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Abstract 

This paper describes an experimental study, which has been lacking to date, into the mechanical 

properties of cementitious composites incorporating granules and fibres from recycled Reinforced PVC 

(RPVC) banners. A detailed account of more than 140 tests on cylindrical, cubic and prismatic samples 

tested in compression and flexure, with up to 20% replacement of mineral aggregates, is given. Based 

on the test results, the uniaxial properties of selected recycled materials are examined in conjunction 

with a detailed characterisation of the RPVC granule size and geometry. Experimental measurements 

using digital image correlation techniques enable a detailed interpretation of the full constitutive 

response in terms of compression stress-strain behaviour and flexural stress-crack opening curves, as 

well as key mechanical parameters such as strength, elastic modulus and fracture energy. It is shown 

that the mechanical properties decrease proportionally with the amount of RPVC. For each 10% 

increment of volumetric replacement of mineral aggregates, the compressive strength is halved whilst 

the flexural strength is reduced by about 30% compared to their conventional counterparts. The 

reduction in strength is counterbalanced by an improved ductility represented by a favourable post-peak 

response in compression and an enhanced flexural softening and post-cracking performance. Smaller 

particles, with a relatively long acicular or triangular geometry, exhibited better behaviour as these acted 

as fibres with improved bond properties in comparison with intermediate and large size granules. The 

test results and observations enable the definition of a series of expressions to determine the mechanical 

properties of cementitious materials incorporating RPVC and other waste plastics. These expressions 

are then used as a basis for an analytical model for assessing the compressive and tensile stress-strain 

response of such materials. Validations carried out against the tests carried out in this study, as well as 

from previous investigations, indicate that the proposed expressions and the developed constitutive 

model offer reliable representations for practical application. 
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1. Introduction  

The versatility and applicability of polymers have permitted the development of a wide range of 

plastic materials. Over the past half-century, the use and importance of such materials in consumer 

and industrial applications have continuously grown, with the global plastic production reaching 

over 300 million tonnes per year, and this is expected to double within the next two decades [1]. 

The ever-growing plastic production poses significant environmental and health effects. Large 

quantities of plastics are discarded in landfills or incinerated (31-39%), or reach the oceans (1.5-

4%), whilst only a small proportion is collected for recycling in Europe (<30%). Recent 

international strategies have therefore been adopted to curb plastic waste and littering as well as the 

amount of recycled plastics.  

Polyvinyl chloride (PVC) accounts for the fifth and third-largest categories of plastics produced in 

the world and Europe, respectively [2]. It is employed in a wide range of applications in building 

and construction, packaging, and other industries. Vinyl materials are also used as polymer coated 

fabrics in advertising banners, lorry covers and flags. Due to the short-term use of RPVC banners in 

advertising, they are typically discarded in landfill at the end of their life, with only a limited 

quantity, particularly large-size banners, being reused as tent components for emergency sheltering. 

The main challenges posed to end-of-life banner recycling is the intrinsic nature of the constituent 

elements which are a mixed vinyl film-polyester scrim material provided with grommets placed all 

along the hem for tie-off points. Unsurprisingly, in the UK, coated fabrics represent only 1.4% of 

the total PVC recycled and a very small proportion is upcycled in clothing and leisure elements [3].  

As for many waste materials, typical recycling routes for PVC are mechanical, chemical or energy 

recovery. Energy recovery is associated with the release of toxic fumes and carbon dioxide into the 

atmosphere, and produces solid residues such as slag or ash [3-5]. On the other hand, chemical 

recovery is based on material degradation, whilst mechanical recovery involves shredding or 

grinding in chips or powder [7,8]. Although several strategies are in place for plastic recycling, 

limited studies have been undertaken on the recycling or reuse of end-of-life banners. For example, 

an investigation which is based on mechanical recovery involves shredding of end-of-life banners 

along with recycled cables [9]. These are mixed together and further employed as a base material 

for plastic manufacturing techniques. 

A number of previous investigations have focused on the performance of mortars and concrete 

materials provided with recycled particles as aggregates, fillers or fibres [10-13]. Waste plastics 

typically used in concrete include Polyethylene Terephthalate (PET) [14-17], High-Density 

Polyethylene (HDPE) [19,20], Low-Density Polyethylene (LDPE) [21,22], Poly Vinyl Chloride 
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(PVC) [13, 23, 24], Polypropylene (PP) [25-27] or Polystyrene [28] elements in the form of 

granules, chips, shreds or fibres. These are typically recovered from bottles, packaging, textiles, 

electronic parts or plastic bags. 

