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Abstract: Worldwide, there is a growing level of interest to develop sustainable cement-based prod-
ucts and processes in which the usage of natural resources such as sand and limestone are reduced 
from the current levels. One of the ways to achieve this is by replacing them with suitable inclusions 
of recycled granular materials from municipal wastes where possible. However, to understand the 
effects of such inclusions in concrete structures, research advancements are needed to sense and 
characterise the distribution of stresses (/strains) at the local scale and to establish their links with 
the fracture and bulk strength characteristics under external loading environments, which is the 
focus here. In this research, polyethylene (PE)-based granular materials derived from municipal 
wastes and fly ash obtained from the incineration of municipal solid wastes are used together as 
secondary raw materials in preparing the concrete mixtures. Photo stress analysis (PSA) is per-
formed here, making non-contact and whole-field digital measurements of maximum shear stress 
distribution and the directions of the principal stresses at any point of interest on the surface of the 
samples under external loading. Their links with the fracture toughness and flexural strength of the 
samples cured at different times are presented. The novel PSA-based stresssensing helps to establish 
new understandings of the strength characteristics of composites across scales in the applications 
involving recycling and reusing conventional wastes and possibly in otherengineering applications 
in the future. 

Keywords: micromechanics; composite concretes; optical stress analysis; fracture toughness; incin-
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1. Introduction 
Concrete, in general, can be defined as a composite material consisting of binding 

materials (i.e., Portland cement, lime) mixed with filler medium (i.e., fine and coarse gran-
ular material), and water and admixtures in specific proportions [1]. When Portland ce-
ment is mixed with water, cement paste is produced as a result of a chemical reaction, 
which is called hydration, between cement and water. In concrete, cement paste acts as a 
binding medium, while aggregates such as sand and gravel act as fillers. Cement paste 
fills the space between aggregates and keeps all aggregates embedded into the solid ma-
trix. As cement paste hardens and gains strength, it forms a stone-like mass that is called 
concrete. 

Concrete is one of the most versatile and widely used construction materials in the 
world [2]. However, despite all the benefits of concrete, there are adverse impacts of 
concrete on the environment [3,4]. The production of 1 tonne of cement emits between 0.6 
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and 1.0 tonne of CO2 into the atmosphere [5]. Hence, cement production, all around the 
world, is contributing about 5–7% of anthropogenic CO2 emissions [6]. 

Furthermore, concrete consumes a large amount of natural aggregates. About 60–
70% of the concrete volume is occupied by fine and coarse aggregates [7]. As the demand 
for concrete increases, consumption of cement and aggregates will continue with their 
adverse environmental effects. 

Sustainable development in the construction industry requires reducing the con-
sumption of cement and natural aggregates while increasing the quality of concrete. This 
requirement is one of the motivations of the construction industry to incorporate solid 
waste materials and industrial by-products in the production of cement-based materials 
[3,8]. To reduce the cement amount, some industrial granular by-products such as coal fly 
ash [9], municipal fly ash [10–13], ground granulated blast-furnace slag [14,15], and silica 
fumes [16,17] have been used as cement replacement or admixtures. Furthermore, recent 
studies show the suitability of using bottom fly ash, especially in vitrified form, as a val-
uable replacement for ordinary Portland cement (OPC) and sand in mortars [18]. Other 
studies have shown the usefulness of applying different pre-treatment procedures to im-
prove the performance of fly ash in developing sustainable concretes [19]. To decrease the 
natural aggregate demand, granular aggregates from recycled concrete [20,21] and recy-
cled polymers [22,23] have been used in the construction industry in consideration of sus-
tainability. In several countries, polymeric materials derived from municipal wastes are 
used for this purpose. For example, Figure 1 shows the typical polymeric waste contents 
available in Qatar municipal wastes [24,25]. A few examples of the materials studied were 
high-density and low-density polyethylene (HDPE and LDPE, respectively), polyethylene 
terephthalate (PET), polycarbonate (PC), polyvinyl chloride (PVC), polystyrene (PS), ac-
rylonitrile butadiene styrene (ABS), and recycled polypropylene reinforced with materials 
such as talc and fibre glass. HDPE and LDPE constitute a major proportion. Al-Ma’adeed 
et al. [25] compared the environmental impacts of virgin and recycled thermoplastics (pol-
ypropylene [PP] and polyethylene [PE]) with mineral fillers like talc and glass fibre and 
reported that recycling has a lower environmental effect. 

