that fatigue life was improved with the 
riveting process. In addition, accurate fatigue life predictions required 
consideration of the compressive residual stresses due to riveting.   
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1. Introduction 

One particular design concern is the fluctuation of stress in a component which may cause 
localized fatigue cracking within a structural system. In general, it is necessary to consider 
all limit states of a component or structure which includes fatigue [1]. 

Fatigue cracking generally initiates as a result of localized cyclic plastic deformation, and 
starts with one or more tiny flaws in the material that grow sub critically until failure 
occurs. The idea is that even if the nominal stresses are well below the elastic limit, the 
local stresses may be above yield due to stress concentrations.  It is worth noting that 
prevention of fracture is a significant aspect of design for structures that are subjected to 
repeated loading or vibration [1, 2].   

Mechanically fastened structural connections commonly use either rivets or bolts. In fact, 
fasteners are often used in components of movable bridges such as in steel grid decks. 
Bridge decks are exposed to daily traffic load and one significant issue is the design against 
fatigue cracking induced by repeated cyclic loads. It is well known that connections under 
such conditions may eventually fail from fatigue cracking even though the maximum 
applied stress is less than the yield stress. In addition, these failures often occur with small 
deformation, which makes fatigue cracks difficult to detect until major growth has 
occurred [3].  
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Consequently, fatigue life prediction must be considered during the design of structural 
components [4]. 

Fracture surfaces of components and test articles subjected to fatigue may contain 
striations, which represent locations of the crack front(s). Striations can help determine 
the direction of failure propagation, the local crack growth rate and may help identify the 
origin of failure. Further, correlations have been developed that establish the relationship 
between striation spacing or local crack growth rate da/dN and the stress intensity factor 
range (ΔK) [5, 6]. 

In order to understand the fatigue behavior of riveted joints and connections, experimental 
tests have been conducted and several models proposed over the years. The general idea 
of testing riveted joints and connections that use smaller rather than full-scale specimens, 
is simply that it is easier and less costly, but may be limited by scale effects [7]. 

 Fatigue lives exhibit considerable scatter even under constant amplitude loading in    
controlled laboratory conditions. This phenomenon makes statistical methods 
indispensable. Further, fatigue life should be predicted at given probability levels of failure 
for a given detail under defined environment and loading conditions.  Generally, the 
nominal applied stress range is the main parameter for fatigue life, and other loading 
parameters, such as the mean stress, have a minor effect [8].  

Several different studies on the fatigue behavior of steel bridge connections have been 
performed using different types of analyses. Fatigue damage may also be associated with 
secondary load effects. Moreover, the interaction between bridge members and load-
carrying systems has contributed to fatigue issues [9]. Furthermore, the discontinuities 
that exist in all fabricated steel structures are a consequence of the manufacturing process 
of the material and/or the normal fabrication processes of the components.  These 
discontinuities from steel making, as well as various fabrication processes like cutting, 
drilling, punching, and welding operations provide preferential sites from which fatigue 
cracks may develop. Usually, lower fatigue resistance for welded joints is expected as 
compared with bolted or riveted details. It is worth noting that the fatigue behavior of 
fabricated steel structures is controlled by the detail type, size, shape, and location of the 
discontinuities, as well as the applied cyclic stresses [10]. 

As riveting is employed as a joining method in steel construction, fatigue tests and studies 
of riveted connections are of continued interest. Many of these studies use experimental, 
numerical, or theoretical analysis for the investigation of fatigue damage. To be specific, 
the main focus is the evaluation of fatigue life of either open-hole or riveted specimens. 
Researchers have studied crack initiation by testing open-hole specimens, and fatigue life 
determined as each specimen was tested to fracture. It has been found that crack growth 
in the open-hole specimens initiated almost exclusively at the edge of the hole. Thru 
thickness crack development around the edge of the hole appeared to be unsymmetrical in 
most cases [11]. The fatigue life of riveted sheet metal joints consisting of single as well as 
specimens with multiple fasteners was investigated. Fatigue testing was conducted on all 
specimen types and the analysis showed that connections using a stiffened angle design 
with either two or eight rivets was superior as compared to that of single lap joints with 
one and four rivets [12]. 

The goal of this study was to investigate the fatigue behavior of heavy-duty rivete steel 
grating under a standard AASHTO HL truck, although using coupon samples in order to 
understand the effect of riveting.  

Two types of A36 steel specimens were employed and consisted of both open-hole and 
riveted samples with dog-bone geometry.  The specimens were tested under different 
stress ranges until failure [13]. To provide a better understanding of the behavior of the 
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riveted connection, fatigue life prediction using AFGROW was conducted. Moreover, the 
beneficial residual stresses resulting from the riveting process were taken into 
consideration in the AFGROW model [13]. Simulating the nature of the riveted connections 
in the bridge makes this study more realistic.  

The open-hole and riveted fracture mechanics models considered in this study are 
described in detail. Fatigue test results of both the open-hole and riveted coupons 
subjected to different stress ranges are compared with the AFGROW fatigue life estimates. 
Fatigue crack growth tests were conducted, and life predictions derived and compared 
with AFGROW results using a tabular look-up model. Striation spacing measurements 
taken from four different areas of fracture surfaces of the tested samples were compared 
to fatigue crack growth test data. Fatigue crack growth rates for stress ratios (R) of 0.1 to 
0.4 were derived for the open-hole and riveted models. 

2. Fatigue Life Prediction Analysis  

2.1. AFGROW Fracture Mechanics Models 

2.1.1. General Background 

AFGROW is a fracture mechanics-based software program originally developed by the U.S 
Air Force.  AFGROW was originally developed for evaluating the residual strength and 
durability of aerospace components. AFGROW was transitioned to a commercial product 
and has undergone a number of revisions since first introduced. Capabilities include the 
analysis of crack development, growth, and fracture to predict the behavior of structural 
systems [14]. 

2.1.2. Fatigue Life Prediction 

A convenient feature within the program is the user’s ability to select material properties 
from a menu, which includes crack growth information. There are multiple models for 
representing crack growth kinetics.  Several of the choices include the Tabular Look-Up 
and Harter-T methods, also the Forman, Walker, and NASGRO Equations. Crack growth 
rate data is provided as function of the stress intensity range, ∆K, (∆K= Kmax – Kmin) at a 
given stress ratio (R = Kmin/Kmax) for R ≥ 0.0. In this study, we employed the NASGRO crack 
growth rate equation for fatigue life prediction as follows [14]: 

 
𝑑𝑎

𝑑𝑁
= 𝐶 [(

1−𝑓

1−𝑅
) ∆𝐾]

𝑛 (1−
∆𝐾𝑡ℎ

∆𝐾
)

𝑝

(1−
𝐾𝑚𝑎𝑥
𝐾𝑐𝑟𝑖𝑡

)
𝑞                                                                              (1) 

Where, da/dN is the fatigue crack growth rate, C is the crack growth constant, f is the crack 
opening function, R is the load ratio, ∆K is the stress intensity factor range, n, p, q are the 
empirical constants describing the behavior near the threshold, ∆Kth is the threshold 
stress intensity factor range for crack propagation and Kcrit  is the fracture toughness. It is 
noteworthy that Eq. (1) considers the three stages of fatigue crack growth, which is shown 
schematically by the curve in Figure 1. Region I is  the fatigue threshold region, region II is 
the Paris region which described by the parameters C and n and region III represents 
rapid-crack propagation while the fracture toughness, Kcrit , determines the transition to 
unstable crack growth [15, 16]. 
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Fig. 1 Crack growth regions [16] 

2.1.3 Modeling 

A fracture mechanics model of a single corner crack at a hole was considered for the fatigue 
life prediction of the open-hole and the riveted coupon specimens. Two of the parameters 
considered included the stress ratio (R) and the a/c crack aspect ratio. The parameter ai is 
the crack length and ci is the crack depth. To check the model against the laboratory tests, 
the R-ratio was taken to be 0.1 for both coupon types [17].  

2.1.3.1 Open-Hole Fracture Mechanics Model Inputs 

The aspect ratio (a/c) for the open-hole coupon, was assumed to be between 0.15 and 0.29. 
The initial crack size (ai) was assumed to be between (0.0254-0.1016 mm) and the crack 
depth (ci) was assumed to be between (0.127-0.508 mm) [17]. 

2.1.3.2 Riveted Fracture Mechanics Model Inputs 

For the riveted coupon specimens, the aspect ratio (a/c) was assumed to be between 0.15 
and 0.3. The initial crack size (ai) was assumed to vary between (0.0254-0.1016 mm) and 
the crack depth (ci) was assumed to be between (0.127-0.508 mm).  It is noteworthy that 
residual stress, an estimate of which was obtained from the finite element model analysis, 
was used as input to simulate the nature of the riveted sample [17]. This was as a result of 
the compression stress distribution obtained in the area of the corner crack, which has a 
positive influence on decreasing crack growth rates as reported in [13]. 

2.2. A comparison of AFGROW Calculated Results and Empirical Results 

Regression analysis of the laboratory test data is compared with estimates calculated using 
AFGROW. Figure 2 shows both a lower bound and best-fit S-N curves for all of the study 
data along with AFGROW calculated results for the open hole configuration. In general, the 
results calculated using AFGROW are conservative as compared to the test results for lives 
greater than about 500,000 cycles. Also, design fatigue strength from both the lower bound 
curve and equation 2 is 111 MPa at 10 million cycles, which is consistent with the 
experimental fatigue test results. 

𝑆𝑟  = 70.965𝑁−0.092                                                                                                                          (2) 
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Fig. 2 Regression analysis of fracture mechanics and fatigue test results 

Regression analysis of the laboratory test data is compared with estimates calculated using 
AFGROW. Figure 3 presents lower bound and best-fit S-N curves for all of the test data 
including the AFGROW results for the riveted configuration. Moreover, the design fatigue 
strength from both the lower bound curve and equation 3 is 113 MPa at 10 million cycles, 
which is slightly higher than the experimental fatigue test results. 

𝑆𝑟  = 72.352𝑁−0.092 (3) 

 

 

Fig. 3 Regression analysis of fracture mechanics and fatigue test results 
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3. Fatigue Crack Growth Rate Testing 

Fatigue crack growth rate analysis helps designers to provide a safe lifetime, also it helps 
with the inspection process of critical components. 

3.1. Fatigue Crack Growth Test Specimens 

Fatigue crack growth analysis in the current study is based on A36 steel. The specimen 
configuration selected for examination is the single edge notched (SEN) depicted in Figure 
4. All of the specimens had lengths of 152.4 mm, widths of 25.4 mm and thicknesses of 6.35 
mm, with a notch size of 4.50 mm fabricated in the specimen. The advantage of the SEN is 
to concentrate stress in order to grow a crack from a controlled position. Further, it is 
relatively easy to fabricate and test. 

 

Fig. 4 Details of the single edge notched steel specimen 

3.2. Experimental Setup 

In order to simulate a natural fatigue crack, nine specimens were pre-cracked in tension. 
Also, the pre-crack helps ensure that the effect of the machined starter notch is removed 
from the specimen K-calibration and to obtain suitable test crack growth rate data [18].  

Fatigue crack growth tests for nine specimens were conducted using an INSTRON machine 
with a 50 kN load cell. The specimen was gripped along the top and bottom sides using 
hydraulic wedge grips. Loading was applied at a frequency of 10 Hz in two steps:(a) the 
load magnitude was decreased 10% every 2000 cycles starting from 18 kN to obtain the 
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K-decreasing portion close to the threshold and (b) the load was increased by 10% every 
40,000  cycles starting from 18 to 26.6 kN to obtain K-increasing data.  

The specimen was subjected to a direct current of 1 Amp through two leads using a Direct 
Current Potential Drop (DCPD) technique for crack monitoring. As the electrical resistivity 
changes, it reveals damage initiation and propagation. Consequently, an Agilent 34980a 
micro Ohmmeter was connected to the leads across the notch as shown in Figures 5 and 6 
respectively. Data was recorded using two types of software Agilent and Wave Matrix.  

 

Fig. 5 Specimen configuration (a) front side (b) back side, 

                                     Note: A = Amps, V = Volts 

 

Fig. 6 Experimental setup with sensors position, ER and DC leads 

 

3.3. Fatigue Crack Growth Test Results 

 The data was analyzed using MATLAB and Microsoft Excel, so crack length, time and 
number of cycles were obtained. The crack growth rate, defined as the change in length of 
a crack per cycle (da/dN) was calculated. Moreover, the stress intensity factor range (∆k) 
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was calculated in order to correlate with the rate of fatigue crack growth using the 
following expression: 

∆𝑘 = 𝑌∆𝜎√𝜋𝑎                                                                                                                                   (4) 

Where Y is a geometry factor, ∆𝜎 is the stress range and a is the crack length. 

Subsequently, Log (da/dN) is plotted versus Log (ΔK) and fatigue crack growth rates curve 
was obtained. 

3.3.1. Crack Growth Rate vs. Stress Intensity Factor 

Figure 7 presents the relationship between the crack growth rate and stress intensity 
factor range, which may conveniently be divided into three regions according to the curve 
shown below.  In region I there is a threshold value, ∆kth of 9.7 (MPa√m), below which 
cracks do not propagate, or the growth is too small to measure. It is worthwhile to mention 
that region I is sensitive to the effects of environment and stress ratio. In region II a linear 
relation between the Log (da/dN) and Log (ΔK) is commonly referred to as the Paris 
region. Region II behavior ranges from 11 to 50 (MPa√m). In region III, high values of ΔK 
are present, and there is rapid crack growth. Crack growth is limited by the material 
toughness, kc. 

 

Fig. 7 Fatigue crack growth test results curve 

 

3.3.2. A comparison of the Crack Growth Rates between the Experiments and AFGROW     
Modeling 

Based on the experimental data shown on Figure 7, the fatigue threshold was estimated to 
be 9.7 (MPa√m), which is consistent with a value of 8.2 (MPa√m) used in the material 
library of AFGROW (Figure 8).  
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Fig. 8 Fracture mechanics crack growth curve 

3.3.3. Comparison of Fatigue Crack Growth Test Results 

Fatigue crack growth rate curves obtained from the laboratory tests were used as input to 
AFGROW using a tabular look-up model. Regression analysis of the fatigue test results is 
compared with estimates calculated using AFGROW. Figure 9 presents a best-fit S-N curve 
for the open-hole test data along with AFGROW calculated results. 

Figure 10 shows a best-fit S-N curve for the riveted test data after adding AFGROW 
calculated results were for the riveted configuration, which was consistent as compared to 
the test results. 

 

Fig. 9 Regression analysis of fracture mechanics and fatigue test results for the       
open-hole configuration 
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Fig. 10 Regression analysis of fracture mechanics and fatigue test results for the 

                        riveted configuration 

4. Fatigue Striation Spacing Analysis 

4.1. Inspection of Fracture Surfaces 

Fatigue tests at a stress range of 206.8 MPa were performed on both open-hole and riveted 
samples.  Fracture surfaces of the fully deformed and failed samples under fatigue loading 
were examined using Scanning Electron Microscope (SEM) [13].   

4.2. A comparison of the Striation Spacing Between the Open-Hole and Riveted    
Coupons 

Striations are features often produced on a fracture surface by fatigue crack growth in 
ductile materials. In fact, fatigue fracture surfaces are characterized by striations with 
small ridges perpendicular to crack propagation direction. Additionally, the striations 
develop at the crack tip because of the presence of slip that is inclined in relation to the 
fracture plane: when the load decreases, the slip direction turns. It is noteworthy that 
striations can help to determine the direction of failure propagation and the location of the 
origin. Striations may be observed and counted using images from the scanning electron 
microscope [19, 20]. 

 

Fig. 11 Striation spacing measurements 
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One use of the striations is establishing the relationship between fatigue 

crack growth rate da/dN and stress intensity factor range (ΔK) [21]. 

Accordingly, spacing of striations were measured using SEM images 

(Figure 11). It is noteworthy that the fracture surfaces for each sample were 

divided into four different areas based on crack growth orientation to ensure 

accuracy of the spacing measurements. Consequently, stress intensity 

factors ranges were calculated for the open-hole and riveted samples as 

summarized in Table 1 and 2 respectively. 

Table 1. Fatigue crack growth rate measurements 
𝑑𝑎

𝑑𝑁
  (

𝑚

𝑐𝑦𝑐𝑙𝑒
) and estimated ΔK (𝑀𝑃𝑎√𝑚) 

Area 𝑑𝑎

𝑑𝑁
  (

𝑚

𝑐𝑦𝑐𝑙𝑒
) ΔK (𝑀𝑃𝑎√𝑚) 

1 5.08E-07 40.5 
2 

5.08E-07 40.5 
3 5.842E-7 42.5 
4 7.62E-07 46.4 

 

Striation spacing, for the open-hole specimens vary from 5.08E-07 to 7.62E-07 
𝑑𝑎

𝑑𝑁
  (

𝑚

𝑐𝑦𝑐𝑙𝑒
).  

Analogous stress intensity factors were calculated to range from 40.5to 46.4(𝑀𝑃𝑎√𝑚).  