When the waste plastics are used as aggregates, the proportion replaced influences the fresh, 

mechanical, physical and long-term properties of the composite in a proportional manner to the 

quantity and properties of the mineral aggregates replaced [16,17,29]. For example, 15% 

replacement improves the eco-efficiency and sustainability, yet it impairs its fresh state unless 

additives are used, and reduces the compressive strength to about 35% of its reference counterpart 

[27]. Moreover, in comparison to normal concrete, the concrete compressive strength decreases by 

5%, 15% and 30%, with an increase of plastic content of 25%, 50% and 75%, respectively [15]. On 

the other hand, the use of waste plastics in concrete can improve its toughness as it leads to 

absorption of higher amounts of energy in comparison with conventional concrete materials [10]. 

Although various studies have been undertaken on incorporating waste plastics in cementitious 

mixes, there is a lack of investigations in general on the use of recycled elements from Reinforced 

PVC banners in construction materials, including those from end-of-life banners. In particular, 

assessments of the main mechanical parameters of materials incorporating aggregates resulting 

from recycling of waste plastics are limited [30]. To this end, this study examines the potential use 

of granules and fibres from recycled banners in cementitious mixes, with particular focus on the 

uniaxial properties of recycled RPVC materials and the influence of particle size and proportion on 

the mechanical properties of mortars and concrete composites. A set of design expressions to 

determine the main mechanical properties, including the elastic modulus, compressive, flexural and 

splitting strengths, as well as a complete constitutive model to assess the compressive and tensile 

stress-strain relationship of cementitious composites provided with plastic aggregates, are proposed. 

2. Experimental programme  

The influence of Reinforced PVC (RPVC) granules and fibres resulting from recycled banners on 

the mechanical properties of high strength mortars and concrete was examined through a set of 140 

samples tested in compression and flexure, equally divided across a total of 13 mortar and 2 

concrete mixes. Compression mortar tests were carried out on cylinders of Ø75 mm diameter and 

150 mm length, and cubic samples of 50 mm side length. Three-point bending tests for flexural 

strength assessment were undertaken on plate samples with 25 mm depth, 55 mm width and 150 

mm length. The parameters that were directly varied within the experimental programme were the 

volume of mineral aggregate replaced (2.5%, 5%, 10% and 20%, corresponding to a replacement 
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ratio of ρvp=0.025, 0.05, 0.1 and 0.2, respectively) as well as the plastic granule size dp (small: 1.25 

mm > dp > 2.50 mm; intermediate: 2.50 mm > dp > 5.0 mm; large: 5.0 mm > dp > 10.0 mm). The 

specimen reference adopts the format TR-VV-FF, which indicate the sample type T (C for 

circular/cylinder, S for square/cube, B for rectangular/plate), composite material R (M for mortar 

and C for concrete), volume of mineral aggregate replaced (V) and size of the plastic granule (F). 

For example, CM-10.0-1.25 represents a cylindrical sample made of mortar which has 10% 

replacement of mineral aggregates with small RPVC granules (1.25 mm > dp > 2.50 mm). In 

addition to the mortar samples incorporating RPVC granules in the form of chips, a number of 

additional tests on high strength concrete Ø100×200 cylinders and 100×100×500 mm prisms were 

carried out. These incorporated RPVC fibres with lf=70 mm length and wf=3 mm width in a 

proportion of 0.5%. The specimen reference adopts the same format, but instead of the size of the 

granule the aspect ratio of the fibre is used as wf/lf=0.05 (e.g. CC-0.5-0.05). The 13 mortar mixes 

enable an in-depth understanding of the influence of incorporating various RPVC proportions and 

particle sizes on the mechanical properties of RPVC composites. On the other hand, the results from 

the high strength concrete tests contribute to identifying technological challenges occurring from 

adding fibre elements. Complementary uniaxial tests on selected RPVC materials have also been 

carried out as described below. 

2.1 Reinforced PVC properties  

To quantify the mechanical properties of the adopted RPVC materials, three types of banners 

obtained from a recycler were selected for uniaxial testing: (i) Type I - white coated fabrics with 

unidirectional reinforcement, (ii) Type II - bi-directional mesh with 0.5 mm hole size and (iii) Type 

III - red bi-directional reinforced fabrics. The measured thickness of the three types was 0.3 mm, 

0.35 mm and 0.52 mm, respectively. Three specimens of 250 mm length and 25 mm width were 

prepared for each material group. These were provided with 50 mm tabs at both ends to ensure 

adequate griping in the testing machine. The clear length between testing jaws was ls=150 mm. A 

uniaxial Instron testing machine with a maximum capacity of 150 kN was used to test the 

specimens under monotonically increasing displacement with a displacement rate of 0.1 mm/min. 

To assess the strength and deformation characteristics, the load and displacement recorded by the 

machine were divided by the coupon area and by the clear length, respectively. 