 
Figure 1. (a) Distribution of contents of municipal solid wastes (normalised to a maximum fraction 
of 1). (b) The types of plastic wastes (presented in percentages of the available total plastic wastes) 
in Qatar [24,25]. 

The construction industry is facing difficulties in adopting more sustainable 
practices, including the use of waste, by-products, or recycled granular materials to 
reduce CO2 emissions and conserve natural raw materials because the substitution of 
these granular materials in concrete makes its heterogeneous nature more complex and 
challenging. However, one of the fundamental challenges to overcome in developing and 
designing new composite concretes is to understand the mechanical strength characteris-
tics of concretes at both micro (local) and macro (global) scales. The current level of 
strength evaluation tests mostly pertain to global strength measures [1]. 

For concretes subjected to external loading conditions, micro-scale strain measure-
ments are generally made using electrical strain gauges and rosettes [26,27]. Fibre optic 
sensors could help to make strain measurements inside concretes, but with some intrusion 
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effects of the sensor [28]. Signals derived from other methods such as holographic inter-
ferometry [29] and acoustic emission [30] are used to infer and monitor crack growth in 
concrete structures. Infrared (IR) thermography [31] and digital image correlation (DIC) 
[32–34] have been used to detect displacements and crack formation on the surface of con-
cretes. Photo stress analysis (PSA) [35] has been reported to detect stress (/strain) distri-
bution on materials by studying the birefringent (/photonic) properties of light-transmit-
ting materials, or using birefringent coatings applied on opaque materials under mechan-
ical loading. Each method has its advantages and disadvantages, however, non-contact 
and whole-field measurement methods including having the ability to analyse stresses on 
relatively hard materials are generally preferable. Research on the applicability of PSA to 
concrete structures is relatively scarce in the literature. 

Here, using PSA, the focus is on sensing and analysing the evolution of maximum 
shear stress (/shear strain) distribution on concrete samples hosting granular materials 
derived from municipal wastes and fly ash obtained from the incineration of municipal 
solid wastes. Cylindrical and beam samples of the concretes are considered in this study. 
The cylindrical samples were subjected to an axial compression test and the rectangular 
notched beams were subjected to the flexural strength test as per ASTM standards. Using 
PSA, detailed analysis was reported on the variation of the shear stress concentration fac-
tor in all types of the samples and more accurate characterisation of the local fracture pro-
cessing zone (where deviator stress (/strain) is most dominant) in the notched samples. 
These, in turn, helped to link with the evaluation of the fracture toughness of composite 
concretes considered here. 

2. Materials and Methods 
2.1. Materials 

In this study, different types of granules recycled from Qatar’s domestic solid waste 
processing streams were used (Figure 2). They were added into concrete mixes in con-
trolled proportions for making seven different types of concrete samples. In all concrete 
mixtures, a polycarboxylic-ether-based superplasticiser with a specific gravity of 1.11 ± 
0.03 was used to obtain the desired workability and kept constant for comparison. The 
amount of superplasticiser (SP) was about 3.5% by weight of cement for all concrete mix-
tures. The aggregates were procured from the local recycling companies in Qatar as de-
tailed below. 

The plastic materials (Figure 2) comprised virgin high-density polyethylene (v-
HDPE) samples (collected from Qatar Chemical Company (QCHEM)) and virgin low-
density polyethylene (v-LDPE) samples (collected from Qatar Petrochemical Company 
(QAPCO)). They were used in the mixtures in systematic proportions to compare their 
effect on the mechanical properties of the concrete samples. Both v-HDPE and v-LDPE 
were in the form of spherical granules with an average diameter of 3.0 mm (0.118 in.). 
Recycled polyethylene granules were collected from one of the plastic recycling compa-
nies in Qatar. In this plant, first HDPE and LDPE municipal plastic wastes were separated, 
and then they were processed. Separated HDPE and LDPE wastes were washed and 
crushed into scraps. Before extrusion, these crushed scraps were dried and then fed into 
the extruder and extracted as plastic wires. Finally, these plastic wires were reshaped into 
cylindrical granules (Figures 1 and 2), and fibres (r-HDPE fibres of length 3–10 mm and 
100 µm diameter). The average diameter and length were 4.0 mm and 3.5 mm for r-HDPE, 
and both 3.0 mm for r-LDPE. The properties of polyethylene used in this research are 
given in Table 1, while the shape and size of polyethylene aggregates along with their 
SEM images are presented in Figure 3. 
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Figure 2. Typical virgin and recycled polyethylene samples derived from municipal wastes (v-virgin; r-recycled). 