Table 2. Fatigue crack growth rate measurements 
𝑑𝑎

𝑑𝑁
  (

𝑖𝑚

𝑐𝑦𝑐𝑙𝑒
) and estimated ΔK (𝑀𝑃𝑎√𝑚) 

Area 𝑑𝑎

𝑑𝑁
  (

𝑚

𝑐𝑦𝑐𝑙𝑒
) ΔK (𝑀𝑃𝑎√𝑚) 

1 3.81E-07 36.8 

2 4.06E-07 37.6 

3 3.68E-07 36.4 

4 3.76E-07 36.7 

 

Also, striation spacing, for the riveted specimens in a similar location vary from 3.68E-07 

to 4.06E-07 
𝑑𝑎

𝑑𝑁
  (

𝑚

𝑐𝑦𝑐𝑙𝑒
). Corresponding stress intensity factors were calculated to range from 

36.4 to 37.6(𝑀𝑃𝑎√𝑚). Generally, the size of a striation is related to the magnitude of the 
driving force characterized by the stress intensity factor. The striation`s width is indicative 
of the local crack growth rate. It might be noticed from the previous two tables that 
striation spacing for the riveted samples are narrower than they are for the open-hole 
samples. To be more specific, the riveted crack growth rates average is about 16% lower 
than the open-hole crack growth rates average. Furthermore, the average of the stress 
intensity factors of the riveted specimens is around 13% less than the open-hole stress 
intensity factors. It seems the rivet sample performs better, which demonstrates influence 
of the rivet as well as the installation process. 
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4.3. Correlations Between Crack Growth Rate and Stress Intensity Factor  

Figure 12 compares fatigue crack growth rates for the open-hole specimens obtained from 
the SEM images along with fatigue crack growth test data. In region II, the crack growth 
rates as measured from the SEM data are consistent with the fatigue crack growth curve. 

Further, the highest value of ΔK obtained from the SEM data is 46.4(𝑀𝑃𝑎√𝑚, which is close 

to 50(𝑀𝑃𝑎√𝑚), the highest value of ΔK obtained from fatigue crack growth test data.  

Figure 13 compares fatigue crack growth rates for the riveted specimens obtained from 
SEM images with fatigue crack growth test results. In region II, the crack growth rates were 
in reasonable agreement for the SEM and fatigue crack growth test results. Moreover, in 
region II the highest value of stress intensity factor range, ΔK, obtained from SEM data is 

37.6(𝑀𝑃𝑎√𝑚, which is about 25% less than the highest value of ΔK obtained from fatigue 
crack growth test data. It appears the rivet influence improved the material behavior. 

 

Fig. 12 Fatigue crack growth test results along with SEM open-hole data 

 

Fig. 13 Fatigue crack growth test results along with SEM riveted data 
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4.4. Correlations Between Crack Growth Rate and Stress Ratio Using AFGROW 

Since fatigue cracks grow during the life of cyclically loaded components, any parameter 
which affects the growth can have a major effect on the total fatigue behavior of the 
components. One such parameter that has a significant effect on fatigue crack growth is 
stress ratio R [22, 23]. To account for the observed effect of stress ratio on crack growth 
rate, two different models have been proposed for the open-hole and riveted coupons. 
Generally, with increasing positive stress ratio at a given value of ΔK, the fatigue crack 
growth rate increases. 

 

Figure 14 compares the influence of the R-ratio of 0.1 to 0.4 on the fatigue crack growth 
rate between the open-hole and the riveted specimens using AFGROW. 

 

Fig. 14 Fatigue crack growth rate vs. stress intensity factor for different R-ratio 

It might be seen that the effect of changing R-ratio for the open-hole and the riveted 
specimens is simply that the higher R-ratio increases crack growth rates and lowers fatigue 
life. However, the riveted samples exhibited longer fatigue life at stress ratio of 0.1as 
compared with the open hole, which demonstrates the positive effect of the rivet. It is 
important to note that the riveting process results in a compressive residual stress near 
the location of the origin of failure. 

5. Conclusions 

Fatigue has been a design consideration for open grid decks on bridges. In fact, some of the 
most replaced systems on movable bridges are the deck systems. As a result, fatigue life 
analysis and design of such systems are necessary. Within the scope of this study, fatigue 
behavior of the deck focused on the riveted connections in heavy duty riveted steel grates. 
Therefore, fatigue test results for both open-hole and riveted coupons were compared with 
life predictions prepared using AFGROW. Fatigue life predictions were close to and 
consistent with the lower bound curves derived from open-hole test results. However, 
comparison of the predicted fatigue life of the riveted specimens using the fracture 
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mechanics model shows that the predicted lives are slightly higher as compared to the test 
data. These results demonstrate the positive effect of the rivet and the residual stresses 
resulting from the riveting process.  

 

Fatigue crack growth rate curves obtained from testing of the steel used in grate 
fabrication are conservative as compared with the corresponding simulations conducted 
using  AFGROW. The Fatigue crack growth threshold based on the experimental test results 
was compared with the material library in AFGROW.  The measured fatigue crack 
threshold was not identical to, but was similar to that from AFGROW. Based on the fracture 
mechanics models, the threshold stress intensity of the riveted specimen is about 17% 
greater than for the open-hole specimen at the same stress range. Reasonable agreement 
between the striation spacing measurements made from SEM images and the results of 
crack growth testing was observed. The best-fit S-N curve based on fatigue crack growth 
data analyzed by AFGROW using the tabular look-up model is in good agreement with the 
fatigue test results. The fatigue crack growth rate increases with increasing stress ratio at 
a given value of ΔK. The riveted specimens exhibited longer fatigue life, primarily due to 
the favorable residual stress field induced by the riveting process.  This highlights the need 
to have a carefully controlled riveting process. 
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 On November 26, 2019, an earthquake with magnitude Mw = 6.4 occurred in the 
city of Durrës, with epicenter about 16 km southwest of Mamurras. This seismic 
event caused 51 loss of life, hundreds injured and hundreds of damaged 
buildings. One of the typified structures, identified by the authors with the most 
cases of damage or even collapse, is the structure Type no. 82/2 built in some 
areas of the city of Durrës, in the period 1983-1993. The purpose of this study is 
to analyze the behavior of this type of structure during seismic loading (for two 
cases, five and six storey, from the same typology), using the non-linear static 
procedure (Pushover). The obtained results are compared with the damages 
recorded in the field for these buildings, concluding with their main causes. 
According to this study it appears that the main cause of failures occurred in this 
type of building is the reduction of the reinforcement amount from the ground 
floor to the first floor by 35.5% and percentage of reinforcement required for the 
given section exceeds the requirements of design standards (Eurocode-2 and 
KTP-2-89) by around 30%. Also on these failures contribute the low strength of 
concrete used in construction of some of these buildings (the compressive 
strength results 50% less than required) and the use of smooth rebar.  

 
© 2021 MIM Research Group. All rights reserved. 
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1. Introduction 

Durrës is one of the oldest cities in Albania (known as “Dyrrahum”), with a history of over 
2500 years. The region of Durrës is subjected to several strong earthquakes (I0>VIII EMS-
98). It can be mentioned the earthquakes in 177 B.C., 334 or 345 A.C., 506, 1273, 1279, 
1869 and 1870. The most significant earthquakes of the latest 30 years occur in September 
and November 2019, with the later one being the most devastating in Durres region. The 
earthquake of November 26, 2019 was a 6.4 magnitude earthquake, about 16 km off the 
coast of Mamurras at 3.54 CET [1]. The most affected area was Durrës and Thumanë, while 
significant damages were reported in Shijak, Kruja, Tirana, Kamza, Kavaja, Kurbin and 
Lezha, as well. The earthquake caused 51 fatalities, 913 people injured at least, and the 
damages of hundreds of buildings [2].  

Previous studies are done after this earthquake to identify the damages and their causes 
for different types of structures. Referring to these studies, most of the inspected buildings 
sustained severe non-structural damage, because of the combination of flexible structural 
system and rigid infills. Also, there are some deficiencies in the current Albanian seismic 
code, that does not provide drift limitations for Damage Limit States. [3] Damage to infills 
was a widespread issue in Albania after the earthquake. The low lateral stiffness of wide 
beam – column connections was a likely contributor (in addition to other factors). [4] In 
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the other hand, the URM structures built of masonry walls have been shown to have low 
seismic capacity. [5]  

After this seismic event, the Construction Institute in cooperation with the academic staff 
of the Faculty of Civil Engineering in Tirana, organized a more detailed inspection of 
damaged buildings (in accordance with the DCM no.26, date 15.01.2020) [6] and 
identifying the extent of their damage. During this inspection in the city of Durrës, the 
authors (part of the inspection groups) found that one of the typologies with RC frame, 
named in the project as "Building type 82/2", has suffered significant damage. Two of these 
buildings collapsed during the November 26 earthquake. Others were assessed as severely 
damaged, due to significant damage to their structural elements.  

Based on these findings and having the necessary data for the study, this article aims to 
analyze the behavior of building type 82/2, during the November 26 earthquake in Durres. 

2. Typologies of Constructions in Albania  

Buildings in Albania can be classified according to the construction period. Before 1952, 
the houses were 1-2 storey, built of brick or stone masonry. During the years 1952-1988 
began the construction of the residential buildings according to the concept of 
"Typologies", in fulfillment of the communist ideology, to save construction time and 
reduce costs. Hence, from the 2-storey houses with a roof (type of 1958) it was transferred 
to 5-storey buildings (type of 1977) and further to those 6 floors (after 1982). The changes 
in the “Typology” of projects in different periods consisted not only in their functional and 
aesthetic requirements, but also in the structural aspect. Thus, from structures with the 
brick masonry (clay / silicate), the RC frame and the one with shear wall is further 
developed (after 1980). After 80’, began the design and the construction of prefabricated 
buildings. They were quite prevalent because prefabricated panels permit a larger area of 
apartments.  In1982 started the construction of 6-storey buildings with elevators and in 
1988 the construction of those with shear wall. [7] [8]. 

After 1993 (in various literatures also refers to 1990, but in this article 1993 is taken as 
the year of change of the existing legal framework for construction, adapted to the basics 
of market economy), private investment began to develop in Albania, thus increasing the 
demand for high-buildings and premises with larger areas. 

Referring to the study conducted by INSTAT (until 2011) [9] (Figure 1), it is noticed that 
1-2 storey buildings occupy the highest percentage of constructions in the city of Durrës . 
From 1991 to 2011, the number of buildings more than 6 floors have increased by about 
79% and occupy about 3.5% of the total number of constructions in this city. 

Figure 2 shows that the number of construction permits approved for buildings more than 
3 floors, throughout the territory of Albania, for the period 2016-2020 has increased 3.3 
times and occupies about 22% of construction permits issued in this period (it is noted 
that the study refers only to residential buildings). 

High-rise buildings (> 6 floors) designed mainly after 2001 are with RC frame system, 
with/without shear walls. 
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Fig. 1 Number of buildings by floors for the period 1960-2011, in the city of Durrës  

 

Fig. 2 Number of construction permits approved for the period 2016-2020 in the 
territory of Albania [9] 

 

3. November 26, 2019, Durrës Earthquake 

On September 21, 2019, in the city of Durrës was recorded the seismic event with 
magnitude Mw = 5.6, with epicenter 3 km southwest of Shijak, with a depth of 20 km. The 
aftershocks continued for several weeks, until on November 26, 2019, the main shock was 
recorded with magnitude Mw = 6.4, with an epicenter about 15.6 km southwest of 
Mamurras [1]. 
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Fig. 3 Macroseismic Intensity Map [1] 

Based on the microzoning map (MSK-64), the seismic intensity in the Durrës area is IX, so 
the seismicity coefficient takes the value 0.42g, for land category III. 

The following figure shows the elastic spectra according to EC-8 [10] and KTP-2-89 
(Technical Design Code of Albania, published in 1989) [11], as well as the real spectra 
according to the two main directions E-W and N-S recorded by Institute of Geosciences, 
Energy, Water and Environment (IGJEUM) at the Durrës station [12]. 

 

Fig. 4 Elastic spectra according to EC-8 (Cat.D, PGA 0.27g), KTP-2 (Cat.III, ao = 0.42g) 
and oscillation spectra recorded for both directions at Durrës station 

As can be seen, the real spectra are within the elastic spectrum of Eurocode and almost 
within that of KTP. At certain points the spectrum in the N-S direction exceeds that of the 
KTP. This shows that the strongest waves are in this direction. [13] 
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4. Case Study 

The buildings taken in the study, located in the city of Durrës, are of the same typology, 
respectively type 82/2 (year of design 1982), built in different periods. The structural 
design of the building Type 82/2, made available by the Central Technical Archive of 
Construction (AQTN) in Tirana (Figure 5), has been drafted by the Research and Design 
Institute No. 1 Tirana (ISP). Referring to this project, the building Type 82/2 is conceived 
as a structure with prefabricated reinforced concrete frames. This building is designed for 
areas with a seismic intensity IX (according the design notes). This project marks the 
beginning of the construction of RC frame structure, 5-storey and 6-storey. 

Research and Design Bureau (BSP) of the districts had the task of redesigning the project 
in accordance with the terrain, natural environment, climate, tradition (according to the 
technical notes of the project). The typology of buildings 82/2 is constructed in Durrës 
according this design compiled by BSP. Referring to this re-designed project (Figures 6-8) 
some changes have been made regarding the structural project drafted by the ISP 
(Research and Design Institute, Tirana), namely: 

• The 5 and 6 storey structure is designed as a monolithic reinforced concrete frame; 

• The class of concrete has decreased, leading to increased amount of reinforcement of the 
columns. The studied buildings were constructed according to a project for 5 and 6 floors 
with monolithic reinforced concrete frame. The structure has no irregularity in plan and in 
height. 

The foundations of the structure are designed with two-stepped footing, with different 
dimensions (three types). Perimetral footings are connected to the head with 
prefabricated foundation beams, with dimensions (bxh) 300x400 mm. All columns are 
located along the parallel axes, with dimensions 300x400 mm (the amount of 
reinforcement is given in Figure 8). The transverse reinforcement (stirrups) is designed 
ϕ6, placed every 100 mm in critical zone and 200 mm in the mid-high of columns. The 
beams are designed with dimensions (bxh) 300x400 mm. Based on the technical design, 
the slabs are of prefabricated panels, with holes, h=110 mm (as shown in the Figure 7). 
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Fig. 5 Structural plan of building type 82/2 (one version), with prefabricated frames, as designed by 
Research and Design Institute No. 1 Tirana (ISP),  (Central Technical Archive of Construction - AQTN) 
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Fig. 6 Structural plan for building type 82/2, with monolithic RC frame system (as constructed) 
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Fig. 7 Details of slabs (as constructed) 
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Fig. 8 Details for reinforcement of columns  (as constructed) 

5. Location 

The buildings taken in the study are located in the city of Durrës, respectively in regions 
no. 3, 4 and 5. The area in which the buildings are positioned has a distance of about 22km 
southwest from the epicenter of the November 26, 2019 earthquake. 

 

Fig. 9 Location of the studied buildings 
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6. Material  Properties 

Referring to the technical notes in the structural design of the buildings type 82/2, the class 
of concrete is M-200 (C16/20), while reinforcing steel is Ç-3 (according to KTP-Albania 
design code). Below are given the characteristics of these materials. 

Table 1. Properties of steel Ç-3 

Characteristics of Reinforcing 
steel  

Ç-3 

Characteristic yield strength           fyk =250 MPa 

Characteristic tensile strength           ftk =320 MPa 

Modulus of elasticity           Es = 210 000 MPa =210GPa 

Partial factor           γs = 1,15 

Design yield strength           fyd = 215 MPa 

Design yield for shear           Fywd = 180 MPa 

Poisson's ratio           v = 0.30 

 

Table 2. Properties of concrete C16/20 

 

For investigation purposes, concrete and steel samples were taken and laboratory tests 
were performed. From the tests performed in one of the building type 82/2 (for the object 
shown in Figure 21) it results that the compressive strength of concrete samples is less 
than 50% of design requirements, and out of the requirements of KTP (Albanian design 
code), as shown in figure 10. Whereas, the properties of the steel, from the laboratory tests, 
turn out to be acceptable according to the design definition and the technical conditions 
(Figure 11).  

Characteristics of concrete  C16/20 MPa 

Characteristic compressive cylinder strength fck = 20 MPa 

Characteristic cubic strength Rck = 16 MPa (fck,cube) 

Mean value of concrete cylinder compressive 
strength (28 days) fcm = 28 MPa 

Mean value of axial tensile strength of concrete fctm = 2,2 MPa 

Characteristic axial tensile strength of concrete f ctk(5%) = 1,5 MPa 

Characteristic axial tensile strength of concrete f ctk(95%) = 2,9 MPa 

Secant modulus of elasticity of concrete Ecm=30GPA 

Design value of modulus of elasticity of 
concrete Ecd= 25GPa 

Partial factor for concrete γc = 1,5          α=0.85 

Design value of concrete compressive strength fcd = α*fck / γc = 11,3 MPa 

Poisson's ratio v = 0.20 
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Fig. 10 Concrete test for one of the building type 82/2 

 

Fig. 11 Steel tests for one of the building type 82/2 

 

As can be seen in the figure 10 and 11, only few tests are performed, respectively 2 tests 
for the concrete and 6 for the steel (in unidentified elements). 