As indicated in Figure 1, all materials exhibited a largely elastic stress-strain behaviour up to 

failure. Type I materials had a relatively low strength with an average ultimate strength ff=26.0 

MPa. Type II was about three times stronger reaching ff=129.0 MPa, whilst Type III failed at an 

average ff=80.8 MPa. The latter is a relatively strong element with tensile strength about 25% of 
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reinforcement steels and about 50% of structural steels typically used in construction. The minimum 

ultimate deformation was 11%, 30% and 26% for Type I, II and III, respectively.  

 

Figure 1 Uniaxial properties of selected recycled banner materials: a) Type I – white; b) Type II -mesh; c) 

Type III - red 

These results indicate that Type II and III could be incorporated in concrete elements as strips/fibre 

for structural applications to enhance the flexural ductility and fatigue strength, whilst Type I could 

be used only in low-grade elements such as pavements. To minimise costs related to sorting the 

recycled banners, a blend of mixed recycled banners were chosen for shredding and were sieved 

using a standard aggregate sieve in the following particle sizes: (i) small - 1.25 mm > dp > 2.50 mm, 

(ii) intermediate - 2.50mm > dp > 5.0 mm, and (iii) large - 5.0 mm > dp > 10.0 mm (EN 933-1 [31]). 

Additionally, Type III materials were selected to be incorporated in concrete as fibres with 70 mm 

length and 3 mm width in a proportion of 0.5%, as mentioned before.  

The shredded granules were sieved using a standard aggregates sieve in three sizes and were used in 

the condition received from the recycler without pre-treatment. As shown in Figure 2, the granules 

had polygonal shapes with non-uniform geometries and relatively random distribution. To 

characterise the granule size as well as their distribution, an arbitrary sample of 50g of material for 

each sieved granule size was selected and spread on a white sheet (see right-hand panels of Figures 

3a,b,c). Images taken with a high-resolution camera were then processed using an open-source 

software by removing colours and enhancing contrast, to facilitate detection of particle boundaries. 

The particle size distribution within the arbitrary sample was determined using image processing 

algorithms from binary 2d images [32].  

Figure 3 depicts the relationship between the frequency ratio of granule occurrence within the 

arbitrary 50g sample (f/N) and the equivalent particle radius (rp,eq). It is shown that the average 

particle radius is rp,avg=1.39 mm for particles passing through ‘1.25 mm > dp > 2.50 mm’ sieve; 

rp,avg=2.16 mm for particles passing through 2.50 mm to 5.0 mm sieve; and rp,avg=4.12 mm for 

particles passing sieve gaps greater than 5.0 mm but less than 10 mm. 
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Figure 2 Size and shape of processed recycled RPVC banners: granules with: a) 1.25 mm > dp > 2.50 mm, 

b) 2.50mm > dp > 5.0 mm, c) 5.0 mm > dp > 10.0 mm; d) macrofibres of 30 × 70 mm; e) Unprocessed 

RPVC banners 

 

As observed, the average diameter of the particle group with the smallest size dp,avg=2.78 mm is 

above the upper bound of the sieve gap (1.25 mm to 2.50 mm). In contrast, the intermediate and 

large size particles with dp,avg=4.32 mm and dp,avg=8.24 mm, respectively, are within the sieve 

limits. This confirms that most of the small size particles are relatively long and have a triangular or 

acicular geometry that passes the 2.50 mm sieve although their average diameter is 2.78 mm. This 

RPVC granule size characterisation helps provide an insight into the compatibility between mineral 

aggregates and those from recycled materials, and also enables a detailed interpretation of the 

relationship between mechanical properties of RPVC mortars and concrete with respect to RPVC 

size and characteristics. 

Figure 3 Granule size distribution for granules with: a) 1.25 mm > dp > 2.50 mm, b) 2.50mm > dp > 5.0 mm, 

c) 5.0 mm > dp > 10.0 mm; 
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2.2 Mixes and samples  

As mentioned before, 13 mortar mixes and 2 concrete mixes incorporating recycled RPVC particles 

were prepared. Mortar mixes included cement, fly ash, microsilica, RPVC granules, fine mineral 

aggregates, tap water and admixtures, whilst in the concrete mixes, coarse mineral aggregates were 

also present (Table 1). CEM I 52.5 cement was used as the primary binder (EN-197-1 [33]). 

Secondary binders, which replace 50% of the cement from the reference mix, were EN 450-1 

fineness category S fly ash (EN 450-1 [34]) and undensified Grade 940 microsilica with a minimum 

of 90% SiO2. These represented 35% and 15% of the total binder content, respectively. Also, 

polycarboxylate superplasticizer admixtures were added to improve the workability of the mixes. 