  

(a) (b) 

  

(c) (d) 
Figure 3. Particle shape and size of polyethyline (PE) aggregates used in this study and their surface texture (a) virgin low-density 
polyethylene (v-LDPE), (b) virgin high-density polyethylene (v-HDPE), (c) recycled LDPE, and (d) recycled HDPE. 
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Table 1. Properties of polyethylene aggregates. 

 Polyethylene Type 

v-LDPE v-HDPE r-LDPE r-HDPE 

Density (g/cm3) 0.917 0.926 0.899 0.919 

Load at Maximum Load (N)  27.45 33.12 33.20 74.34 

Tensile Strength (MPa) 12 12.6 12.5 25.22 

Elastic Modulus (MPa)  206 414 293 672 

% Total Elongation at Fracture 382 136 348 152 

2.2. Strength Assessments 
Table 2 provides the details of the seven concrete mixes used in this study. More 

details on the preparation and the evaluation of the physical, chemical, and functional 
material properties of the different concrete mixes used here can be found elsewhere [36]. 
Here we focus on the application of PSA as presented above. Two types of samples were 
considered here: cylinders (200 mm length and 100 mm diameter) subjected to compres-
sion (ASTM C39), and notched beams (160 mm × 40 mm × 40 mm having a 1 mm notch 
size at the middle, Figure 4) subjected to three-point bending to evaluate flexural strength 
and fracture toughness (ASTM C78). The 7-, 28-, and 90-day cured samples were tested 
for assessing different mechanical properties, though the stress sensing and fracture 
toughness evaluations were limited to 28-day and 90-day samples. 

Table 2. Mix ID and the composition of the concrete samples. 

Mix ID Constituents 
1 PM 1  
2 PM 1, MSF 2 
3 PM 1, Hybrid fibre 3 
4 PM1, MSF 2, v-LDPE 4 granule 
5 PM1, MSF 2, v-HDPE 4 granule 
6 PM1, MSF 2, r-LDPE 4 granule 
7 PM1, MSF 2, r-HDPE 4 granule 

1 PM (Pozzolanic materials) = 10% Fly ash and 10% Silica fume (by weight of total binder). 2 MSF 
(micro-steel fibre of length 6 mm and diameter 160 µm) = 2% by weight. 3 Hybrid fibre = 1% micro-
steel fibre and 1% r-HDPE fibre. 4 PE granule = 10% by weight of coarse aggregate. 
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Figure 4. Schematic diagram of the notched prism sample. 

2.3. PSA Measurements 
The experimental methodology to sense the maximum shear stress distribution 

whole-field on the samples under the mechanical loading was based on reflective type 
PSA (Figure 5) and an expanded detail of this can be found elsewhere [37]. The setup for 
the PSA-based experiments (Figure 5) under loading (Figure 6) involved initially making 
a polished surface of the concrete specimens. A uniform birefringent coating [38] was ap-
plied on the surface of the different concrete specimens and allowed 24 h for the coating 
to bond well with the specimen (strain optic coefficient [39] of the film was 0.06 
m/m/(m/m)) (Figure 7). We also verified that the coatings were free from any shrinkage 
stresses in the photonic stress measurements (as described below) so that no birefringence 
was noticed in any of the unloaded specimens. Then the standard ASTM C39 compression 
[40] and ASTM C78 three-point bend tests [41] were conducted on the specimens using a 
500 kN Instron compression machine under a slow loading rate of 0.25 MPa/s and 41 N/s 
for compression and flexural tests, respectively (Figure 6). The method of measuring bi-
refringence on the surface of the concrete is similar to measuring it on the surface of the 
human cornea [42] except that, as concrete is not naturally birefringent (unlike the human 
eye [42]), the birefringent coating applied on the surface of the concrete provided the sim-
ilar functionality (birefringence under loading). The wavelength of light from the initial 
light source was 650 nm. Expanded details on the working of PSA can be found elsewhere 
[37,39,43]. In brief, a circularly polarised light sweeps on the birefringent-coated surface 
of the loaded specimens (Figures 5 and 7). Under the mechanical loading, the outcoming 
retarded light from the sample is elliptically polarised [43]. This is characterised further 
by using an analyser for different optical orientations of the analyser [43]. At the point of 
interest in the sample, the retardation was related to the principal strain difference or the 
principal stress difference using the well-known strain (or stress)-optic law [39,42,43]. The 
difference between the principal strain components and principal stress components are 
referred to as deviator strain and deviator stress, respectively [39,44,45]. The maximum 
shear stress (τmax) is equal to half the deviator stress [39,45]. The shear stress concentration 
factor Scf was evaluated under the ultimate load as [42]; 