Based on Eurocode 1998-3, for assessing the capacity of buildings, this number of tests and 
their position (the place where the tests were taken) are insufficient for the integral 
knowledge of the characteristics of these materials used in the structure. It is advisable to 
test materials for at least 20% of the structural elements when information on the project 
and construction of the work exists. In cases where this documentation is missing, the 
number of pieces of evidence should normally be increased [14].  

For a reliable structural design of these structures, the proprieties of materials noted in 
the design papers are considered. From the field inspection (from authors) it was found 
that in one of the buildings defined for demolition, the concrete of the columns on the 
ground floor was spalled even with the lightest touch due to the use of sea sand and gravel 
with large fractions (Figure 12a). This phenomenon has also been influenced by the use of 
smooth rebar, which reduces the adhesion to concrete (Figure 12b). [15] 
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a) b) 

Fig. 12 a) Spalling of concrete with  hammer (photo by author), b) Smooth rebar for 
columns reinforcment (photo by author) 

7. Identification of Damages 

Before the year 1990, buildings are designed mainly based on the Albanian Technical 
Codes KTP-2-89 (which includes the seismic design norms).  

The failure observed from Durrës Earthquake for various structures such as RC frame, 
brick masonry (clay/silicate) or prefabricated structures varied depending on the location, 
building type and the year of construction. The damages were evident in structural and 
non-structural elements. The key factors of RC frames damages can be listed: 

• Design of high-rise buildings with reinforced concrete frame, without cores or 
diaphragms, as highly flexible structures with low rigidity. Damages have been 
identified in non-structural elements such as: out of plan walls, horizontal and 
diagonal cracks in the walls, etc. 

• Differential settlement of the foundation due to the irregularity in plan and height, 
and seismic actions; 

• Design of the structure with hidden beams in the slabs with smaller height, 
especially the perimetral beams, by reducing the stiffness of the structure. 

• Incorrect design of stair beams by reducing the height of the columns and causing 
the effect of "short columns". 

• Absence of piles, even when they are necessary for transmission of vertical forces 
and seismic action. 

• Incorrect design of seismic joint in cases when two sections are built on the same 
foundation slab or pile, causing the effect of collision. 

• Creation of plastic hinges in columns, due to their low strength compared to that 
of beams. 

• Incorrect construction of beam-column joints. 

Two of the studied buildings (type 82/2) collapsed, as a result of the earthquake of 
November 26, 2019, and the others have suffered significant damage to structural 
elements.  

In Figure 13 damages of structural and non-structural elements are shown for various RC 
structures in Durrës city, taken during the field inspection. 
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a) Out of plane wall failure (belt beams for 
infill walls are unlinked with RC columns) 

b) Failure of core type shear wall 

  

   c, d) Longitudinal reinforcement not fastened by stirrup 

  

e, f) Deflection of the cantiliver beams (cracks in the slabs) 
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g) Cracks in the stair beam 

h) Two buildings type 82/2 near each 
other, the one on the left did not 
collapse and on the right totally 

collapsed 

 
 

i) Plastic hinge in the upper part of 
column 

j) Out-of-plane wall failure 

Fig. 13 Photos of the various damaged buildings in Durrës city (photos by author) 

8. Model and Analysis 

The Type 82/2 structure is modeled with the ETABS Ultimate 19 software for two cases, 
for the 5-storey building and the 6-storey building. The structure is modeled following the 
technical notes in the project.  The model consists of 3D frame section, with slabs as shell 
elements. The proprieties of the materials are taken as described in section 5 (concrete 
and steel). Loadings (dead, live and earthquake) and their combination compliant with 
KTP-6-78 (Albanian design code) as follows: 
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Sv=Sg1 +0.8∑Sp1+ Sp2 (1) 

where, g1- dead load, p1-live loads, p2-earthquake 

For the seismic loading is taken the spectra recorded in Durrës station during the 
earthquake of November 26, 2019, as shown in Figure 4 [12] .  Live loads are applied as 
follows [16]: 

• Apartment pn1=150 daN/cm2 
• Hallway  pn1=300 daN/cm2 
• Terraces  pn1=200 daN/cm2 

Using ETABS Ultimate 19 software [17], two types of analysis, namely, response spectrum 
analysis and non-linear static analysis (Pushover) are conducted. Also, the structure is 
modelled according Eurocode directives to estimate the amount of reinforcement required 
by this design code. 

 

 

a)5 storey b) 6 storey 

Fig. 14 Geometric models 

 

9. Results 

Below are shown the results obtained from the two types of analysis, response spectrum 
analysis and non-linear static analysis (Pushover). A very important parameter to assess 
the damage of structural and non-structural elements during seismic action, is the inter-
storey drift.  
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Fig. 15 Maximal drifts 

As can be seen from the Figure 15, the interstorey drift reach up to 0.0043 for the 6 storey 
building and 0.0042 for the 5 storey building. For both studied cases, the requirement of 
EC-8 and KTP 89-2 are met (according to code maximum drift is 0.0087). 

The interstorey drifts are higher in the 2nd-3rd floors because the amount of the columns 
reinforcement decreases. Referring to Figure 8, in the ground floor the columns are 
reinforced with 10ϕ20+2 ϕ16. In the first floor there is a reduction to 6ϕ20+2 ϕ16 (35.5% 
lower), and in the second floor (up to the last floor) it ends with 4ϕ20+2 ϕ16 (27.4% 
lower). While, the dimensions of the columns section do not change.  

From the nonlinear static analysis (Pushover), the 5-storey building exhibits a seismic 
capacity that does not fulfill the seismic demand (for y-direction). This phenomenon is also 
evidenced in the 6-storey building (as shown in Figure 16 and 17). 

                 Demand                    Idealized                          Capacity 

               

                          

 

a) X-direction b) Y-direction 

Fig. 16 Capacity diagrams for 5-storey building  
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a) X-direction b) Y-direction 

Fig. 17 Capacity diagrams for 6-storey building 

  

a) ground floor b) first floor 

Fig. 18 Interaction curves for column in axes A1 (specified in Fig.6) of 5-storey building 

  

a) ground floor b) first floor 

Fig. 19 Interaction curves for column in axes B2 (specified in Fig.6) of 5-storey building 
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The P-M2-M3 interaction generated from response spectrum is represented by a point 
outside the interaction curve (Figs. 18 and 19). It is clear the reduction of the bending 
capacity of the ground floor and first floor columns also identified from the damaged state, 
with the appearance of plastic hinges at their ends. From the development of plastic hinges, 
it is evidenced that the expected mechanism of collapse develops on the first floor rather 
than ground floor (Figure 21). This is a reasonable explanation considering the immediate 
change in the quantity of the longitudinal reinforcement of columns on this floor.  

The level of performance is described referring the corresponding damage limit state. In 
Figure 20, the force-deformation (moment-rotation) curve of a typical plastic hinge is 
given. Referring to Figure 22 (the plastic hinge distribution), for the 5-storey building the 
plastic hinge is developed in the first floor, and corresponds to the point B (represents 
yielding) and in some elements to the point E (represents total failure). For the 6-storey 
building plastic hinges also develop in the first floor, representing by the point C (ultimate 
capacity) and E in some elements. Acceptance criteria for deformation or deformation 
ratios for primary members (P) and secondary members (S) corresponding to the target 
Building Performance Levels of Collapse Prevention (CP), Life Safety (LS), and Immediate 
Occupancy (IO) as shown in Figure 20, are given in FEMA 2000 [18].  

 

 

Fig. 20 Force-Deformation relationship of a typical plastic hinge [18] 

 

Fig. 21 Collapse of the first floor in 5 storey building type 82/2 



Gjini et al. / Research on Engineering Structures & Materials 7(4) (2021) 595-615 

 

613 

 

 

 

Fig. 22 Development of plastic hinges (generally in state A to B in plastic hinge 
development curve and a few in the highly plastic, near rupture D region ) from the 

nonlinear static analysis (Pushover) a) 5-storey and b) 6-storey building  

Since ground floor columns in reinforced concrete structures are the most stressed 
elements during seismic action, in this study a comparison of reinforcement according to 
the project and structural modeling is made. 

It is noticed that even for the 5 floor model, the amount of reinforcement required 
(obtained from response spectrum analysis) is greater than that referred to the project. 

From the modeling of the project according to the current design codes such as Eurocode 
it can be seen that these elements (with the same concrete sections as given in the design 
papers) need very high reinforcement, respectively 5.88% and 6.96% (> 4%) which is 
prohibited according to this code. 
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Table 3. Comparison of reinforcement area and percentage (as-built project vs design 
model) for the two types of columns in the ground floor 

# 

5-storey 
Reinforcement (cm2) 

Reinforcement (%) 

6-storey 
Reinforcement (cm2) 

Reinforcement (%) 

As-build 
project 

Design 
model 

As-build 
project 

Design 
model 

 

K-1 35.43 (2.95%) 
63.24 

(5.27%)  
35.43 

(2.95%) 
70.56 

(5.88%) 

K-2 
49.26 

(3.88%) 
76.20  

(6.35%) 
49.26 

(3.88%) 
83.52 

(6.96%) 

 

10. Conclusion 

The purpose of this study is to analyze the behavior of the designed structure Type 82/2, 
from the earthquake of November 26, 2019 in the city of Durrës, by comparing the results 
obtained from the response spectrum analysis (both for design of possible reinforcements 
and check of existing project) and non-linear static analysis (Pushover). The findings of the 
study can be stated as follows: 

• Comparing the behavior of 5-storey and the 6-storey buildings results that they 
have the same collapse/failure mechanism. 

• From the development of plastic hinges, it is evidenced that the expected 
collapse/failure mechanism develops on the first floor rather than the ground 
floor. 

• The structural issues seem to be related to strength of elements, in the global and 
local level, rather than the displacement and drift related. 

•  For the 5-storey and 6-storey building, the percentage of reinforcement required 
for the given section exceeds the requirements of Eurocode 2 [19] and KTP by 
around 30%, meanwhile provided reinforcement is around 56% of required 
reinforcement by design analysis. Hence, concrete section is insufficient to resist 
loading.  

• The increase of the capacity ratio of the ground floor columns has affected the 
reduction of the bearing capacity of the structure of the 5-storey building and even 
more with the addition of the sixth floor.  

• The reinforcement area of columns is decreased in the first floor by 35.5% 
compared to the ground floor and in the second floor by 27.4% compared to the 
first floor. This explains the high interstorey drifts for the 2nd-3rd floor.  

• There are some deficiencies that affected the low performance of this structure 
during the Durrës earthquake, causing damage to the load-bearing elements of 
these buildings. This fact is even more evident by considering the errors during 
construction, such as: use of transversal reinforcement with diameter and 
distance in critical zone that does not meet the requirements of design in seismic 
area, use of smoothed rebar as longitudinal reinforcement, or rather poor quality 
of the concrete used, justified on the conditions and quality of construction in the 
years when these structures were built (1983-1993). 
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 Macro-/micro-mechanical interlocking enhancement of hybrid 
aluminum/acrylonitrile butadiene styrene (Al/ABS) joint is investigated via the 
use of joint modification approaches such as pre-fabricated threaded- and 
unthreaded-hole friction stir spot welding processes. The structure, tensile-
shear failure load, and fracture behavior of the as-welded hybrid Al/ABS joints 
were investigated. Hybrid Al/ABS joint fabricated with threaded hole shows 
superior tensile-shear failure load due to the combined effects of compressive 
shearing-induced and threading-induced mechanical interlocks, and adhesion 
bonding mechanisms. The tensile-shear failure load of the threaded joint 
improved from 654 to 749 N as the tool rotational speed is increased from 710 
to 1120 rpm. A rise in tool rotational speed improves the failure resistance of the 
hybrid Al/ABS joints (threaded and unthreaded) owing to the enhanced 
mechanical interlocking, bigger Al anchor/chip, and smaller interfacial gap 
between the re-solidified ABS and Al anchor. Threading and tool rotational speed 
have significant impacts on the fracture location and mode of the hybrid Al/ABS 
joint. The pre-fabricated threaded-hole friction stir spot welding process is thus 
recommended for the enhanced micro/macro-interlocking in hybrid Al/polymer 
joints.  

© 2021 MIM Research Group. All rights reserved. 
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1. Introduction 

Modern industries (such as aerospace and aviation, automotive, and high-speed trains 
manufacturing industries) continuously seek product design flexibility, cost-saving, high 
performance, fuel efficiency, high elastic modulus, and specific strength, reduced carbon 
footprint, and high reliability through the new paradigm shift of using light-weight 
materials in fabricating engineering structures [1, 2]. Polymers and hybrid metal-
polymeric materials offer the potential of achieving the aforementioned goals, especially 
in drone manufacturing. However, the joining of polymers and metals is difficult through 
the traditional fusion processes due to the large physiochemical differences between the 
materials. The available metal/polymer joining processes in literature have been 
summarized as adhesive bonding, riveting, bolt connections, pin inserts (z-pin), welding 
(laser, induction, ultrasonic, braze, and resistance welding), and plastic deformation-aided 
joining processes such as friction stir (spot) welding, hot/self-pierce riveting, and 
mechanical clinching [3-5]. Susceptibility to environmental conditions (temperature and 
humidity) and a high disparity between the surface free energies of metal and polymers 
make adhesive bonding undesirable for metal/polymer joints [6]. Weight addition and 
induced stress-concentration are also major challenges of mechanically joined 
metal/polymer materials. Hybrid welding processes such as laser-TIG and diode laser-
assisted joining of Al/polymer have recently been investigated by Wang et al. [7], and 
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Lambiase & Genna [8] respectively. The depth of laser penetration and the induced 
inherent bubbles were reported to affect the fracture modes and strength of the metal-
polymer joints. However, solid-state friction stir (spot) joining of Al/polymers has evolved 
to be a cost-effective approach (with a process-joint modification capability) for improving 
the performance and load-bearing capacity of Al/polymer joints. Thus, this paper explores 
the joint modification-interlocking approach in enhancing the performance of the hybrid 
Al/ABS joint. 

Literature shows that a lot of works on friction stir welding (FSW) of Al/polymer have been 
studied. For instance, Patel et al. [1] investigated the friction stir welded hybrid AA6061-
T6/polycarbonate joints. The occurrence of improved heat concentration and 
mechanically interlocked Al/polymer (chip interlocking) at the stir zone was reported to 
improve the tensile strength of the joint to about 14.9 MPa at tool rotational speed and 
travel speed of 500 rpm and 40 mm/min respectively. Mechanical interlocking also 
improved the tensile strength of the AA6061/ABS (acrylic) joints to about 7 MPa (at 1000 
rpm and 40 mm/min) while plastic deformation-aided hardness rise ensued as the welding 
speed was increased in the studies of Dalwadi et al. [9]. Macro-level and atomically locked 
interfaces (with no chemical bond) are established in the friction stir welded 
Al/polypropylene joint [10]. Liu et al. [11] investigated the interfacial zone of the friction 
lap welded Al/polyamide 66 joints. It was reported that the formation of Al-O-C bonds at 
the weld interface improved the resultant joint strength. The shear strength of the Al/PA66 
joints was significantly improved by a combination of C-O-Al bonds and mechanical 
interlocking [12]. The interfacial bonding strength was reported not to be dependent on 
the induced welding temperature, provided an atomic contact between the Al alloy and 
PA66 was established. The formation of the interaction layer and internal voids in the 
AA5754/polymethylmethacrylate (T-joint) was stated to impair the strength and hardness 
of the joint [13]. However, the defects were cutback by either decreasing the tool travel 
speed or increasing the tool rotational speed. Derazkola & Elyasi [14] investigated the 
impact of process parameters on the friction stir welded AA5058/polycarbonate joints. It 
was revealed that the joint strength and fracture were controlled by the level of the tool 
rotational speed while the travel speed controlled the Al fragments within the 
polycarbonate matrix. Excessive heat accumulation induces local thermal degradation 
(LTD) while the combined effect of LTD and molten state of the polymer affects the lap 
shear strength of the glass-fabric reinforced polyetherimide/Ti alloy joint [15]. 

A few modifications of the joining process have also been reported in the literature. Tool 
modification was studied by Huang et al. [6] while the friction stir lap welding of the 
AA6061-T6/polyether ether ketone was investigated. It was reported that an increase in 
the welding speed reduced the adhesion area and the Al anchor with the joint, thereby, 
producing a deteriorated mechanical interlocking. Ozlati et al. [16] utilized fused 
deposition modeling (FDM) with polypropylene filament to produce lap joints of Al-
Mg/polypropylene. It was stated that the substrate preheating improved the bonding 
between the polymer sheet/additive part. Hajideh et al. [17] have shown that the 
introduction of Cu powder to the dissimilar polypropylene/acrylonitrile butadiene styrene 
joint increased the hardness and tensile strength of the joint by 30 and 36% respectively. 
Hong et al. [18] investigated the combination of nanoparticle deposition and friction stir 
spot welding systems in fabricating carbon/Al metal matrix composite joint. This 
nanoparticle-aided joining approach was reported to improve the toughness and strength 
of the resultant joint. Derazkola & Simchi [19] employed an in-situ colloidal (nanoparticle) 
injection technique also known as fed friction stir processing in producing AA6062/ABS 
joints. Thermal stability was aided through the presence of nanoparticles in the joints 
while the mechanical properties of the resultant joints were significantly improved when 
compared with the conventional friction stir processed joints. Bending strength of 56 MPa 
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(20% improvement), a tensile strength of 60 MPa (14% improvement), and hardness of 79 
ShoreD (11% improvement) were obtained with the new fed friction stir processed 
AA6062/ABS joint. Meng et al. [20] investigated the friction self-riveting of AA2060-
T8/polymer matrix composite joints. The combined effect of adhesion and multi-scale 
mechanical interlocks was reported to produce a maximum tensile strength of about 27 
MPa. Liu et al. [21] investigated the hole-clinching of the AA5754/carbon-fiber-reinforced 
polymer joints. It was revealed that joint delamination was severe in the Al/polymer joints 
fabricated with complex angle plies. Lambiase & Paoletti [22] investigated the friction-
assisted clinching of Al/carbon fiber-reinforced polymer. This new approach of joining was 
reported to increase material formability and joint strength.  