The fine mineral aggregates used in the mortar mixes had a particle size < 5 mm, a specific gravity 

of 2.65 and a fineness modulus of 2.35. In addition to these particles, the concrete mixes had coarse 

aggregates (5-10 mm) with a specific gravity of 2.65 and a fineness modulus of 5.88. These 

materials were used to produce a set of 117 mortar and 24 concrete test samples.  

Table 1 Mix details 

Constituent   M-0-0 M-2.5-* M-5-* M-10-* M-20-* C-0-0 C-0.5-0.05 

CEM I (kg/m3) 230 230 230 230 230 230 230 

Fly Ash (kg/m3) 161 161 161 161 161 161 161 

Microsilica 

(kg/m3) 
69.0 69.0 69.0 69.0 69.0 69.0 69.0 

RPVC - 23.0 46.0 93.0 186 - 5.0 

Sand (0-5mm) 

(kg/m3) 
1734 1690 1647 1560 1387 687 687 

Gravel (5-10mm) 

(kg/m3) 
- - - - - 1145 1145 

Water (l/m3) 152 152 152 152 152 152 152 

Admixtures (l/m3) 9.2 9.2 9.2 9.2 9.2 9.5 9.5 

* stands for different plastic granule sizes (dp): a – 0.625 mm > dp > 1.25 mm >; b – 1.25 mm > dp > 

2.50 mm; c - 2.50 mm > dp > 5.0 mm; 

The mixing procedure from EN 1015-2 [35] was followed to produce mortars from dry constituents, 

water and admixtures. It is worth noting that a relatively low water-to-binder (w/b) ratio was 

initially considered. However, to reach a flow value representative of workable mortars, this was 

adjusted to a value of around 0.33. A mortar mix with a homogenous dispersion of RPVC granules 

for all particle sizes was obtained with this (w/b) ratio. The consistency of fresh mortar, assessed by 

means of a flow table, was above 130 mm. The concrete materials also had very good workability 

and required a minimum level of compaction. However, due to the intrinsic flexibility of the RPVC 

fibres combined with the relatively high length/width aspect ratio, the fibre dispersion was 

relatively non-homogeneous and some fibres, around 10%, remained stuck to the mixing paddle. 
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These issues are related to the influence of the fibre content, fibre aspect ratio, fibre stiffness and 

mixing procedure.  

All mortars were prepared in 7-litre batches using a rotary mixer with a 20-litre capacity, whilst the 

concrete was prepared in batches of 24-litres in a 40-litre mixer. The dry constituents were mixed 

for a period of 180s, followed by the gradual addition of water, then mixed for another 180s. For 

each of the 13 mortar types, 3 cubes of 50 mm side, 3 cylinders of 75 mm diameter and 150 mm 

length, and 3 prismatic plates of 25 mm × 55 mm × 150 mm were prepared. For each of the two 

concrete mixes (reference and with RPVC fibres), 8 cubes of 100 mm sides, 3 cylinders of 100 mm 

diameter and 200 mm length, and 2 prisms of 100 mm × 100 mm × 500 mm, were prepared. All 

samples were cured under plastic sheets for 24h and removed from the forms thereafter. These were 

then placed in a moist room at 20°C and 99%RH until they reached 28 days. This curing procedure 

was employed primarily to ensure hardening of the cementitious mixes through the formation of 

hydration products from the hydraulic components. After removal from the moist room, the ends of 

the cylindrical samples were ground to ensure flatness of the surfaces and good contact conditions 

during testing at 28 days. The dimensions of all samples were carefully measured for appropriate 

assessment of stress-strain characteristics. 

2.3 Testing arrangements 

The testing arrangements employed in this study are depicted in Figure 4. For assessing the full 

stress-strain curve, the compressive strength (fm,cyl) and the elastic modulus (Em) of mortars, Ø75 

mm diameter cylinders were tested in a stiff four-post Instron Satec 3500 kN machine. As 

illustrated in Figure 4a, the samples were placed on the bottom platform of the testing machine. 