Scf = τmax/τavg (1)

where τavg is the average value of the maximum shear stress calculated from the middle 
one-third region of the measurement side of the beam in the case of the prism (to not get 
affected by the beam supports) and the full length, in the case of the cylindrical samples 
(Figure 8). 
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Figure 5. Schematic diagram showing PSA experimental setup (notched beam). 

 
Figure 6. Standard ASTM C78 three-point bend tests conducted on the specimens using a 500 kN 
Instron compression machine. 

 

 
(a) (b) 

Figure 7. Coated samples: (a) cylinders and (b) prism specimens. 



Sustainability 2021, 13, 848 8 of 21 
 

 
Figure 8. Illustration of the scan lines (equally spaced) considered on the samples of prism and cylinder for stress analysis. 

3. Results and Discussion 
The results focus on the mechanical and fracture properties of the composite beams 

investigated here, including the evolution of the distribution of maximum shear stress and 
principal stress directions. In the following, the compressive strength of the samples is 
presented in Figure 9.  

 
Figure 9. Compressive strength of the concrete samples. 

The results on the evolution of the maximum stress distribution for the unnotched 
prisms and cylinders and corresponding variation of the shear stress concentration factor 
across different sections in the samples are shown in Figures 10–16. Similar results are also 
presented for the notched prism (Figures 17 and 18). Finally, the evaluation of the fracture 
toughness of the samples using the PSA-Technology-based methods (denoted by the term 
PSAT in the plots) and their comparison with a conventional approach are provided in 
Figure 19. 

3.1. Strength Characteristics 
The compressive strength test results of the composite concrete mixtures are pre-

sented in Figure 9. The values represent the average values of at least three samples. As 
seen from the compressive strength test results, (i) the 28- and 90-day compressive 
strengths were significantly higher than that of the 7-day samples, including the cases of 
the granules-added samples; (ii) the granules-added samples showed a slight decrease in 
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their compressive strength, and hence further studies are to be conducted to include suit-
able bonding materials to increase their compressive strength; (iii) although the 90-day 
strength was higher than the 28-day strength in the samples, the increase was significantly 
higher in the case of samples with HDPE granules (Mixes 5 and 7). Some observations on 
the compressive strength characteristics were consistent with other studies on using plas-
tic particles with cementitious materials [46,47]. However, other studies have shown that, 
even though the polymer-added concrete composites present some reduction in strength 
compared to the control sample, they possess significantly high resistance against sul-
phate attack, as found in the case of the current samples as well and reported elsewhere 
[36]. 

The results on the flexural strength and fracture toughness of the samples are incor-
porated and discussed later (Figure 19) for convenience. 

3.2. Distribution of Maximum Shear Stress and Direction of Principal Stresses 
In all the following plots of maximum shear stress distribution, colour-coded scales 

are provided. The direction of the major principal stress is plotted as dotted lines (and the 
minor principal stress acts orthogonally to the direction of the major principal stress). 
Here, maximum shear stress distribution on the concrete samples for the unnotched 
prisms and cylinders under different loading levels P (in terms of different fractions of the 
ultimate load Pu) was analysed. It is to be noted that notched prisms will be analysed later 
to evaluate the fracture toughness. From Figures 10 and 11, it can be seen that the maxi-
mum shear stress distribution in the prisms mostly occurs in triangular regions, starting 
beneath the loading point at the top of the prism, and spreads to the edges of the prism as 
the bottom of the prism is approached. Interestingly, the relatively low-level mobilisation 
of maximum shear stress distribution occurred in Mix 4 in the 28-day sample; and in Mix 
5 in the 90-day samples. This trend coincided with the trends in their flexural strength 
(denoted as fcf in Figure 19) with its lowest value for Mix 4 in the 28-day samples and Mix 
5 in the 90-day samples. 