Surface modification of Al alloy for enhanced interlocking is another approach to 
improving Al/polymer strength. Improved strength of AA5052/polypropylene joint (up to 
a factor of 6) was established with an anodizing pre-treatment process (in a sulphuric acid 
electrolyte) in the works of Aliasghari et al. [23]. Aliasghari et al. [24] employed the plasma 
electrolytic oxidation (PEO) technique to modify the surface of AA5052 Al alloy before 
being joined to a polypropylene via the use of friction stir spot welding process. The PEO 
generated a highly porous and rough surface that favors mechanical interlocking with the 
polymer. The pretreatment (PEO) technique was reported to have improved the tensile 
strength of the resultant joint by a factor of 3 (three) when compared to the as-welded 
FSSW joints. Han et al. [25] studied the friction spot joining of Al/polypropylene via the 
use of the surface laser pretreatment process. The laser pretreating of the Al surface caused 
the formation of a deep porous structure on the Al and this occurrence aided mechanical 
interlocking and changed the reaction features (chemical bonding) between the 
Al/polypropylene joint. Goushegir et al. [26] reported that sandblasting was suitable to 
induce surface roughness on AA2024-T3 alloy and this improved the performance of the 
friction stir spot welded AA2024-T3/poly(phenylene sulfide) joint. Nagatsuka et al. [27] 
studied the friction stir welding of AA5052 Al alloy and carbon fiber-reinforced polyamide 
6 sheets. It was reported the surface grinding of the Al alloy aided the generation of 
Al(OH)3 on the alloy which improved the joint strength. The occurrence of the Al/polymer 
(interfacial) Mg oxide layer aids the joining process. 

The latest modification approach of improving Al/polymer joints is the friction stir spot 
welding (FSSW) approach based on a pre-drilled hole methodology. In this case, a hole is 
drilled in the Al plate and the molten polymer flows into the pre-drilled hole (during the 
FSSW process) to establish an interlocking between the Al and the polymer after 
solidification. This new approach has recently been studied by Paidar et al. [28], Pabandi 
et al. [29], and Aliasghari et al. [30]. It was reported that the infiltration of polymer into 
holes provided mechanical keying responsible for improved joint strength in the works of 
Aliasghari et al. [30]. This paper thus focuses on the use of a pre-drilled hole methodology 
in producing hybrid Al/ABS joints by examining threaded and unthreaded holes for macro-
/micro-mechanical interlocking enhancement. It is necessary to clarify whether a hole or 
a combination of hole and threading is paramount for enhancing the load-bearing capacity 
of the Al/ABS joint to save manufacturing costs and time. The microstructure, tensile-shear 
failure load, and fracture behavior of the as-welded hybrid Al/ABS joints (with threaded 
and unthreaded holes) are thus clarified in this paper. 

2. Materials and Method  

The base materials employed for this research are 4 mm thick acrylonitrile butadiene 
styrene (ABS) and AA1050 Al alloy sheets respectively. The as-received polymeric and Al 
sheets were cleaned with acetone and then cut to the dimensions of 100 mm × 30 mm 
respectively. Overlapped friction stir spot welding (having an overlapped area of 30 mm × 
30 mm) with the Al base material as the upper sheet and the ABS as the lower sheet was 
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designed for this research. Before the joining process, pre-weld preparations (drilling and 
threading) were carried on the Al alloy sheets to facilitate the formation of micro-/macro-
mechanical interlocking of the Al and polymer sheet during the welding process. The 
center/middle of the overlapped area of the Al sheet was drilled with a 5 mm drill bit (to 
produce a through-hole) for some set of Al sheets while the other set of Al sheets were 
further threaded with an M6.5 mm tap. These pre-processed Al alloys were then placed on 
the ABS sheets and rigidly clamped to the worktable of the welding machine (MV-2 
Maximill Milling Machine) before the joining process. For convenience, the joint obtained 
with a drilled hole is termed “DH” joint while that of a combination of drilling and threading 
is termed “DHT” joint in this paper. The schematics of the joining process are shown in 
Fig.1. The axis of the welding tool coaxially aligns with that of the drilled hole before the 
commencement of the joining process. This attribute is paramount for the success of the 
DH and DHT joints. A probeless tool having a 12 mm diameter was fabricated from the 
heat-treated high-speed steel (HSS) and used for the welding process. The rotating welding 
tool establishes contact with the top of the Al alloy and penetrates the alloy without 
reaching the ABS side. The generated in-process temperature rises above the melting point 
of the ABS and the molten ABS fills the pre-drilled Al hole (threaded and unthreaded) 
during the welding process. The welding parameters used for this research are tool 
rotational speed (710-1120 rpm), plunge depth (0.8 - 1.2 mm), and constant dwell time (5 
s) respectively. 

 

Fig. 1 Schematic of the joining process (a) and (b) DH joining before and after tool 
plunging, (c) and (d) DT joining process before and after tool plunging 

 

The in-process and local environmental conditions (temperature, and humidity) of the 
Al/ABS joints were obtained via the use of three K-type thermocouples embedded into the 
interfacial region of the Al/ABS joints at distances of 10, 15, and 30 mm from the nugget 
center. The other ends of the thermocouples were connected to a data logger and a 
computer system for real-time monitoring and in-situ recording of the in-process joining 
conditions. The cross-section of the DHT and DH joints were prepared according to the 
ASTM E3-11 standard. The samples were ground with silicon carbide papers (of 200, 400, 
600, 800, and 1000 grit numbers), and polished with the aid of diamond pastes having 
particle sizes of 5 and 1 µm. The Al side of the prepared samples was then etched in Keller’s 
reagent while ethanol was used for the polymeric side of the joint. The samples were then 
examined under an optical microscope. The tensile strengths of the joints were 
investigated according to the ASTM E8M-16a standard at a constant strain rate of 0.04 min-

1 by employing an INSTRON universal tensile testing machine. The average of three tensile 
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results was recorded as the actual result in this paper. The fracture surfaces of the joints 
after tensile loading were examined in a JOEL-JSM 7600F scanning electron microscope to 
understand the fracture mechanism of the joints. 

3. Results and Discussion 

 3.1. Temperature History and Weld Appearance 

Fig.2 shows the real time-temperature/humidity graph of the hybrid Al/ABS joint obtained 
at different tool rotational speeds. AT, RH, TA, TB, and TD represent the atmospheric 
temperature, relative humidity, and temperature readings of the 1st, 2nd, and 3rd 
thermocouples respectively. The atmospheric temperature (AT) at which the joining 
process was carried out was about 30oC (see the red line in Fig.2) while the relative 
humidity (RH) of approximately 78% was recorded before the commencement of the 
welding process. The local RH progressively declines while fluctuating during the welding 
process due to the complex frictionally-induced heat input and heat dissipation into and 
around the local weld environment (see the blue trendline in Fig.2). The sources of heat 
input (generation) in a hybrid Al/polymer joint have been stated to include tool-Al alloy 
contact friction, Al alloy-polymer friction, and plastic deformation of Al and polymer [24]. 
A sharp temperature rise was recorded as the welding process commenced at different 
tool rotational speeds. The proximity of the thermocouple to the weld nugget zone is 
observed to be linearly proportional to the attained peak temperature.  

 

Fig. 2 Real-time – temperature/humidity series graph as a function of variable tool 
rotational speeds (“AT”: Atmospheric Temperature; “TA”: 1st Thermocouple; “TB”: 

2nd Thermocouple; “TD”: 3rd Thermocouple; and “RH”: Relative humidity). 

The maximum frictionally and plastic deformation-induced peak temperatures of about 
245, 276, 369oC were obtained at tool rotational speeds of 710, 900, and 1120 rpm 
respectively in Fig.2. This incidence is observed due to the direct interrelationship between 
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tool rotational speed and heat input [31-33]. The attained peak temperatures at respective 
tool rotational speeds are lesser than the melting temperature of the pure Al alloy (about 
630oC) but are greater than the melting temperature of the ABS polymer (about 160oC). 
This occurrence indicates that frictionally-aided plastic shear deformation (material flow) 
is the predominant occurrence at the Al side of the hybrid Al/ABS joint while heat transfer-
aided melting of the beneath ABS polymer is an expected outcome. The Al side is a good 
heat and electrical conductor having a thermal conductivity of approximately 167 W/m/K. 
This attribute is adjudged to promote the transfer of thermal energy or heat input to the 
polymer side at the tool under-shoulder region beneath the Al side (or at the faying region 
between the Al and ABS). The ABS is a poor conductor of heat having a thermal 
conductivity of about 0.19 W/m/K. This implies that the ABS polymer will act as a local 
heat sink and this occurrence will aid the local melting of the ABS polymer at the faying 
region between the base materials. Aliasghari et al. [24] reported that the induced heat 
input is distributed (via conduction) and melting of the polymer (via absorption or heat 
sink). The post-weld visual observation of the hybrid Al/ABS joints is thus examined in 
Fig.3 to understand the role/impact of the inherent frictionally-induced heat input on the 
ABS side and the hybrid joints. 

There is no significant difference between the surface appearance of the DT and DHT 
hybrid Al/ABS joints obtained at the same level of parameter combination. As a result, the 
surface outlook associated with the hybrid Al/ABS joints at different tool rotational speeds 
is provided in Fig.3 irrespective of the type of joint.  

 

Fig. 3 As-welded Al/ABS joints at (a) 710 rpm, (b) 900 rpm, (c) 1120 rpm 

Fig.3a-c shows the in-hole/refilled and re-solidified ABS polymer interlocked with the Al 
alloy. The local frictionally-induced heat transfer to the ABS polymer beneath the tool 
shoulder is sufficient to cause the local melting of the ABS polymer (in agreement with 
Fig.2) as infiltrated or filled (threaded and unthreaded) holes are revealed in Fig.3a-c. The 
downward axial force of the tool (tool downward plunging) is adjudged to have induced 
some level of pressure on the local molten pool of the ABS polymer (at the faying region) 
to force an upward drive of the molten ABS polymer into the pre-drilled holes (empty 
cavities). The molten ABS matrix thus fills the pre-drilled hole with and without threading 
in the Al sheets (in Fig.3) to establish mechanical interlocking of the Al alloy and the ABS 
polymer at the tool rotational speeds of 710, 900, and 1120 rpm respectively. This implies 
that tool rotational speeds between 710 and 1120 rpm are suitable for establishing 
efficient in-hole re-solidified polymer in the hybrid Al/ABS joint. However, Fig.3b and c 
reveal the presence of palpable melted polymer (at the interfacial Al/ABS zone) being 
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extruded out of the interfacial zone (see the blue arrows in Fig.3). This occurrence is due 
to the increase in heat input (or peak temperature in Fig.2) as the tool rotational speed is 
increased. The fluidity of the ABS polymer is enhanced by higher tool rotational speeds and 
this phenomenon is a major factor for the outstretched flowing of the melted ABS polymer 
out of the interfacial/faying region. The heat transfer to the ABS sheet beneath the Al alloy 
at the overlapped and interfacial region (between the Al and the ABS or outside of the tool 
under-shoulder region) establishes some degree of melting/softening which can favor 
adhesion between the two materials. 

 3.2. Microstructure 

Fig.4 shows the cross-section of the DH and DHT joints with a focus on the hole walls. The 
interlocking of the re-solidified ABS with the undulating/threaded wall or meshing of the 
re-solidified ABS polymer matrix with the pitch-crest of the hole wall is revealed in Fig.4a 
while that of the unthreaded (vertical) hole is revealed in Fig.4b. Evidence of randomly 
dispersed fine particles of the Al alloy (see the indicated yellow points in Fig.4a and c) 
entrapped within the re-solidified ABS matrix is observed. The occurrence of these Al 
particles in the ABS matrix is attributed to the severe plastic deformation and compressive-
shearing effect of the Al side. This phenomenon leads to a somewhat fragmentation of the 
plasticized Al alloy as ABS matrix-embedded fine particles as indicated in Fig.4. A large Al 
anchor/chips are embedded in the re-solidified ABS matrix as observed in the DH joint (see 
Fig.4b) due to the downward compressive-shearing of the Al alloy. The hole regions 
around the tool-shoulder plunged zone are examined in Fig.5 to understand the 
compressive-shearing effect of the plunging tool on the hole wall. 

 

Fig. 4 Pre-fabricated hole wall after welding (a) threaded hole (DHT), (b) unthreaded 
hole (DH) at 710 rpm 

The results of the preliminary experiment reveal that excessive plunging of the welding 
tool into the Al side reduces the effective (interlocked) hole height, and damages the pre-
fabricated threading within the hole. Thus, a shallow plunge depth of 0.8 mm but not 
exceeding 1.2 mm is recommended for joining the 4 mm thick pre-drilled Al alloy to the 
ABS polymer via the use of the described novel welding process. Fig.5. reveals the effect of 
the compressive-shearing effect of the plunging tool on the hole wall in DH and DHT joints. 
An increase in both the tool plunging depth (0.8 -12 mm) and rotational speed (710 - 900 
rpm) increases the compressive-shearing effect on the unthreaded hole wall as revealed in 
Fig.5a and b. However, more deformation-induced hole wall shearing and plasticized Al 
fragments ensue in the hybrid Al/ABS joint (DH joint) obtained at higher plunge depth and 
tool rotational speed (see Fig.5b as compared to Fig.5b). This indicates that Al-ABS 
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interlocking also emanates from hole wall-shearing at an increased plunge depth and 
rotational speed. However, the amount of the plasticized Al fragmentation (from the 
threaded hole) in the re-solidified ABS (see Fig.5c) is greater in the DHT joint obtained at 
900 rpm as compared to Fig.5b obtained at the same parameters. This occurrence is due 
to the presence of wall undulation or pitch-crest wall. It is important to examine the role 
of tool speed on the shoulder-induced plunge zone of the joint as it has been revealed that 
mechanical interlocks or Al anchors are greater in the DHT joints at higher plunge depth. 

 

Fig. 5 Hole wall fragmentation around the tool-shoulder plunged zone (a) and (b) 
unthreaded hole, (c) threaded hole 

Fig.6 shows the effect of tool rotational speed on the hybrid Al/ABS joints within the 
plasticized regions of the pre-fabricated holes (threaded and unthreaded). The combined 
stirring, compressive-shearing, and frictional effects on the upper Al plate cause a 
downward deformation-induced material flow and shearing to form Al particles and 
anchors/chips embedded with the re-solidified ABS matrix (as shown in Fig.6). The 
amount of the flow-induced Al anchors within the re-solidified ABS matrix establishes a 
varying degree of mechanical interlocks with the polymer depending on the level of tool 
rotational speed (see Fig.6a-c). The area of the sheared Al particles and anchors/chips is 
directly proportional to the level of the tool rotational speed as the percentage of sheared 
Al anchors/chips is revealed to increase as the tool rotational speed is increased from 900 
rpm to 1120 rpm in Fig.6. Large intertwined Al anchors/chips are observed in the hybrid 
Al/ABS joint obtained at 1120 rpm (see Fig.6c). This occurrence is attributed to the 
increase in thermal heat input and material flowability. The formation of tangles of trapped 
metallic fragments/chips in a polymer matrix was also attributed to an increase in tool 
rotational speed in the studies of Moghanian et al. [34]. The metal tangle/chip 
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phenomenon was adjudged to have been promoted by structural disparity-aided irregular 
heat input distribution, a rise in thermal heat-input (at higher rotational speeds), and 
complex vortex-vertical-horizontal material flows. Besides, the surface area of the re-
solidified ABS matrix declines at the stir zone (or at the severely deformed/plasticized 
zone) of the joint as the tool rotational speed is increased to 1120 rpm. More sheared and 
dynamically recrystallized Al alloy is obtained at higher tool rotational speed. The large 
recrystallized and sheared Al alloy (at higher heat-input/rotational speed) occupies a 
somewhat large area being sandwiched with the melted ABS polymer at the plasticized 
zone (as revealed in Fig.6).  