Loading plates of high strength steel were added at both ends of the sample, and a 3D hinge was 

provided at the top to ensure concentric loading. The sample pre-peak axial behaviour was recorded 

using three displacement transducers attached to two steel rings positioned symmetrically from the 

central cross-section at a gauge length of 80 mm. A similar configuration was used to assess the 

compressive strength of concrete cylinders (fc,cyl) of Ø100 mm and their elastic modulus (Ec), noting 

that the steel rings used to record axial deformations were positioned at 100 mm. Each steel ring 

was connected directly to the sample through three steel bolts to avoid interaction with the 

specimen. Three other independent transducers were placed between the machine plates to record 

the axial deformations. Test measurements were averaged and transformed into strains (ε) by using 

the measured gauge length for each sample. The load corresponding to the applied displacement 

was recorded by the machine load cells and transformed into stress (σ) and strength (fi,cyl) using the 

area of the sample.  
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Figure 4 Testing arrangements: a) cylinders, b) cubes, c) prismatic plates 

The compressive strength tests on 50 mm mortar cubes (fm,cube) and the flexural strength tests on 

25×55×150 mm prismatic mortar plates were carried out in displacement control using a two-post 

displacement control Instron 600 kN machine. To avoid eccentric loading, the testing arrangement 

included top and bottom high strength steel transfer plates and a hinge (Figure 4b). On the other 

hand, a purpose-built Instron testing rig was used for three-point bending tests (Figure 4c). The 

support span for these tests was 100 mm. These values, along with cross-sectional sizes, were used 

to determine the flexural strength (fm,fl) of the materials. Besides the load recorded by the machine, 

which was used to determine the flexural stress, a digital image correlation (DIC) system was 

employed for assessing the surface strain characteristics of the prismatic samples [36]. As part of 

the preparation process, the specimens were firstly painted in white, and then carefully speckled 

with 0.5-2.0 mm black dots to create a high-contrast black-white pattern (Figure 4c). After testing, 

the DIC data were processed to obtain deformation vector fields. From these, the crack mouth 

opening displacement was determined from assigned 20 mm virtual gauges perpendicular to the 

crack length. Similar testing configurations were used to determine the concrete compressive 

strength (fc,cube) on 100 mm cubes, and the flexural strength (fc,fl) from tests on 100 mm square 

cross-section prismatic samples. A displacement rate of 0.50 mm/min was applied to the specimens 

tested in compression, whilst a rate of 0.25 mm/min was used for specimens tested in flexure. 

3. Characterisation of cementitious RPVC composites  

Material characterisation tests on mortar and concrete samples with Reinforced PVC (RPVC) 

granules resulting from the recycling of end-of-life banners were carried out. Besides the physical 
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properties, such as hardened density and water absorption presented in Figure 5, the compressive 

stress-strain and flexural stress-crack opening curves are presented in Figures 6 and 7, respectively. 

Additional fracture surface properties of the prismatic samples are illustrated in Figure 8, whilst 

compressive strength and elastic modulus reduction ratios, as well as crushing and fracture energy 

characteristics, are depicted in Figure 9. 

3.1 Density and water absorption  

To assess the influence of RPVC proportions on the physical properties of composite RPVC 

cementitious materials, hardened density and water absorption were determined. The air-dry density 

of the materials was obtained by dividing the sample mass by its volume, after careful measurement 

of each sample dimension with a digital calliper. Figure 5a depicts the relative density reduction 

ratio (ρ/ρref) against the volumetric particle replacement ratio ρvp. The parameter ρ is the density of 

the sample with RPVC granules, whilst ρref is the density of the reference material, without RPVC 

particles. Considering that ρref of mortar was in the range of 2.11 g/cm3 and of the concrete around 

2.35 g/cm3, a proportional reduction in ρ is observed with ρvp. There is minimal or no influence in 

density when ρvp < 2.5% as ρ/ρref = 1.00 both for mortars and concrete. The reduction in ρ is on 

average about 1% for ρvp = 5%, 3% for ρvp = 10%, and 8% for ρvp = 20%, respectively. 

 

Figure 5 Relationship between replacement ratio and: a) density; b) water absorption 

It can also be observed from Figure 5a that the particle size has some slight influence on the 

density, with samples incorporating the smallest particle size (1.25 mm < dp < 2.50 mm) showing 

the lowest density. This may be associated with a higher porosity of the hardened material which 

results from the formation of a higher number of pores near the RPVC granules in comparison to 

the other mixes with intermediate and relatively large RPVC particles. 

In addition to density, the water absorption properties were assessed by drying the mortar samples 

to constant weight using an oven at 95°C and then by immersing them in water for 24 hours. Figure 

5b depicts the water absorption properties in percentage by weight (wt%) in comparison with the 
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volumetric particle replacement ratio ρvp. As shown in the figure, the (wa/waref) ratio in which ‘wa’ 

is the value for RPVC composite whilst the subscript ‘ref’ indicates the reference mortar, decreases 

to about 0.5 for all RPVC materials. The water absorption of the reference mortar is consistently 

above 4.5%, whilst that of RPVC mortars varies between 2.11-2.68%. 