The evolution of maximum shear stress distribution is also presented for the 28- and 
90-day cylinders in Figures 12 and 13. Its variations across different levels will be pre-
sented later. However, interestingly, the relatively strong levels of stress distribution pro-
file were spread across almost all parts of the sample of Mix 4 in the 28-day sample. Inter-
estingly, Mix 4 exhibited the highest compressive strength among the 28-day samples. 
Similar correlative trends were also noticed in the case of samples with relatively high 
compressive strength for the 90-day samples (Mixes 1, 2, 4, 7 in Figures 9 and 13). 
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Figure 10. Distribution of maximum shear stress on the prisms of the 28-day samples under different load levels. 



Sustainability 2021, 13, 848 11 of 21 
 

 
Figure 11. Distribution of maximum shear stress on the prisms of the 90-day samples under different load levels. 
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Figure 12. Distribution of maximum shear stress on the cylinders of the 28-day samples under different load levels. 
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Figure 13. Distribution of maximum shear stress on the cylinders of the 90-day samples under different load levels. 

Next, we analysed the shear stress concentration factor across the scanning lines (Fig-
ure 8) for both the unnotched 28- and 90-day prisms, and a typical case of 28-day cylin-
ders. Their average values are presented in Figures 14–16. It can be seen that the shear 
stress concentration factor varied nonhomogeneous across the sections, and the PSA was 
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capable of giving precise information on where its maximum value occurred in the sam-
ples from the whole-field digital measurements. Such information will be useful in iden-
tifying the active deviator stress mobilisation regions in such complex samples. 

 

Figure 14. Shear stress concentration factor for unnotched prisms at 28 days. (a–g) pertain to Mixes 1–7, respectively. The 
vertical axes present the shear stress concentration factor. Loads 1–3 correspond to 0.25, 0.5, and 1 times the ultimate load 
Pu, respectively. 

 

Figure 15. Shear stress concentration factor for unnotched prisms at 90 days. (a–g) pertain to Mixes 1–7, respectively. The vertical 
axes present the shear stress concentration factor. Loads 1–3 correspond to 0.25, 0.5, and 1 times the ultimate load Pu, 
respectively. 
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Figure 16. Shear Stress concentration factor for the cylinders at 28 days. (a–g) pertain to Mixes 1–7, respectively. Loads 1–3 
correspond to 0.25, 0.5, and 1 times the ultimate load Pu, respectively. 

3.3. Evaluation of Fracture Toughness Using the Notched Prism Samples 
The maximum shear stress profile of notched samples is presented in Figure 17 for 

the typical case of 28-day samples. It suggests that there was a high level of shear stress 
ahead of the tip of the notch/crack when the load was applied. This can also be seen in 
Figures 18, where shear stress concentration is plotted for different scanning lines up to 
the tip of the notch from the top surface of the notched prisms. It can be seen that among 
the scan lines chosen, scan line 4 presents the highest shear stress concentration factor 
ahead of the notch. However, the digital information of this for the whole region provided 
the ability to locate the points of its highest magnitude. 
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Figure 17. Maximum shear stress distribution on the notched beam samples under different loading levels P, presented for the 
mid-one-third region of the beams subjected to 28 days curing for comparison purposes. The arrows show the direction of the ma-
jor principal stress. 
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(e)

 

 

      

Figure 18. Shear stress concentration factor for the notched prisms at 28 days. (a–g) pertain to Mixes 1–7, respectively. Loads 1–3 
correspond to 0.25, 0.5, and 1 times the ultimate load Pu respectively. 