Apart from the wall difference (in the DH and DHT joints), other inherent regions of the 
weld have similar observations with no significant difference. Fig.7 shows the adhesive 
bonded and stirred Al regions of the hybrid Al/ABS joint. The interfacial adhesive bonding 
occurs due to the wetting of the faying Al surface due to the melted ABS polymer. Upon 
solidification or cooling, a somewhat bonding is established in this region (see Fig.7a and 
b) whereas the severe plastic deformation of the Al side induces dynamic recrystallization 
in the Al side as revealed in Fig.7c. No porosity has been observed in the examined re-
solidified ABS regions of the as-welded hybrid Al/ABS joints. It should be noted that the 
occurrence of oxygen entrapment in the re-solidified polymer is a common feature in 
hybrid metal/polymer joints. The molten polymer’s upward and lateral flows could also 
have promoted erosion of the Al surface to form Al-O-C interaction layers which can act as 
a secondary (chemical) bonding mechanism in the hybrid Al/ABS joint. 

 

Fig. 6 Tool shoulder-induced mechanical interlocking at the weld nugget (a) 710 rpm, 
(b) 900 rpm, (c) 1120 rpm 
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Fig. 7 Other regions of the Al/ABS joints (a) and (b) adhesion bonding, (c) stirred Al 

 3.3. Tensile Strength  

Fig. 8 shows the tensile-shear failure loads of the hybrid Al/ABS joints (DH and DHT) 
obtained at different levels of tool rotational speed and constant plunge depth of 1.2 mm. 
An increase in the level of the tool rotational speed increases the tensile-shear failure load 
of the DH and DHT joints (see Fig.8). The rise in the tool rotational speed is adjudged to 
have increased the localized weld heat-input, polymer flowability [35], wettability of Al 
surface (at the faying region), and the embedded Al (anchors and threading) for 
mechanical interlocking in the hybrid Al/ABS joint. The increase in the tool rotational 
speed favors the wettability of the Al surface and this occurrence is expected to increase 
the adhesion area (secondary bonding mechanism) of the hybrid Al/ABS joint. The tensile-
shear failure loads of the DH and DHT joints consequently improved from 572-705 and 
654-749 N respectively as the tool rotational speed is increased from 710-1120 rpm and 
at a constant plunge depth of 1.2 mm (see Fig.8). This occurrence could also be attributed 
to the formation of a large-area fraction of Al anchor/chips at higher tool rotational speed 
(revealed in Fig.6c). Paul et al. [36] described that the size of mechanical interlocking 
directly affects the tensile force of the metal-polymer joint. The established large Al anchor 
is considered to have improved mechanical interlocking of the Al in the re-solidified ABS 
polymer and equally enhanced fracture resistance (tensile-shear failure load) of the joint. 
This observation is in agreement with the works of Patel et al. [1] as the tool-induced 
mechanical interlocking behavior was reported as the dominant bonding mechanism in 
the metal-polymer joint. The presence of a big aluminum anchor in the stir zone of 
Al/polymer was also described to enhance the mechanical interlocking and shear bond 
strength of the joint in the works of Huang et al. [6]. The size of the Al anchor and the 
interfacial gap/width between the re-solidified polymer and Al are reduced/lesser under 
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lower heat input (low rotational speed). This incidence lowers the load-bearing capability 
of the Al/ABS joint produced at 710 rpm. 

Smaller interfacial gap (between the re-solidified ABS and Al anchor) and bigger Al anchor 
(high volumetric fraction of Al anchor) are also attributed to be responsible for the 
improved tensile-shear failure load in the hybrid Al/ABS joint fabricated at higher tool 
rotational speed. Paidar et al. [28] described that a rise in the tool rotational speed 
increased the tensile-shear load of the Al/PP-C30S joint due to an increase in the thickness 
of the reaction layer, a decrease in the unfilled zone, and a substantial mechanically 
interlocked crest-pitch region. This feature could also have played a significant role in 
improving the failure load of the hybrid Al/ABS joint as the tool rotational speed is 
increased. Tool-induced squeezing behavior, improved macro/micro-mechanical 
interlocking, and inherent oxide layers (for improved adhesive bonding) are reported as 
attributes for the high-quality heterogeneous metal-polymer joints in the studies of Meng 
et al. [20]. These phenomena aid multi-scale adhesive bonding and mechanical interlocking 
in the metal-polymer joints. On the other hand, the threaded (DHT) joint shows an 
improvement over the unthreaded (DH) joint in Fig.8. This occurrence is attributed to the 
synergy of the threading and the frictionally induced Al anchor/chips responsible for 
mechanical interlocking of the re-solidified ABS polymer in the pre-drilled hole of the 
hybrid Al/ABS joints. 

 

Fig. 8 Tensile-shear failure loads as a function of tool rotational speed at 1.2 mm 
plunge depth 

 3.4. Fracture  

Fig.9 reveals the fracture surfaces of the hybrid Al/ABS joints (DH and DHT joints). The 
fracture location takes place around the base/root of the infiltrated and re-solidified (ABS) 
interlocked zones at lower tool speed (710 rpm) in the DHT (see Fig.9a) whereas ABS 
pullout fracture mode ensues in the DH joint (Fig.9c). The detached threading part is 
observed in the bottom plate of the DHT joint (see Fig.9a). This occurrence indicates that 
the threading in the DHT joint inhibits the pullout of the re-solidified ABS polymer from 
the pre-drilled hole in Fig.9a (at 710 rpm) and thus improves the fracture resistance of the 
joint. Meanwhile, the absence of threading in the DH joint facilitates the pullout of the 
inherent re-solidified ABS polymer from the hole during the axial loading process (see 
Fig.9c). The threading-supported micro/macro interlocking around the base/root of the 

0

100

200

300

400

500

600

700

800

900

710 900 1120

Te
n

si
le

-s
h

e
ar

 f
ai

lu
re

 lo
ad

 (
N

)

Tool rotational speed (rpm)
Unthreaded-DH joint Threaded- DHT joint



Ojo / Research on Engineering Structures & Materials 7(4) (2021) 617-633 

 

628 

in-hole re-solidified ABS polymer is responsible for the improved tensile-shear failure load 
in the DHT joint as compared to the DH joint. On the other hand, the presence of mechanical 
Al anchor/interlocking at the upper tool shoulder-plunged zone significantly impacts the 
hybrid Al/ABS joints at high tool speed in Fig.9b and d (DH and DHT joints). The synergy 
of Al anchor and threading restrains the fracture of the hybrid Al/ABS joint (DHT joint) at 
higher tool rotational speed as evidence of Al anchor detachment is observed at the bottom 
plate of the joint in Fig.9b. This is due to the increase in the percentage deformation-
induced Al anchor in the joint at 1120 rpm. Fig.9d also reveals the pullout of the re-
solidified ABS polymer from the pre-drilled hole. However, the presence of deformation-
induced mechanical interlocking at the tool shoulder-plunged zone or the upper region of 
the hole (Fig.9d) offers some level of fracture resistance during the loading process (as 
evidence of fractured Al anchor is seen in the pullout part/bottom plate in Fig.9d). 

The observation of the interfacial fracture surface shows that the delamination of the 
adhesive-bonded zone (circumferential regions around the interlocked zones) of the DHT 
and DH joints easily occurs during the axial loading process. This makes the interlocked 
zones act as the major load-bearing region, and the major stress concentration zone is 
considered to have acted on the interlocked zone of the hybrid Al/ABS joint. The hole 
threading and Al anchor/chips offer some degree of resistance (mechanical interlocking) 
to the pull-out of the re-solidified ABS from the pre-drilled hole during the tensile stress-
induced nugget rotation process [37,38]. This phenomenon induces crack initiation and 
propagation at the interlocked regions of the joint. Pullout fracture is predominant in the 
DH joint with evidence of Al anchor-aided fracture at higher tool rotational speed while 
the combination of hole-threading and Al anchor fracture-restraining effects ensue in the 
DHT joint. 

 

Fig. 9 Views of the fracture surfaces at the faying region of the hybrid Al/ABS joints (a) 
and (b) DHT joints, (c) and (d) DH joints 

Delamination or debonding of the adhesive area of the joint ensues in the hybrid Al/ABS 
joints as has been observed in Fig.9. Thus, the fracture surfaces of the interlocked region 
(re-solidified ABS polymer region) are examined under SEM. Fig.10 shows the SEM images 
of the fracture surfaces of the hybrid Al/ABS joints (DHT and DH joints). Cohesive-adhesive 
(brittle) fracture is observed in the DHT joint (at low tool rotational speed) in Fig.10a as 
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evidence of somewhat delaminated facets are present (see the yellow arrows) while 
brittle-like appearance is observed in the DH joint counterpart in Fig.10c. The fracture 
appearances in Fig.10a and c justify the reason for low tensile-shear failure loads in the 
joint fabricated at low tool rotational speeds. This observation also corroborates the works 
of Huang et al. [4] as the reduced polymer crystallinity, hardness, and load-bearing ability 
are supported by low heat input (tool rotational speed) or fast cooling rate. On the other 
hand, fibrous appearance (tearing of polymer) and ductile fracture mode predominate the 
fracture surface of the DHT joint produced at high tool rotational speed in Fig.10b. The 
formation of fibrils in the pulling (axial) direction is attributed to the local yielding of the 
polymer matrix in the works of Abibe et al. [39]. The occurrence of polymer tearing and 
pullout of fibers has also been reported in the works of Meng et al. [20]. This occurrence is 
associated with a sufficient amount of inherent mechanical interlocking in the joint. The 
interlocking offers resistance to polymer (ABS) pullout and it consequently results in some 
polymer tearing (fibrous appearance) in Fig.10b. Ductile appearance is also observed in 
the DH joint fabricated at high tool rotational speed in Fig.10d. It can thus be concluded 
that ductile fracture occurs in the hybrid Al/ABS joint obtained at high tool rotational 
speed and this attribute justifies the occurrence of high tensile-shear failure load in the 
joint. Such a high bonding strength was attributed to interfacial atomic contact, Al-O-C 
bonds, and nylon tearing/fragments in the studies of Liu et al. [12]. 

 

Fig. 10 SEM images of fractured re-solidified ABS matrix of the hybrid Al/ABS joints 
(a) and (b) DHT joints, (c) and (d) DH joints 
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5. Conclusions 

The production of hybrid Al/acrylonitrile butadiene styrene joints was successfully 
achieved via the use of pre-fabricated threaded- and unthreaded-hole friction stir spot 
welding approaches. The structure, tensile-shear failure load, and fracture behaviors of the 
irrespective joints were investigated. The findings of this investigation include: 

• Tool rotational speeds of 710-1120 rpm successfully establish in-hole re-solidified 
ABS polymer (mechanical interlocking) in the pre-drilled unthreaded and threaded 
holes of the hybrid Al/ABS joint.  

• The friction and deformation-induced heat input cause a decline in the local relative 
humidity of the hybrid Al/ABS joint during the welding process due to local heat 
dissipation.  

• A direct interrelationship exists between the peak temperature and tool rotational 
speed of the hybrid Al/ABS joint. Maximum peak temperatures of 245, 276, 369oC 
were obtained at tool rotational speeds of 710, 900, and 1120 rpm respectively. 

• Plastic deformation/compressive shearing-induced and threading-induced 
mechanical interlocks, and adhesion bonding are the bonding mechanisms of the 
threaded hybrid Al/ABS joint while unthreaded joint is devoid of threading-aided 
mechanical interlock. 

• A rise in the tool rotational speed increases the compressive-shearing effect and the 
area of embedded Al anchors in the re-solidified ABS polymer.  

• Hybrid Al/ABS joint produced with a threaded hole has a higher tensile-shear 
failure load. An increase in the tool rotational speed (710-1120 rpm) improved the 
failure load of the unthreaded and threaded hybrid Al/ABS joints from 572-705 and 
654-749 N respectively due to enhanced mechanical interlocking, smaller 
interfacial gap (between the re-solidified ABS and Al anchor), and bigger Al 
anchor/chip. 

• An increase in the tool rotational speed changes the fracture location and modes. 
Brittle and ductile fracture modes are obtained at low and high tool rotational 
speeds. 
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A wide range of opportunities in the field of automotive and structural 
applications are being offered by Magnesium matrix composites because of 
their enhanced mechanical properties. Magnesium alloys based on Metal Matrix 
Composites (MMCs) are the best candidates for lightweight structural 
applications due to their improved creep properties. In the present study, three 
specimens of specially reinforced magnesium composites were manufactured 
by using the squeeze casting process. Specimen 1 has a composition of 7 % 
aluminum alloy in addition to 1% zinc and the composition of reinforcement is 
Titanium Carbide 0.3 % in addition to 1.5% Carbon nanotubes. Specimen 2 has 
a composition of 12 % aluminum alloy in addition to 1 % zinc and the 
composition of reinforcement is 2% 𝐵4𝐶 in addition to 2 % Carbon nanotubes. 
Specimen 3 has a composition of 14 % aluminum alloy in addition to 1 % zinc 
and the composition of reinforcement is 2 % 𝐵4𝐶 in addition to 2 % Carbon 
nanotubes. The mechanical properties analysis showed that specimen 2 has a 
higher hardness value in comparison to other manufactured specimens and it 
was also observed that specimen 2 possesses a higher tensile strength value in 
comparison to the other two specimens. Microstructure analysis shows that 
there was a uniform distribution of the reinforcements in the matrix. So it can 
be inferred that this uniform distribution causes higher hardness and higher 
tensile strength in the manufactured specimens.

© 2021 MIM Research Group. All rights reserved.
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1. Introduction

Metal Matrix Composites (MMCs) can be considered lightweight structural materials that 
were developed in the 1990s for meeting the requirements in aerospace applications [1–
3]. They have a strong potential to replace cast iron and other materials in brakes and 
engines due to their high strength-to-weight ratio, low density, high fatigue, wear and 
creep resistance, and at last high-temperature strength retention [4–5]. Magnesium and 
its alloys have attracted much attention in scientific development and as well as in 
various commercial applications because of their low density and high specific strength 
in comparison to other structural metals. In aerospace and automotive applications these 
properties order to reduce weight, greenhouse emission, and fuel consumption [6-8]. But 
due to their poor creep resistance behavior at high temperatures, the application of 
magnesium and its alloys are limited. So to overcome these limitations and to improve 
the properties, reinforcements are incorporated [9-10]. Dinaharan et al. [11] reinforced 
titanium particles (0, 7, 14, and 21 vol %) into an AZ31 magnesium alloy by friction stir 
processing method. The obtained results showed enhanced tensile strength and good 
ductility in the manufactured composite. Say et al. [12] investigated the corrosion 
resistance and mechanical properties of AZ91 and AZ61 magnesium matrix composites 
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reinforced with 01, 0.2, and 0.5 wt% carbon nanotubes (CNTs). It was observed that with 
the increasing amount of carbon nanotubes, the strength of composites increases. Chang 
et al. [13] used squeeze casting process for manufacturing high-strength and high-
modulus Al18B4O33W/GWZ1031K magnesium matrix composite. The obtained results 
showed that the Yield Strength (YS), Ultimate Tensile Strength (UTS) and Young's 
modulus of the material at room temperature resulted 364 ± 13 MPa, 380 ± 16 MPa and 
77.8 ± 2.1 GPa. Kumar et al. [14] implemented squeeze casting process for fabricating 
high-performance aluminum composite material where agro waste reinforcements were 
used.  The results showed that the manufactured composite material has high strength 
and toughness. Kale et al. [15] studied the tribological and mechanical properties of 
A7075/ SiC/ B4C hybrid composite which is manufactured by squeeze casting process. 
The results showed that the fabricated composite has more tensile and compressive 
strength in comparison to base metal alloy.  

In recent work, the squeeze casting process has been used for fabricating the magnesium-
based Metal Matrix Composites (MMCs). In the next sections, the experimental procedure 
and results obtained will be further discussed. 

2. Material and Methods 

Firstly, the ingots of magnesium, aluminum, and zinc weighing in the range of 950 to 990 
grams per specimen were taken for composing the matrix purpose. Secondly, the 
preheating of the ingot mixture consisting of magnesium, aluminum, and zinc is carried 
out to a temperature of 650 degrees celsius.  Thirdly, carbon nanotubes powder with 𝐵4C 
powder are added as reinforcements then the mixture is taken into an oven and is 
preheated to a temperature of 300 degrees celsius. After that, by using a funnel these 
mixtures are poured into a furnace where the mixture is subjected to a stirring process to 
enhance the homogenous nature in the mixture at a different rotation rate for 10 
minutes. The furnace gate is then opened after the stirring process and through the 
runner molten composite is further transferred to squeeze die arrangement. At a 
pressure of 40.2 tonnes, compression is performed by the hydraulic press on the 
obtained composite inside the die. The cooling process is incurred on the composite for 
10 minutes inside the die. After cooling, the fabricated composite is taken outside for 
carrying out the finishing and machining process. Figure 1 shows the specimen after 
casting and Figure 2 shows the specimen after finishing the operation. Table 1 shows the 
composition of fabricated specimens.  

Table 1. Composition of composite specimens in weight % 

Specimen 
Number 

Al Zn TiC 𝐵4𝐶 
Carbon 

Nanotubes 
    1 7 1 0.3    -     1.5 
    2 12 1   -    2       2 
    3 14 1   -    2       2 
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Fig. 1 Specimen obtained after casting 
process 

Fig. 2 Specimen obtained after finishing 
operation 

3. Results and Discussion 

3.1 Microstructure Properties Analysis 

For obtaining the clear grain boundaries in the microstructure a proper specimen 
preparation is needed. Polishing and etching are the two kinds of preparation that are 
subjected to these specimens as shown in Figure 3 and Figure 4. 