3.2 Compressive stress-strain response 

The average stress-strain (σ-ε) curves of RPVC mortars with three distinct particle sizes (dp) and 

varying replacement ratios (ρvp), as determined from uniaxial tests on cylindrical specimens, are 

presented in Figures 6a,b,c. Figure 6d illustrates the relative strength reduction (fi,cyl/fi,cyl,ref,) where 

i=m,c) as a function of ρvp both for the mortar (m) and concrete (c) materials investigated herein. 

The strength characteristics are also given in Table 2. As observed in Figure 6, the reference mortar 

CM-0-0 had an average compressive strength of fm,cyl=64.7 MPa and a brittle response as the post-

peak σ-ε shows a sudden drop in σ after the peak strength is reached. As ρvp increases, there is a 

reduction in fm,cyl, yet with an enhancement in ductility, as reflected in the softer post-peak σ-ε.  

 
Figure 6 Stress-strain response of RPVC mortars with granule sizes of: a) 1.25 mm > dp > 2.50 mm, b) 

2.50mm > dp > 5.0 mm, c) 5.0 mm > dp > 10.0 mm; d) compressive strength reduction ratios 
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After reaching the crushing strain (εc1), the concrete cylinders split into two distinct bodies 

separated by a macro-crack which was subjected to sliding. The sliding response depends on the 

characteristics of the crack interfaces. In the case of mortar and concrete samples, sliding is 

restricted by the roughness of the cementitious matrix and physical protrusions from the aggregates. 

As for mortars in which only fine aggregates are present, the physical protrusions are limited and, 

after crushing, the two bodies slide instantaneously. In contrast, RPVC granules and fibres act as 

bridging elements, counteracting the dislocation of the two bodies and reducing the brittleness of 

the material as indicated by the assessments of crushing energy described below. 

In terms of mechanical properties, the test results indicate that for each increment of 10% 

replacement the corresponding fm,cyl is halved, as a function of the type of replacement RPVC 

granules. For example, for ρvp =2.5% (i.e CM-2.5), the reduction in strength is between 15-30% of 

its reference mortars. An increase of ρvp to 5.0% (CM-5.0) leads to a fm,cyl/fm,cyl,ref ratio in the range 

of 0.49-0.62 (the loss of strength is between 38-51%). The compressive strength fm,cyl of cylinders 

with ρvp=10% (CM-10) is between 0.32-0.47 of CM-0-0. Ultimately, for 20% replacement (CM-

20), fm,cyl is less than a quarter of fm,cyl,ref.. On the other hand, fm,cyl reduction in concrete with 0.5% 

fibres (CC-0.2-0.05) is below 1% in comparison to its reference counterpart (CC-0-0). 

Table 2 Mechanical properties of RPVC mortars 

 
fm,cyl (MPa) fm,fl (MPa) Em (GPa) 