Also, in the strength analysis of materials, fracture mechanics considers the evolution 
of the fracture process zone (FPZ), which mobilises shear at a local scale ahead of the crack 
(/notch) tip. The characteristic depth of this plus the depth of the initial crack (/notch) size 
is considered as effective crack length (or effective depth) in the treatment of evaluating 
the fracture toughness using the effective crack (notch) model [48]. The determination of 
the effective depth is not straightforward in the existing experimental testing of concretes. 
Locating the evolution of cracks, their geometrical features, and the active shear mobilisa-
tion regions (at the local scale) ahead of the notch tip is difficult to measure with either the 
naked eye or by using a conventional microscope under progressive levels of external 
loading. In the current experimental work, we sensed the whole-field distribution of the 
deviator stress (or maximum shear stress) ahead of the notch using the birefringent prop-
erties of the coated samples as explained above. At the scale of the grain, the slippage of 
the grains and subsequent formation of cracks under the mechanical loading is favourable 
to their maximum shear stress state (or related deviatoric state) [45,49]. Hence in this 
study, it can be postulated that by sensing the evolution of τmax, the location of the highest 
value of τmax (or the point of the highest value of the retardation of light) from the initial 
notch tip under the ultimate load was used to evaluate the effective length of the crack 
(𝑎 ) and 𝐾 . The fracture toughness (denoted as 𝐾 ) was calculated as follows, at first 
using the effective crack (notch) model [48] and then using the current approach (denoted 
as 𝐾 ) by replacing the value of the theoretical effective crack length with the current 

(e) (f) (g) 
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experimental data of the present work [37]. These results are presented for the different 
mixes in Figure 19 in which the flexural strength fcf and the maximum shear stress concen-
tration factor Scf are also included for comparison purposes. Table 3 presents the compar-
ison of the fracture toughness evaluated for a typical case of 90-day samples, and com-
pared the current approach (𝐾 ) with the existing effective crack length model [48] 
(𝐾 ), which involved empirical equations at some parts. For information, the maximum 
value of the shear stress concentration factor was also incorporated. 

We observed that the fracture toughness values evaluated using the current approach 
were in good agreement with those evaluated using the conventional method approach, 
as said above. Overall, the mix that contained only steel fibre (Mix 2) exhibited the highest 
value of fracture toughness and shear stress concentration factor. However, the current 
method of analysing the fracture toughness was more versatile and generic and can be 
applied to other cases of composite materials in the future. 

 
(a) 

 
(b) 

Figure 19. Flexural strength, maximum shear stress concentration factor, and fracture toughness 
evaluated conventionally and using PSA-Technology (PSAT) (𝐾 and 𝐾 respectively) for the 
concrete specimens: (a) 28-day samples and (b) 90-day samples 

Table 3. Fracture toughness of the 90-day samples (notched prisms). 
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Mix ID 𝐾 (𝑀𝑃𝑎 𝑚 ) 𝐾 (𝑀𝑃𝑎 𝑚 ) 
1 0.84 ± 0.07 0.84 ± 0.00 
2 0.98 ± 0.01 0.99 ± 0.03 
3 0.59 ± 0.07 0.53 ± 0.15 
4 0.51 ± 0.02 0.38 ± 0.02 
5 0.76 ± 0.07 0.73 ± 0.10 
6 0.56 ± 0.04 0.48 ± 0.06 
7 0.84 ± 0.04 0.75 ± 0.02 

4. Conclusions 
The current study demonstrates the usefulness of applying photo stress analysis for 

understanding the mechanical properties of composite concretes using recycled munici-
pal plastic granules. This enables us to understand the mechanics of composite concretes 
at different scales, i.e., visualising the whole-field evolution of shear stress (/strain), and 
their local scale characteristics are applied further for evaluating the bulk strength char-
acteristics of concrete mixes of different ingredients derived from municipal wastes. An 
improved understanding of both the local scale stress (/strain) evolution and bulk strength 
characteristics should in turn help us to develop more realistic theories for describing the 
strength characteristics of new concrete material in the future. This can lead us to develop 
more processes to recycle and reuse plastic wastes for manufacturing novel composites. 
Further studies are required to potentially add suitable new materials, including detailed 
material characterisations for increasing the bonding of the plastic inclusions in the con-
crete samples. The current approach is also suited to extend the investigations to related 
aspects such as size effects of the composite samples and under other loading conditions 
in the future. In the long term, these will help us to reutilise plastic wastes through suita-
bly recycling them into granular and other forms, that would otherwise end up in our 
landfills and harm the environment. 
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