 

Fig. 3 Non-etched and unpolished composite specimen 

The specimen surfaces may appear smooth to the human eyes but in reality, it consists 
of various scratches, irregularities, and grooves that happen when the specimen is 
subjected to various machining operations. So to increase the surface smoothness of the 
surface, polishing is done with different grades of emery paper such as 800, 1000, 1200, 
and 1500. For clear grain boundary observation, the etchant consisted of 92 ml distilled 
water, 6 ml of nitric acid with 65 % concentration, and 2 ml of hydrofluoric acid with 40 
% concentration. The microstructures obtained for specimen 1, specimen 2, and 
specimen 3 are shown in Figures 5–7. 
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Fig. 4 Etched and emery polished surface of composite specimen 

 

 

Fig. 5 Microstructure of specimen 1 at the magnification of 100X. 

 

Fig. 6 Microstructure of specimen 2 at the magnification of 100X 
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Fig. 7 Microstructure of specimen 3 at the magnification of 100X 

From the microstructure analysis of specimen 1, it is observed that there was a non-
uniform distribution of the reinforcement in the matrix. It is also observed that due to the 
existence of slipping between grain boundaries there is a formation of extremely coarse 
microstructure. From the microstructure analysis of specimen 2, it is observed that there 
is a uniform distribution of the reinforcement in the matrix and also might be due to less 
slip occurrence the formation of the microstructure is very fine in comparison to the 
other two specimens. From the microstructure analysis of specimen 3, it is observed that 
the reinforcement distribution is slightly non-uniform in nature and it was also observed 
that in comparison to specimen 1 the microstructure obtained was fine but in 
comparison to specimen 2 the grain boundaries obtained are coarse due to occurrence of 
slipping between the grain boundaries. The microstructures obtained from the SEM test 
for these three specimens are shown in Figures 8-10. 

 

Fig. 8 SEM microstructure of Specimen 1 
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Fig. 9 SEM microstructure of Specimen 2 

 

Fig. 10 SEM microstructure of specimen 3 

3.2 Mechanical Properties Analysis 

Tensile test results for specimen 1, specimen 2 and specimen 3 are shown in Figures 11-
13 and  Tables 2-4. 
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Fig. 11 Tensile test graph plot of specimen 1 

Table 2. Tensile Test results of specimen1 

Specimen 1 

Part Tensile MG 01 

Material MG01 GR 

Test Mode Peak/Break 

High Limit 20000N 

Low Limit 10N 

Cross Section Area 12.56 square mm 

Sample Length 20.0 mm 

Selected Load Cell 20 kN 

Test Speed 5.0 mm/min 

Peak Load 528 N at length: 0.9 mm 

Break Load 450 N at length: 1.0 mm 

Peak Displacement 4.5 % 

Break Displacement 5.0 % 

Tensile/Compressive Stress 42.0 N/sq. mm 

Ultimate Tensile Strength 42.0 N/sq. mm 
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Fig. 12 Tensile test graph plot of specimen 2 

Table 3. Tensile Test results of the specimen 2 

Specimen 2 

Part Tensile MG02 

Material MG02 GR 

Test Mode Peak/Break 

High Limit 20000 N 

Low Limit 10 N 

Cross Section Area 12.56 sq. mm 

Sample Length 20.0 mm 

Selected Load Cell 20 KN 

Test Speed 5.0 mm/min 

Peak Load 1990 N at length: 1.9 mm 

Break Load 1990 N at length: 1.9 mm 

Peak Displacement 9.5 % 

Break Displacement 9.5 % 

Tensile/Compressive Stress 158.4 N/sq. mm 

Ultimate Tensile Strength 158.4 N/sq. mm 

 



Mishra et al. / Research on Engineering Structures & Materials 7(4) (2021) 635-646 

 

643 

 

Fig. 13 Tensile test graph plot of specimen 3 

Table 4. Tensile Test results of the specimen 3 

Specimen 3 

Part Tensile MG03 

Material MG03 GR 

Test Mode Peak/Break 

High Limit 20000 N 

Low Limit 10 N 

Cross Section Area 12.56 sq. mm 

Sample Length 20.0 mm 

Selected Load Cell 20 KN 

Test Speed 5.0 mm/min 

Peak Load 1754 at length: 0.9 mm 

Break Load 1754 at length: 1.0 mm 

Peak Displacement 2.5 % 

Break Displacement 2.5 % 

Tensile/Compressive Stress 139.6 N/sq.mm 

Ultimate Tensile Strength 139.6 N/sq.mm 

 

From Figure 11 it is observed that the Ultimate Tensile Strength (UTS) of specimen 1 is 
very less in comparison to the other two specimens. It is also observed that there is a 
difference between the breaking load and peak load which indicates that specimen 1 has 
undergone slight yielding as shown in Figure 14 when tensile force was acting on the 
specimen. 
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Fig. 14 Fractured specimen 1 

From Figure 12 it is observed that the Ultimate Tensile Strength of specimen 2 is higher 
than specimen 1. It is also observed that both breaking load and peak load are equivalent 
which means that specimen 2 has not undergone a yielding effect concluding that 
specimen 2 is brittle as shown in Figure 15. 

 

Fig. 15 Fractured specimen 2 

From Figure 13 it is observed that in comparison to specimen 1, specimen 3 has a higher 
value of Ultimate Tensile Strength due to the presence of higher aluminum content in 
specimen 3. It is also seen that the breaking load and peak load are equivalent which 
results in a non-yielding process leading to the presence of brittle behavior in specimen 3 
as shown in Figure 16. 

 

Fig. 16 Fractured specimen 3 

For the Micro Vickers hardness test, the apparatus was adjusted to apply 100g force on 
all three specimens. The obtained results are shown in Table 5. At the position of the 
formation of defects such as micro holes, the hardness value will be less. It can be 
observed from the result that specimen 2 has a higher value in comparison to the other 
two specimens. 
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Table 5.  Micro Vickers Hardness test results 

Vickers Hardness 
Value 

Specimen 1 Specimen 2 Specimen 3 

Reading 1 57.4 77.7 51.8 
Reading 2 38.7 87.4 53.5 
Reading 3 58.2 53.3 56.5 

Mean Value 51.4 72.8 53.9 

5. Conclusions 

In the present research work, three specially reinforced magnesium composites 
specimen were prepared by using the squeeze casting process Due to the incorporation 
of different reinforcements in the magnesium matrix, novel magnesium matrix 
composites have been manufactured. Specimen 2 has fewer external and internal defects 
so its Micro Vickers hardness value is greater than the other two specimens fabricated. It 
is also observed that specimen 2 has a higher value of Ultimate Tensile Strength than 
specimen 1 and specimen 3. From the microstructure analysis, it can be concluded that 
uniform distribution of reinforcement particles led to higher values of Ultimate Tensile 
Strength and Micro Vickers Hardness. The future research work based on this study can 
be based on the implementation of Machine Learning algorithms such as Artificial Neural 
Network, Support Vector Machines (SVM), and Decision Tree algorithm for the 
determination of the mechanical and microstructure properties as well as the 
geometrical properties analysis of the obtained microstructures by using an image 
processing algorithm. 
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 In the present work, cost-effective strain gauges were fabricated by using inkjet 
printing and photonic curing on flexible and recyclable PET substrates. Ohmic 
resistance (a.k.a. DC resistance) (R0) and complex electrical impedance (Z) as a 
function of test frequency were characterized, respectively, with the state-of-the-
art electronic testing equipments. For the fabrication process, commercially 
available silver nanoparticle (AgNP) inks and substrates were used. In order to 
validate the in-house cantilever beam measurement setup and devices, first, 
commercially available metallic foil strain gauges (with the provided gauge 
factor GF=2.0 by the manufacturer) were tested at different locations. 
Thereafter, the printed strain gauges were investigated with several repetitions 
at different measurement locations. The measurement results demonstrated an 
affordable, rapid and tailorable design and repeatable fabrication approach for 
strain gauges with GFavg~6.6, which has potential applications in remote sensing 
and structural monitoring applications. 
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1. Introduction 

Strain gauges are electromechanical sensing devices created from thin conductive lines on 
top of a rigid or flexible substrate, which are then attached to the measurement region [1, 
2]. The resistance, capacitance, impedance or piezoelectric characteristics of such devices 
change when the measurement region is subject to any source of deformation [3, 4]. They 
can be fabricated by depositing metallic film onto substrates, photolithography, screen 
printing, aerosol or inkjet printing, to name a few [5, 6, 7]. Due to their cost-effectiveness, 
tailorable design, high bendability and stretchability, flexible printed strain gauges have 
been gaining grounds, e.g. in healthcare applications, wearable device technologies, 
structural health monitoring and intelligent packaging solutions [8, 9, 10]. 

Despite their advantages and applicability, their electromechanical characteristics may 
vary a lot due to the fabrication processes, for which the micro-structural variations and 
fabrication repeatability play critical roles. For instance, in case of inkjet printing, which is 
based on deposition of ink droplets to create conductive traces with, e.g. silver (Ag) or 
copper (Cu) nanoparticles (NPs), porosity, thickness and roughness at the boundaries of 
the traces have dominant effect on both electrical and mechanical characteristics of the 
designed devices [11, 12, 13]. To be able to improve such characteristics, e.g. strength and 
electrical conductivity, multiple layers of deposition and sintering methods have been 
proposed and widely applied in the literature [14, 15]. It has been observed that sintering 
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effectively agglomerate NPs by densifying and bonding them together while deposition of 
multiple layers increases the thickness of the conductive traces; hence, the electrical 
conductivity [16, 17]. 

Traditionally, strain gauges are fabricated as metallic foils arranged in grid patterns and 
used in Wheatstone bridge configuration. The bridge usually measures the DC voltage 
change on the strain gauge exposed to the applied loads F. For the metallic foil strain 
gauges, it is sufficient to characterize the initial reference ohmic resistance (a.k.a. DC 
resistance) R0 and gauge factor (GF), which expresses the sensitivity of the strain gauge, as 

the resistance change  −
0

=R R R  with respect to 
0
R  and strain  , i.e. [18] 

𝐺𝐹 =
𝛥𝑅/𝑅0

𝜀
 (1) 

For off-the shelf commercial strain gauges, ~2.0GF  is quite common while higher   values 

have been achieved, e.g. ~3.0GF  and ~5.0GF  with inkjet printing by Rahman et al. and 

Kravhcuk et al., respectively [19, 20, 21]. Nevertheless, variations exist in electrical 
characteristics of the printed strain gauges with the frequency shifts when they are 
deformed as a result of F. These changes can be explained with the uneven distribution of 
the conductive ink of the printed patterns resulting in microscopic inductance (L) and 
capacitance (C) changes subjected to F. Hence, this means that the printed strain gauge 
may function as resonant (LC) circuit with its specific resonant frequency ωr. Therefore, in 
addition to R0, frequency response ω and frequency dependent impedance of printed strain 
gauges   +( )= ( ) ( )Z R jX , which is composed of resistance ( )R  and reactance ( )X

, should be measured. Such characterization is especially useful for matching the 
impedance with the circuitry used in passive strain gauge measurement telemetry system, 
through which the strains can be remotely read [22, 23, 24]. 

The current study presents a framework for the fabrication and characterization of novel 
printed strain gauge design, which can function as resonant (LC) circuit and has 
prospective uses in remote sensing and structural monitoring. For the fabrication process, 
low-cost inkjet printing equipment was used and the effect of process parameters 
including number of deposited layers, i.e. trace height, and sintering, which was realized 
with photonic curing in the present study, on the conductivity was investigated. For the 
electromechanical characterization, a cantilever beam structure and an impedance 
analyzer were used to understand the frequency response of the printed strain gauges 
within the range of 0-500 MHz as function of ε due to F and to compute ωr, which was 
around 200 MHz for the present design. Therefore, it was possible to compute reliable GF 
values by means of the defined frequency bandwidth of 49-50 MHz, which was a distant 
range from ωr. For the validation of the characterization setup and comparison with the 
printed strain gauges, commercially available metallic foil strain gauges were used. The 
validation and comparison studies demonstrated that the printed strain gauges were 
promising with the ~6.6GF  while the commercial ones were measured to have ~1.8GF
, out of which 10% measurement error was deduced (in comparison with the provided 

= 2.0GF  by the manufacturer). 
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2. Materials and Methods  

2.1. Design, Fabrication of Low-Cost Printed and Photonic Cured Strain Gauges 

 

 

Fig. 1 Geometric and fabrication process parameters of the inkjet printed strain gauge 

The strain gauge pattern as designed and represented in Fig. 1 were parametrically created 
in Mathematica technical computing software and transferred as scalable vector graphics 
(.svg) to Inkscape open-source drawing software. The generated files were printed onto 
A4 size Mitsubishi NB-TP-3GU100 transparent polyethylene terephthalate (PET) special 
media, which has microporous Al2O3-PVA single-sided coating and sheet thickness of 
135±12 μm. The conductive ink used on the NB-TP-3GU100 special media was Mitsubishi 
NBSIJ-MU01 silver nanoparticle (AgNP) inkjet printer ink, which was also purchased from 
Mitsubishi Paper Mills Ltd. The ink was loaded to the black ink cartridge of Epson Stylus 
C88+ inkjet printer (5760 dpi x 1440 dpi resolution) (please, see Fig. 2) with the following 
printer software settings: "Matte Paper - Heavyweight", "best photo" and "gray scale". For 
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increasing the print quality and registration for the special media and AgNP ink, "High 
speed printing" option was set off. 

 

Fig. 2 Printing and measurement devices: (a) Epson Stylus C88+ printer, (b) In-house 
photonic curing device, (c) HIOKI IM7587 impedance analyzer and IM9202 test 

fixture, (d) light microscope equipped with 6.3 MP Swiftcam digital camera, (e) height 
measurement for printed traces with L&W Optitopo system 

In order to characterize the conductivity and formulate an optimal printing process, strain 
gauges were fabricated with one, two and three printed layers, i.e. passes over the same 
pattern. Moreover, a custom photonic curing system with 1500 W flash device was also 
assembled, the components of which were purchased from Xenon Flash Tubes LLC 
(www.xenonflashtubes.com), and implemented to sinter AgNPs for approximately 15 
seconds immediately after the printing process was over for each layer. The microscopic 
structure investigations and R0 measurements (as later provided in Results section) were 
thereafter carried out. For R0 measurements, TENMA 72-7745 multimeter was used while 
6.3 MP Swiftcam microscope digital camera apparatus was used for the microscopic 
analysis. In order to measure the printed trace height and generate the height maps, L&W 
Optitopo surface roughness measurement device was used as depicted in Fig. 2. By means 
of this device, a pattern of shadows was created by illuminating the sample surface from a 
small angle. Then, by utilizing two images of the same area illuminated from opposite sides, 
the height maps for the printed strain gauges were generated in μm scale. The 
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measurement area was taken as 32 mm X 32 mm, which is the maximum range achieved 
with L&W Optitopo, and the resolution and bandpass were 15.625 μm and 0.01-0.5 mm, 
respectively. In order to analyze the height uniformity, the height profiles were measured 
over rows (top-center-bottom) on the grids of the printed strain gauges. 

2.2. Experiment Setup and Measurement System for Characterization 

In order to evaluate the performance and understand the characteristics of the printed 
strain gauges, a slender cantilever beam as schematized in Fig. 3 was built so that only 
bending moments (eliminating the shear) were taken to be the dominant source of 
deformation. Here, l is the distance between the fixed end and applied load F; x, b and h are 
the distance between the fixed end and strain gauge center, beam breadth and height, 
respectively. At the free end of the beam, a 3D printed plate was attached with a single 
screw to provide an easy way of applying load F at the specified distance l=390 mm. For 
this purpose, a set of calibration weights was used, and deflections, strains and electrical 
characteristics of the printed strain gauges and the commercial reference gauges (RS PRO 
4 mm 120 Ω metallic foil strain gauge with the gauge factor GF=2) at two different beam 
locations, x=120 mm and 170 mm, were measured (please, see Fig.3). 

 

Fig. 3 Cantilever beam: (a) schematic diagram, (b) setup with the test fixture and 
digital dial indicator gauge 

The conductive pads of the printed strain gauges were firmly attached to 10 cm wires with 
conductive copper tape. Thereafter, the strain gauges were taped to the measurement 
location x and pressed with a support plate in order to have a firm grip of the strain gauge 
and provide correct bending and stretch/contraction over it. The wires were then 
connected to a Hioki IM9202 test fixture as shown in Fig. 2(c), which was then connected 
to IM9201 test head used by the Hioki IM7587 impedance analyzer for measuring R and Z 
of the strain gauge. The measurements were carried out by sweeping a signal frequency 
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range of 1-120 MHz with LCR-mode on, which was repeated ten times to obtain the average 
and the standard deviation. The shortest possible frequency interval of 0.1 MHz provided 
by the device was used while samples were taken with the impedance analyzer application 
provided by Hioki capable of sweeping and saving the data as .csv file. In all the tests, 
applied load F was adjusted in order to provide the beam deflections of δ = {0, 0.3, 0.6, 0.9, 
1.2, 1.5, 1.8, 2.1, 2.4} mm with a tolerance of ±0.05 mm at the measurement locations, 
which were later converted into strains   by using the formula sets provided in the 

Appendix. As shown in Fig. 3, an RS Pro electronic digital indicator gauge with ±0.02 mm 
accuracy and 25 mm range were used for the deflection measurements. 