Group (a)/(b)/(c) Average (a)/(b)/(c) Average (a)/(b)/(c) Average 

M-0-0 66.6/62.6/64.9 64.7±2.0 6.64/6.78/6.12 6.51±0.3 31.9/33.1/32.2 32.4±0.6 

M-2.5-1.25 54.8/56.8/54.9 55.5±1.1 6.59/6.92/6.53 6.68±0.2 30.4/30.0/32.1 30.9±1.0 

M-2.5-2.5 40.3/43.9/49.6 44.6±4.6 5.47/5.58/5.98 5.67±0.2 21.4/23.9/25.0 23.5±1.8 

M-2.5-5.0 48.9/48.3/46.1 47.7±1.4 7.16/5.08/5.73 5.99±1.0 26.4/21.4/26.4 24.7±2.8 

M-5.0-1.25 45.2/37.3/40.4 41.0±3.9 5.99/5.07/5.53 5.53±0.4 24.8/19.5/22.8 22.4±2.6 

M-5.0-2.5 38.5/35.8/38.6 37.6±1.6 6.22/5.77/6.58 6.19±0.4 24.1/17.2/22.1 21.1±3.5 

M-5.0-5.0 29.6/29.8/35.8 31.7±3.5 6.38/5.92/5.47 5.92±0.4 23.9/21.7/26.3 24.0±2.2 

M-10-1.25 30.4/29.9/30.7 30.4±0.4 4.70/4.65/4.48 4.61±0.1 21.4/21.4/21.0 21.3±0.2 

M-10-2.5 28.1/23.6/30.3 27.3±3.4 3.94/4.42/4.52 4.29±0.3 19.8/17.9/20.4 19.4±1.2 

M-10-5.0 18.4/23.8/18.9 20.4±2.9 4.37/4.73/4.55 4.55±0.1 19.3/18.3/22.8 20.1±2.3 

M-20-1.25 18.0/21.2/15.9 18.4±2.6 3.49/3.83/3.16 3.49±0.3 12.5/21.6/12.9 15.7±5.1 

M-20-2.5 14.4/13.7/14.4 14.2±0.4 2.61/3.92/3.70 3.41±0.7 12.0/12.9/12.5 12.5±0.4 

M-20-5.0 10.2/13.0/10.4 11.2±1.5 4.48/4.01/3.74 4.08±0.3 7.0/10.2/17.4 11.5±5.3 

C-0-0 71.0/69.1/72.9 71.0±2.7 5.81/7.08/- 6.40±0.9 47.7/48.2/48.7 48.2±0.5 

C-0.5-0.05 71.1/70.8/69.5 70.5±0.8 6.10/6.64/- 6.40±0.4 48.2/48.1/47.8 48.0±0.2 
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The strength reduction occurs primarily as the RPVC particles are softer than sand, and also due to 

the hardened matrix interaction properties of the RPVC particles at the interface transmission zone. 

As shown in Figure 6d, the fm,cyl depends both on the replacement ratio and the RPVC particle size 

(dp). Large plastic particles with sizes of 5.0 mm < dp < 10.0 mm had the strongest effect in terms of 

strength reduction, whilst those with relatively small diameters (1.25 mm < dp < 2.50 mm) had the 

lowest impact. Smaller particles blend in a better manner with the remaining mix constituents 

creating a more homogenous mix in comparison to large particles. The latter are more dispersed and 

have a higher surface area which produces a less homogenous mix. Close inspection of the particle 

distribution throughout the failure surfaces of the tested cylinders and cubes showed a relatively 

uniform distribution. The cylinders had generally shear and cone failures with diagonal cracks 

passing through the centre of the samples, whilst the cubes had hourglass type failures. Such 

characteristics were observed for all tests regardless of the replacement ratio and granule size, and 

agree with failure modes for conventional concrete and mortar. 

3.3 Flexural behaviour 

To determine the flexural strength and fracture characteristics of RPVC mortars, three prismatic 

plates for each mortar mix have been tested under three-point bending. For brevity, only average 

test flexural stress (σfl) – crack mouth opening (w) are presented in Figure 7, whilst flexural 

strengths are given in Table 2. Figures 7a,b,c depict the σfl - w for mortars with three distinct RPVC 

particle sizes (dp) and varying replacement ratios (ρvp), whilst Figure 7d shows the relative strength 

reduction ratios (ffl,i/ffl,i,ref where i=m,c) as a function of ρvp both for mortar (m) and concrete (c). 

Additional images with the fracture surfaces of the flexural specimens are shown in Figure 8.  
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Figure 7 Flexural stress (σfl) – crack width (w) relationship for mortars with granule sizes of: a) 1.25 mm > 

dp > 2.50 mm, b) 2.50mm > dp > 5.0 mm, c) 5.0 mm > dp > 10.0 mm; d) flexural strength reduction ratios 

 

As mortar and concrete materials have very poor capacity in tension and practically no ductility, the 

high strength samples without RPVC (i.e. BM-0-0) failed nearly instantaneously after the peak 

flexural strength was reached (fm,fl), with a sudden drop in σfl to about 0.15×fm,fl. Samples with 

RPVC granules had some residual strength and enhanced softening, proportional to the increase in 

replacement ratio (ρvp). The highest improvement in post-peak response was obtained for samples 

with the largest ρvp (i.e. BM-20.0) as indicated by the continuous grey curves in Figures 7a,b,c. This 

is attributed to the clamping action produced by the RPVC particles which limited the crack width 

opening in the softening regime. As indicated in the figure, the size of the plastic particle (dp) had a 

minimal effect on the post-peak response and some influence in terms of fm,fl.  

Figure 8 illustrates the fracture surfaces of selected flexural mortar samples. As indicated, an 

increase in ρvp (from top to bottom of the figure) results in a higher agglomeration of RPVC 

granules within the cross-section. Although the granule distribution within the cross-section has 

some influence on the post-peak response, the matrix-RPVC granule bonding surface would be very 

similar for each ρvp and different dp. After cracking, as the forces are transferred through the 

compression zone and in tension through the bond between the granules and the matrix, the post-

peak response is the same. This is noted below and in Figure 9, in terms of the post-peak fracture 

energy, which is largely the same for the same ρvp, irrespective of the particle size (dp). The RPVC 



15 

 

granule - matrix bond strength is dependent on the embedment length of the granule. For fibres, as 

shown in Figure 2d, which due to their aspect ratio have a relatively longer embedment length than 

the granules in Figure 2a,b,c, the post-peak enhancement is significantly higher.  