Results and Discussion 

3.1. Effects of Printed Layers and Photonic Curing 

In order to understand the conductivity changes with respect to the fabrication parameters 
and provide repeatable process solutions, a set of measurements were carried out by using 
n=10 printed strain gauges. Through these measurements, the effects of number of printed 
layers and photonic curing on the printing quality and resistance of strain gauges were 
analyzed. For this purpose, one, two and three layers of AgNP ink were deposited onto the 
substrate, respectively, where the sintering was carried out with photonic curing of 1500 
W for approximately 15 seconds. The height profiles depicted in Fig. 4 demonstrates that 
both printed layers and curing have positive effect on the trace height. However, as a 
negative effect, the increase in number of printed layers caused spreading of the ink; thus, 
undesired increase in trace width. In addition to the height profile measurements, as seen 
in the microscope images of Fig. 5, photonic curing combined with multiple layers of 
printing was also observed to provide more consistent and denser traces. For instance, Fig. 
5(b) for one layer of print without any sintering shows that some of the deposited ink 
droplets were not connected to the agglomerate. As a result of these unconnected droplets 
of the printed structure, the resistance was observed to be as high as R0= 157±5 Ω for the 
designed and printed strain gauges. However, after printing and curing the second layer, 
there was a drastic reduction in the resistance of R0= 65±2 Ω on average, which continued 
to drop to R0= 45±1 Ω on average with additional third layer and photonic curing (please, 
see Fig. 5 (f)). Interestingly, the resulting resistance of three-layer strain gauge is close to 
50 Ω that is common standard for matching different circuits [25]. In addition, the effect of 
adding more than three layers on the conductivity was obtained to be negligible; thus, 
three printed layers with photonic curing was taken as the fabrication parameters for the 
present designed strain gauges. 
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.  

Fig. 4 Effect of printed layers and curing on the strain gauge height profiles: (a) one 
layer of print no curing (maximum value of 3.28 μm), (b) one layer of print with curing 

(maximum value of 4.35 μm), (c) three layers of print with curing after each layer 
(maximum value of 4.67 μm). The scanned area is 32 mm x 32 mm while the height 
profiles are represented in  μm scale, which were obtained by scanning the center 

rows of the strain gauge grids 

 

 



Kerminen et al. / Research on Engineering Structures & Materials 7(4) (2021) 647-660 

 

654 

 

Fig. 5 Printed strain gauge and light microscope images showing the morphological 
changes due to photonic curing and number of printed layers: (a) digital still, (b) light 
microscope image for one layer of print without photonic curing, (c) one layer of print 

and photonic curing, (d) two layers of print and photonic curing, (e) three layers of 
print and photonic curing, (f) impact of multiple layers and curing on the ohmic 

resistance R0   of printed strain gauge 

3.2. Gauge Factor GF 

 

Fig. 6 Resistance change ∆R with respect to R0 of the printed strain gauges as a function 
of strain within the 49-50 MHz bandwidth: (a) at  x=120 mm and (b) at x=170 mm. 

Error bars refer to the standard deviation while the straight lines represent the mean 
values 
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In order to investigate the accuracy of the built setup and determine the GF of the printed 
strain gauges, measurements were carried out at two different locations on the cantilever 
beam, i.e. x=120 mm and x=170 mm (please, see Fig. 6). As the initial step, frequency 
bandwidth was set to 49-50 MHz for GF measurements because of great impedance 
variations near ωr~200 MHz (as elaborated in the following sections). The chosen range 
provided stable results for GF and beam deflection-impedance correlation. 

For the measurement setup and device validation, the measurements were conducted by 
using the commercially available metallic foil strain gauges with the provided GF=2 by the 
manufacturer datasheet. The measurements at different locations were conducted one 
time with the commercial strain gauges while they were repeated 10 times for the printed 
strain gauges fabricated using three layers and photonic curing process. As a result of the 
measurements with the commercial strain gauges, GF was obtained as ~1.8, showing 10% 
measurement setup and device error. For the printed strain gauges, GF=6.6±0.3 and 
GF=6.6±0.9 were measured for x=120 mm and x=170 mm, respectively. This demonstrates 
that the printed strain gauges provide repeatable results at different measurement 
locations with varying beam deflections. It is also noteworthy that the printed strain 
gauges were obtained to have higher sensitivity when compared with the commercial 
strain gauge measurements. This also shows the application potentials of the the printed 
strain gauges, e.g. in detecting tiny vibrations and daily movements of the human body, 
which can be cumbersome with the conventional gauges [26]. 

3.3. Impedance Z and Frequency Dependency 

 

Fig. 7 Resistance R and reactance X measurements for three printed strain gauges in 
unloaded initial configuration, i.e. no bending 

The resistance and reactance of the printed strain gauges are depicted in Fig. 7. All three 
strain gauges have relatively close frequency responses with ωr around 200 MHz. At ωr, 
the resistance is at its highest value while the reactance changes the phase, which brings 
forth the impact of the fabrication/printing related differences. As seen in Fig. 7, close to 
ωr, all the fabrication/printing originated variations are amplified, which makes it more 
difficult to control the uniformity of the strain gauge behaviour. On the other hand, all the 
strain gauge have relatively close behaviour well below ωr. 

In Figs. 8a and 9a, resistance change ∆R and reactance change ∆X of a printed strain gauge, 
which can be elaborated as the differences between the values measured for deformed 
configuration caused by ε and initial configuration, are provided for 800 MHz bandwidth. 
Below ωr, ∆R has negative dependency while above it is vice versa. The closer the frequency 
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is to ωr, the higher is the ε sensitivity. Besides, as seen in Fig. 7, variances between the 
different gauges were observed to be amplified at around ωr. For sufficiently low frequency 
below ωr, strain gauge resistance has systematic dependency on ε, which is depicted in the 
magnified portion of Fig 8b. This indicates that a printed strain gauge does not have to 
operate only on DC frequency but can also operate on some higher frequency. Around ωr 
and above, it was deduced that the printed strain gauge has to be calibrated. Such 
calibration is needed in order to remove printing related variations between the strain 
gauges and to identify whether there exists negative or positive ε dependency at particular 
frequency. 

Nonetheless, the results in Fig. 9a indicate that the printed strain gauges can measure 
deflections not only by ∆R but also by ∆X. Interestingly, ∆X has higher strain sensitivity 
above ωr. Similar to the ∆R measurements, the ∆X frequency response is mostly 
monotonous below ωr, which was similar to the trend obtained for the ∆R measurements 
(please, see Figs. 8b and 9a). However, it is also noteworthy that the ∆X values of the 
printed strain gauges subjected to bending were observed to be changing from positive to 
negative around 45 MHz, which requires attention in case of reactance based strain 
measurements. 

  

Fig. 8 Resistance change ∆R of one strain gauge under deflection: (a) the whole measured bandwidth, 
(b) restrained bandwidth 

  

        Fig. 9 Reactance change ∆X of one strain gauge under deflection: (a) the whole measured 
bandwidth, (b) restrained bandwidth 

 

In addition to the printed strain gauges, comparative frequency dependent investigations 
for ∆R and ∆X was also carried out with commercially available strain gauges, the plots of 
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which are presented in Fig. 10. For these particular strain gauges, the range of bending 
dependency was obtained to be in much more smaller range than the one for the printed 
strain gauges. Similar to the printed strain gauges, the results for the commercial strain 
gauges in Fig. 10 indicates that there is negative bending dependency of both ∆R and ∆X. 

 

 

Fig. 10 Commercial strain gauge at x=170 mm position: (a) resistance change ∆R, (b) 
reactance change ∆X 

4. Conclusions 

The present study provided a framework for the fabrication and characterization of low-
cost inkjet-printed strain gauges, R  and X of which vary with the applied load F and 
frequency ω. For this purpose, AgNP inks and coated PET substrates manufactured by 
Mitsubishi Papermills were investigated with a focus on the effect of number of printed 
layers and curing on the DC resistance R0. As a result of this investigation on the fabrication 
process, the printing parameters such as number of printed layers and curing were found 
out to have positive effects on the conductivity (with reductions in R0). For instance, one 
layer printed and non-cured strain gauges were obtained to have R0 = 158 Ω on average, 
while R0 = 140 Ω on average was reached after photonic curing, which agglomerates the 
AgNP and increases the conductivity. Moreover, number of printed layers, thus trace 
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height, was another important printing parameter affecting the conductivity. For instance, 
three printed layers and photonic-cured strain gauges resulted in R0=45 Ω and GF~6.6 
(within the frequency bandwidth of 49-50 MHz) on average, which was obtained to be 
slightly higher than the GF values for the strain gauges fabricated with similar inkjet 
printing strategies in the literature. Therefore, these affordable and easy-to-design printed 
strain gauges can be an alternative to the commercially available ones with similar 
dimensions but higher resistance (R0=120 Ω) and lower gauge factors (GF=2). Another 
important outcome of the printed strain gauges was their electromagnetic characteristics 
investigated in terms of impedance over a large frequency range up to 800 MHz. It was 
deduced that they can function as resonant (LC) circuit with their specific resonant 
frequencies ωr. Therefore, they can be used as flexible and tailorable solutions for remote 
sensing and structural monitoring, such as in biomedical, seismic or aviation applications, 
through which the use of heavy-wiring can be minimized. As future studies, degradation 
and temperature dependency under various operational conditions will be also 
investigated, which makes such sensors to be robustly utilized in thermal sensing 
applications such as battery and indoor air temperature monitoring. 
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Appendix 

Based on the provided annotations for cantilever beam geometry and applied point load 
in Fig. 3, the relationship between the beam deflection and strain at the strain gauge 
location can be expressed as follows [27]: 

Deflection at the strain gauge location +
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 In this study, London The Shard skyscraper structure was examined under the 
concepts of sustainability and wind engineering dynamics. The aerodynamic 
examination of the building in accordance with the wind dynamics principles 
and the relevant CFD simulations as proof, created. In the simulations carried out 
in the Matlab CFD environment, the Navier Stokes equation principles with k-
omega turbulance model were followed. The skyscraper model 1-1 was created 
in its original form and simulated under real wind data at its location in London. 
In the results obtained after the simulations, the velocity increased by V-3V in 
the first 600-800 meters distance range, in the x direction of the model, created 
a vortex around the structure. While the speed-vortex effects mechanisms were 
examined on the model by V-3V, the pressure load P within the first 25 meters 
in the z direction (structure height) of the model was reached to 5P, up to the 
limit of 280-300 meters. When it is reached to 300 meters height, a 5-fold 
increase in pressure was detected. In the x-direction, pressure change of the 
model tested. The variation of the pressure load at the rate of P - 2P was 
determined in the first 800-1000 meters of the model in the x-direction, and the 
pressure exerts a double effect in the first 800-1000 meters of the model. In 
addition to the norms and regulations of supertall design principles, all risk 
scenarios of wind, under the effect of velocity and pressure need to be simulated 
before safe construction.  

© 2021 MIM Research Group. All rights reserved. 
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1. Introduction 

In this study, the concept of skyscraper construction systems will be discussed through 
two basic principles. The first of these will be to examine the sustainable energy efficient 
parameters of the building, which proves that skyscraper structures are also important as 
being sustainable. The concepts of how much effect it can have on the surrounding 
structures, and to what extent the vortex power and turbulence created by the structure 
itself classified, including the center. In the context of this study, both features were 
examined on the same prototype structure: London The Shard Skyscraper, has been 
analyzed in detail. The reason for this choice is that “London The Shard” structure is the 
most qualified skyscraper structure in the Western European building group, as well as the 
parametric construction systems in its design were placed on a plan base close to the 
conical by Renzo Piano and the tendency to taper upwards was completed into a high 
upright pyramid crystal, with tapering [1].  It is an effective and very dynamic plan scheme 
and is an important feature that distinguishes it from other structures that are both 
sustainable and parametric. In addition, “London the Shard” structure differs from other 
structures in terms of the progress of the construction technique during the construction 
process, the differences in the construction phase, especially in the establishment of its 
foundations, and the special solutions developed by WSP group. These differences are 
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techniques that have been examined so that the structure gains strength by showing 
effective quality against wind dynamics and is less affected by vortex current intensities. 

The differences in the construction system, as well as the different architectural iconic 
design, which has a crystalline quality in the cross-section process that evolves from a 
conical base to a high vertical pyramid, [2] and the fact that it is the most qualified 
skyscraper structure in Western Europe, enabled the analysis of the shard structure to be 
chosen in this study.  

The study was examined in two main sub-headings, in terms of sustainability and wind 
engineering principles. Considering the sustainability, it has been proven with 5 qualified 
parameters that, high energy efficiency could be possible even also for a high-tech 
skyscraper structure, when it is designed with the right decisions & principles.  

To focus on the importance of energy efficient principles of skyscraper structures, one of 
the sustainable architectural solution methods could be choosing the right decisions in 
terms of aerodynamics concept of design, to build with a lighter construction load bearing- 
system. To achieve this aerodynamic design envelope, the structure has been handled 
entirely with the principles of wind engineering dynamics and fluid mechanics simulations.  

Evaluations need to be considered for the functions of the changes on the wind speed, 
vortex measurements, pressure and velocity vectors over the fluid system dynamics of the 
structure, depending on the distance (x) and height in z direction of the coordinate system. 

The effect of physical environmental conditions on the change of velocity and pressure 
needs to be analyzed. Calculations and measurements have to be created by calculating on 
the basis of Navier Stokes equations over Matlab CFD Computational Fluid Dynamics 
systems for safe and aerodynamic high rise building envelope design.  

As a result, a high-rise structure over 300+ meters, such as The Shard structure, in focus 
for this research, has high influence on the wind dynamics and pressure of its own 
structural load system and also for its surrounding in terms of physical environment 
conditions on ground and upper-level human comfort and reliability for safe environment. 

The ratios and the coefficients of change need to be calculated and pre-estimated before 
the construction of real design such as the ratios for pressure: P-2P, and velocity of V-3V 
coefficients in terms of The Shard design simulations, calculated by Computational Fluid 
Dynamics (CFD), before and after the vortex effect of structure. It has been interpreted and 
analyzed through the CFD simulations and obtained the correct risk scenarios with the 
velocity and pressure ratios for safe and sustainable design principles.  

The main purpose here is to clearly observe the difference in the distance through the 
coefficient of variation, and, since the change will still depend on the increase in the 
coefficient ratio, even if the wind speed changes throughout the year, the distribution and 
variation can be examined clearly. The simulation data are based on the actual wind speed 
data for the year and are explained in detail in the methods and methodology. The Shard 
structure has also been modeled 1-1 in 3D by using the Rhino 3D model system, in a way 
that would exactly match the real original. 

 2. Sustainable Building Design Evaluation of “London the Shard” Structure 

2.1. Difference of Shard in terms of Sustainable High-Tech Design 

 When it comes to the design of sustainable building subsystems, it is not only an energy 
efficient building, but also the design parameters that should be considered in essence. 
Keeping the sustainability of a building limited to the articulated units such as solar active 
solar collectors or wind turbines placed in the structure of the building will actually tie the 
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whole load to the foreign units added after the main structure design. The creative design 
of the form, by inhibiting the rational design decisions that should be made at the 
beginning. 

As a matter of fact, the changing perception of architecture after 1960, and since 
Archigram, founded in 1961 by a group of pioneer architects like Peter Cook and Dennis 
Cropmton, who adopted the futuristic design approach, Plug-in City [3], [4] and Instant City 
[5] concepts, the use of high technology in architectural design had been futuristicly 
changed. Starting from the first design stages of the building, going to the most suitable 
structural solutions possible, and the appropriate function, function-form and typology 
parameters of the building being compatible with the concept, provided with the design 
had been re-considered after all.  

In this study, the structure of London The Shard skyscraper will be analyzed as a pilot 
application and the unique qualities of the iconic Renzo Piano design and its contribution 
to sustainability will be examined in the context of sustainable building subsystems. 

In the design of The Shard structure, Italian Architect Renzo Piano collaborated with WSP 
Global in terms of structural solutions. The Technical Director of the Shard, John Parker, 
defines this meeting with these words, “In general, in every building design, the architect 
deals with color and aesthetic concerns, and the engineer deals with numerical concerns, 
and the structure cannot show the desired performance at the point where they cannot 
communicate. This was not the case at The Shard, Renzo Piano and WSP. He (Renzo Piano) 
worked in a very good communication, with indefinite and countless meetings. The 
architect told us about his aesthetic concerns and we, as the engineer, our structural 
concerns for our architecture, and this communication turned The Shard into reality.”[6] 

2.2. Parameters of the Sustainable Concept of Shard  

The Shard contained 5 very qualified parameters in a sustainable context at the same time.  

2.2.1. To Decrease the Traffic Load of the City in Terms of CO Emissions  

The first of these is that the structure is located just above the London Main Line Central 
Station structure and alleviates the traffic load of the city. This approach focused on 
minimizing the use of private vehicles among home office life in daily routine. Shard design 
unit, both for those working on their own office floors and the critical Port area and its 
surroundings, where it is located, the regulation of the traffic routine on behalf of the 
London Bridge area and the internal solutions established by the ground floor solutions 
with the London Main Line Station structure bear the burden at the highest level in a 
sustainable context. To reduce the CO carbon monoxide gas emission of the city, by the 
way,  to provide a positive effect on air quality. (see figure 1, figure 4) 

The region where the Shard is built is exactly the definition of the concept of regeneration. 
The structure has directly affected the general character of the region and has ensured the 
full integration of the main switchboard station with the economy and finance center of 
the city. It has inhibited transportation and traffic problems.  

2.2.2 Steel Spire to Eliminate the 3 Million Pound Damper System  

Secondly, in the creation of the main structural system of the Shard, the main load bearing 
structure forming the core with the cooperation of the “mace” group and “WSP”, with an 
application that was tried for the first time in the world, was primarily raised.  

The form made of glass and steel on it was raised like a tapering mesh made of layers and 
layers, and the facade design was integrated. The building reached its apex between the 
72nd and 95th floors with a steel structure spire placed on it like a crown.  
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The building, which looks like an olympic torch here, was imagined to be completed just 
before the London Olympic Games and this spire was designed. With the designed load 
bearing structure, the apartment and residence floors, reinforced concrete office floors and 
the viewing terrace were formed as a steel structure.  

All these rational design parameters saved the structure from the need to put a 3 million 
pound damper in the structure and provide aerodynamic resistance. Once again, 
commitment was a prerequisite, name obtained “Renzo Piano Design”. [6]  

2.2.3. Triple Glazed Blue Panel Systems  

Thirdly, the building has “triple glazed blue glass panels” designed by ARUP and solar 
active energy conversion systems, which are described as expensive efficiency. (see figure 
1, fig2) This triple glazed system is cost-effective, on the other hand, obtained by using 75 
million dollars of the 375 million dollars full budget of the building only on the facade, it is 
an application. [7]  

2.2.4. Tapering Against the Wind Aerodynamic  

The fourth parameter, in fact, should be made at the very beginning of the design decisions, 
especially in high structures and skyscraper structures of 300 meters and above.  Due to 
the extra load that the active wind speed puts on the building structure, it is necessary to 
make the aerodynamic resistance decisions of the structure very accurately. Tapering 
upwards from cube to cone also fully meets the sustainability criteria in terms of inhibiting 
the wind load on the Shard design, in which the “Tapering” system is actively used, and 
thus reducing the initial construction costs of the structure. (see figure 5)  

2.2.5. Reuse of Recycled Materials in Terms of Constrcution  

Finally, the fifth parameter is the following, the fact that the material used as the building 
structural material is obtained from 95% recycled material shows that it is suitable for the 
sustainable design criteria of the Shard in all possible dimensions at the time it was made, 
according to The Guardian. [8] 

  

Fig. 1 The Shard Facade View[7] Fig 2 Triple Glazed Detail [7] 
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Fig. 3  The Shard Facade, Triple Glazed Detail [7] 

  

Fig. 4 Construction Technique and Usage 
Functions According to Shard Floors, 

Cambridge [9] 

Fig. 5 Shard Parametric Facade 
Design System, a Street View [2] 

3. The Shard London Analysis in The Context of Parametric Design 

3.1. Understanding the Key for CFD Simulations to Evaluate High Rise Structures 

Within the scope of this study, London The Shard skyscraper project, which is one of the 
high-rise building studies designed and implemented with parametric design principles, 
firstly over the Rhino 3D modeling system, which will enable CFD (Computational Fluid 
Dynamics) analyzes to be performed, followed by simplification and mass analysis studies, 
and the data of the wind structure is abundant. Based on basic data such as direction, the 
structure was modeled in its real condition and subjected to wind tunnel tests. 

In this study, which is based on CFD applications, the main purpose and aim to be examined 
are, built on the basis of parametric design principles, to what extent a 300 meter or more 
high structure affects the building physics parameters in the surrounding area, how many 
meters distance, how dense it is in the wind load affects. Turbulence models are the 
calculation of how much it affects other structures and what the distance of the impact area 
is. 
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In the analyzes made, the results of how much the structure is affected by wind load in the 
context of structural load analyzes on itself will also be examined on the basis of both P 
wind load pressure, wind speed and vorticity, and effective vortex distributions. 

 

Fig. 6 Building Physics in The Shard London Structure and Its Metropolitan Concept, 
Its Situation in Environmental Relations, Its Relations with Transportation Networks 

and Its Relation with Other High Building Stock [10] 

4. Methodology and Method for Simulations  

4.1. Modelling the Simulation Environment & Procedures 

The study proceeded through 2 basic methods, in the first of which, Navier-Stokes flow 
equations were used with the exact and instantaneous solution method used in "stationary 
model" static loads - wind turbulence factor analysis. In the second, Time Dependent 
analyzes were performed and time dependent time-based oscillations were measured in a 
certain ∆t interval.  

In the Shard model, where the wind turbulence is tried to be inhibited to design for 300 
meters above, tapering upwards technique has been adapted. In terms of CFD simulations, 
in the time dependent based solution technique, the effect of turbulence on the physical 
environment of the structure has been analyzed, for the wind vorticity problems, up to how 
many meters can be calculated mathematically in the model on the coordinate system.  

As it is observed in some literature, the structural analysis is based on not only the pressure 
load, but also “ρ”, the density of the flow on the structure, “μ”, the viscosity shown against 
this flow, the creative velocity of the flow and the pressure. In this study, the Navier Stokes 
equation-based analysis have been examined using the 300 meters and above algebraic 
and k-omega turbulence models.  

Peter Irwin from RWDI Canada group stated that the 300 meter boundary is a critical 
threshold value in the context of measuring the wind character and the loads on the 
structure [11] Calculations and standards of high structures depending on the regulations 
can be used in practice and in a primary sense, but in structures of 300 meters and below 
[12], [13].  

4.2. Necessity for Simulations to Risk Scenario, Losing the Reliability of Norms 
and Standards above 300 meters  

The main point of this theory is the view that when the high structure is designed higher 
than the 300-meter limit, Irwin supports that norms and standards lose their applicability 
and reliability. [12] Turbulent flow of 300 meters high and Eddy Vortexes make the effect 
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of the wind on the structure from being measurable and predictable, to the point of 
unmeasurable and unpredictable. At this point, the two safest methods available are CFD 
computer simulations and real wind tunnel testing. 

With the simulations made in the context of CFD, wind tunnel designs that make it possible 
to obtain physical qualifications and suitable wind turbulence models in real wind tunnels. 
Sensor mechanisms placed in the model (prototype) and instantaneous measurements 
based on differentials can provide the closest results to the reality and the appropriate risk 
analysis can be obtained. [14] This argument of Peter Irwin, in the relevant article [11], 
was also supported in the speech of Ender Ozkan. (a member of the same group, Head of 
RWDI London and RWDI Europe CEO, on May 29, 2021, in the context of Mimsa Workshop 
Conference Series.)  

While the vortex effects make norms and standards far from safe in structures of 300 
meters and above, real tests and simulations against every bad scenario make it necessary 
to calculate P wind pressure measurements, vorticity, and vortex loads, and oscillations on 
the basis of risk.  

“The boundary layer models in many building codes and standards have served well for 
buildings less than about 300m but more realistic models need to be used above 300m. “ Peter 
Irwin – RWDI Canada [11] 

5. Results and Discussions  

Data analyzes were concluded in this context. As a result of experimental analysis and 
simulation studies carried out in Matlab environment, 23853 grid cells were assigned on 
5039 grid points, data sensitivity should be considered in this context. (Fig.7) 

5.1. Simulation Environment Model Factor and Mesh Condition 

Simulations are provided over  
• the minimum grid cell volume of 4.6758,  
• 4.2603e+03 (m3) mean grid cell volume  
• and 1.1788e+04 maximum grid cell volume,  
• 0.1695 minimum grid cell quality,  
• 0.8532 average grid cell quality  
• 6 limit value interfaces. 

The 3D mass analysis of the structure has been modeled with real data in the Rhino 
environment, and it has been made measurable and adaptable to CFD for Matlab 
simulation.  
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Fig. 7 Matlab Experimental Analysis And Simulation Data Analysis Precision Criteria 

 

5.2. Simulation Model for the Velocity Change, k-omega Turbulence Model & 
Wind Vortex, Velocity Spectrum (x, z - directions) 

 

Fig. 8 The Effect of the Shard Structure Around 300 Meters In The Context of the V-3V 
Velocity 

In the results obtained, it has been determined that the normal, ground story speed level 
influences the building physics and environmental conditions in the first 600-800 meters 
range after the building itself, 3 times as much, and it increases the current speed vector 
from V to 3V. 
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Fig. 9 Vortex And Wind Turbulence Effects of the Structure in the 600-800 Meter 
Range 

 

Fig. 10 Vortex and Wind Turbulence Effects of the Structure in the 600-800 Meter 
Range 

Due to the wind turbulence and vortex effects created around the 300 meters above 
structure, it has been determined that   the vortex effect persists in the 600-800  meter 
distance range  closest to the structure. (Fig 9, Fig 10)  
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5.3. Simulation Model for the Time Dependent Scenario– ∆t interval change & 
Wind Vortex (x, z -directions) 

 

Fig. 11 Measurement of Vortex Effect Distance In The Solution of the Structure in the 
Simulation Range of Time Dependent Delta T 

 

Fig. 12 Measurement of Vortex Effect Distance in the Solution of the Structure in the 
Simulation Range of Time Dependent Delta T 

In the time dependent analyzes used as the second method, the change in the vortex and 
velocity vector in a certain ∆t interval, have been examined. This method supported the 
first obtained Navier Stokes instantaneous and clear solution data. It has been proven that 
the effect creates on top of the structure, that is, the highest point, continues until the first 
600-800 meters after the flood. 

5.4. Simulation Model for the k-omega Turbulence Model Scenario– & Wind 
Vortex and Pressure Spectrum (x, z-direction) 

After the analysis of the structure on the velocity and vortex effect mechanisms, the 
relationship of the structure with the pressure has been examined, and it has been 
concluded in this analysis that the pressure load on the structure in the range of 280-300 
meters have an effect in the context of P-5P pressure change in spectrum.  
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The pressure load, which is P in the first 25 meters of the structure, reaches a pressure of 
5P in the range of approximately 280-300 meters height of the structure. (z direction) (Fig 
13)  

 

Fig. 13 Analysis of the Pressure Factor, Change Between the First 25 Meters of the 
Structure and 280-300 Meters Thereafter 

 

Fig. 14 Analysis of the First 800-1000 Meters Environment Interaction of the Structure 
and P-2P Pressure Changes (X-Direction) 

In addition, when the building physics and safety comfort conditions on the surrounding 
of the structure are analyzed, it has been determined that the pressure effect on the P-2P 
scale continues in the first 800-1000 meters after the structure, based on the prevailing 
wind direction (Fig 14). 
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Fig. 15 The Risks of Separation of the Facade from the Structure with the Vortex Effect 
of the Building Facade Cladding System and the Density Indicators for the First 150 

Meters 

 

Fig. 16 The Risks of Separation of the Facade from the Structure with the Vortex Effect 
of the Building Facade Cladding System and the Density Indicators for the First 150 

Meters 

Based on the structural load, the pressure on the building and especially the risk of 
separation of the facade from the structure with speed vortices and turbulence on the glass 
facade system, it is concluded that the wind load on the facade primarily affects the 
building environment in the first 100-150 meters. 

As a result, in the part of what is called “the skyscraper” structures, take their place in the 
literature as "supertall buildings and skyscrapers" at 300 meters and above, have essential 
and critic design points to be safe and sustainable. 300 meters and above heights need to 
be examined differently from the norms and standards. Finding a topic in the world 
literature as “high-rise design and wind engineering” – “tall building design and wind 
engineering” is an extreme critical point needs to be simulated in detail both for speed 
vortex and pressure affects. A serious research area that requires special design principles 
with both simulations and effective CFD analysis, in turbulent and laminar flow 
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assumptions, also considering the risks it contains. To mention such as the the risk of 
facade fall under turbulent flow, could be possible in a negative risk scenario. 
Unfortunately, became reality in HSBC Headquarter in London. (info on 29 may 2021, 
conversation with Ender Ozkan, RWDI) Writer’s research continues effectively with their 
original design & models, methods and analyzes for Ph.D. doctorate, in the context of 
MSGSU Mimar Sinan University - Construction Physics Doctorate Program.  

6. Conclusions  

In this study, a comprehensive review of the shard skyscraper structure, which is known 
as the best example of western Europe, was made under the topics of sustainability and 
wind aerodynamics, to be safe and provide sustainable design. Wind dynamics and fluid 
mechanics pronciples have been taken into account in detail. All the calculations 
performed under the reliability of matlab systems with the Navier Stokes equation on k-
omega turbulance model.   

6.1. Risks and Essentials of Supertall Structures Design  

Skyscrapers are structures that need to be built and tested as prototypes in wind tunnel 
tests [14] because they are exposed to extra wind load that do not comply with the norms 
and standards in force during their construction, especially when skyscrapers over 300 
meters are considered.  

In this context, it is a structure group that is difficult to construct, whose structural 
calculations must be specially designed for  

• both their facade strength and their individual load-bearing systems,  
• by pre-determining the risk on them,  
• such as the risk of overturning,  
• collapse risk,  
• damage from the wind,  
• or the measurement of the oscillation coefficient.  

They are structures that can be constructed by the simultaneous work of architecture and 
engineering disciplines and producing solutions together. 

6.2. Success of The Shard London in Terms of Sustainability 

The success of “London The Shard” skyscraper structure, which is one of the best known 
examples of western Europe, and studied as a prototype in this study, in terms of energy 
efficient transformation mechanisms and energy efficiency in its initial design, is analyzed. 
In this concept, with the data obtained from the literature studied on the Shard [8], the 
recyclable materials used at the rate of 95% in the construction of the structure. Moreover, 
the use of a 3-million-dollar damper has been waived thanks to the steel crown positioned 
on top of the structure itself. In aethetics aspects, it has been also considered to be the 
flame of the Olympic Games. [6] 

Moreover, the location and having the role to be an icon of the the business life of city 
centre by its location is highly essential. In terms of being the transit point of the city and 
the relation with the building & office aspects need to be taken into consideration. It has 
been seen that the building exhibits a successful example in terms of sustainable 
architecture due to reasons such as being a pioneer-designed high-rise building. With all 
the explanations and proven cases above, it has been determined that a high-rise building 
or a skyscraper structure can also be energy efficient with a creative design.  
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6.3. Success of The Shard London in Terms of Aerodynamic Structure Design 

The Shard skyscraper structure is modeled in Rhino computer environment, in accordance 
with the 1-1 architectural features and the original, with the relevant proportions, 
dimensions and this created model is analyzed with CFD Computational Fluid Dynamics 
simulations in the Matlab environment.  

The technique applied is similar to the techniques studied in skyscraper construction 
systems, which are built in the real sense, by modeling skyscraper prototype models as 
models and testing them in wind tunnels, making it possible how this analysis can be done 
during a Ph.D. doctoral study at the university, academic level.  

Model simulations were created by creating appropriate environmental data in a matlab 
computer environment, processing the relevant scenarios into the model, and the Shard 
skyscraper structure in real terms and at the location in London, taking into account the 
characteristics such as wind speed, wind load, pressure factors, and 300 meters above - 
high structure, with its environmental models were created.  

 

Since the structure over 300 meters is exposed to the vortex effect within the scope of 
super-high structures, the turbulent flow is solved by using the Navier Stokes equations. 
Here, in the interface of the matlab program, the data related to the solution are provided 
as input to the Navier Stokes equation.  

In the data obtained from the simulation, the graphs obtained as matlab CFD simulation 
outputs, vortex diagrams, pressure and velocity controls enable the structure to be 
evaluated. The difference between the pressure and velocity distributions on and behind 
the structure observed in 800-1000 meters range, and in this sense, the velocity change of 
V-3V spectrum, or the pressure change of P-2P spectrum, obtained in x -direction. For z-
direction, the pressure change detected with the scope from P to 5P, from first 25 meters 
to 280 – 300 meters limit, under the effect of height and wind.    

Table 1 .Pressure and Velocity Differences on X and X coordinates (Fig 8, 9, 13, 14) 

 
Finally, as it is, the change of the environmental conditions on the front of the facade and 
behind the facade of The Shard structure is determined in accordance with the real data, 
and essentially, by obtaining the necessary ratios in the context of the coefficient. In case, 
by this way,  the total risk scenario can be calculated actively, even during the wind speed 
and fluctuations throughout the year occur. 
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Coordinate Mean 
Dimensions 

(meters) 
P(initial) P(final) V(initial) 

 
V (final)  

(in ratio and coefficient ) 

X distance 800-1000 P 2P V 3V 

Z height 280-300 P 5P 
Increase regularly by 

height of the floors 
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