The flexural strength reduction ratios of RPVC mortars (fm,fl/fm,fl,ref) with respect to ρvp show lower 

values compared to the case of compressive strength reduction trends. For the highest level of 

ρvp=0.2 (BM-20), the fm,fl/fm,fl,ref ratio is between 0.52-0.63. This corresponds to more than half the 

average strength of the reference samples (i.e. ρvp=0 - BM-0), whilst the compressive strength 

reduction is up to 80% of its reference material. As indicated in Figure 7d, the fm,fl/fm,fl,ref ratio is 

0.66-0.71 for ρvp=0.1 (BM-10), increases to 0.85-0.95 for ρvp=0.05 (BM-5.0), and is 0.94 on 

average for ρvp=0.025 (BM-2.5). On the other hand, the presence of a very small quantity of fibres 

of 0.5% in RPVC fibre-concrete (CC-0.5-0.05) leads to a reduction below 1% of fc,fl in comparison 

to its conventional counterpart (C-0-0). As shown in the figure, for the same ρvp, the reduction 

factors for fc,fl are higher than those for compressive strength, indicating a more effective use of 

RPVC cementitious composites in structural members subjected primarily to bending.  

 

 

 

Figure 8 Fracture surface properties for: a) mortars, b) concrete 

3.4 Comparative assessments 

In addition to the cylindrical specimens used to assess the σ-ε response of RPVC composites, as 

depicted in Figure 6 and described in Section 3.2, three cubic samples were tested in compression 
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for each mix. This enabled a direct correlation between the cylindrical and cubic compressive 

strengths. As depicted in Figure 9a, the compressive strength reduction factors (fm,cube/fm,cube,ref) 

resulting from cube tests are higher than those from cylinders (fm,cyl/fm,cyl,ref). As for the cases 

described in the previous section, the compressive strength reduction is largely proportional to the 

replacement ratio ρvp, with some slight influence from the RPVC particle size (dp). It is shown that 

smaller RPVC particles (1.25 mm < dp < 2.50 mm - Specimens SM-2.5-1.25, SM-5.0-1.25, SM-10-

1.25, SM-20-1.25) had the lowest effect, showing on average the higher fm,cube/fm,cube,ref ratios, whilst 

relatively large granules (5.0 mm < dp < 10.0 mm - Specimens SM-2.5-5.0, SM-5.0-5.0, SM-10-5.0, 

SM-20-5.0) had the lowest fm,cube/fm,cube,ref ratios (Figure 9a). The conversion ratios between cubic to 

cylindrical strength fm,cube/fm,cyl vary proportionally from 1.0 to about 1.5 with the replacement ratio 

ρvp, indicating a higher effect of confinement for larger proportions of RPVC granules. 

The compressive tests on cylinders also permit an assessment of the elastic modulus of RPVC 

materials. This was determined in the 0.3-0.5×fi,cyl stress range, where fi,cyl is the specimen strength, 

as the σ-ε curves exhibit relatively linear response. The complete elastic modulus values are 

presented in Table 2, whilst modulus reduction factors (Ei/Ei,ref) are depicted in Figure 9b. As for 

the cylindrical compressive strength, the particle size had some influence on the (Ei/Ei,ref) ratios. For 

ρvp =0.2, smaller RPVC particles (1.25 mm < dp < 2.50 mm - Specimens CM-2.5-1.25, CM-5.0-

1.25, CM-10-1.25, CM-20-1.25) had (Ei/Ei,ref) ratios above 35% of those with relatively large 

granules (5.0 mm < dp < 10.0 mm, Specimens CM-2.5-5.0, CM-5.0-5.0, CM-10-5.0, CM-20-5.0). 

Similar trends are also observed for intermediate ρvp ratios. These observations, along with those 

from the assessment of the σ-ε curves and compressive tests on cubes, indicate that smaller particle 

sizes have less influence on the degradation of elastic and compressive strength properties of RPVC 

cementitious composites.  

The above observations are counterbalanced to some extent by the performance in the post-peak 

regime, where the crushing energy Gc assessments in Figure 9c indicate contrasting behaviour. The 

crushing energy was determined herein as the area under the post-crushing σ-ε. As noted before in 

Section 3.2, there is a steady reduction in fm,cyl, and an enhancement in ductility represented by a 

softer post-peak σ-ε, with the increase in the replacement ratio (ρvp). The intermediate and large 

particles sizes (Specimens CM-2.5-2.5, CM-5.0-2.5, CM-10-2.5, CM-20-2.5, CM-2.5-5.0, CM-5.0-

5.0, CM-10-5.0, and CM-20-5.0) seem to perform better, as the Gc/Gc,ref ratios are higher by a factor 

above 3.5 in comparison to the those with smaller particles (Specimens CM-2.5-1.25, CM-5.0-1.25, 

CM-10-1.25, CM-20-1.25) which show decreasing Gc/Gc,ref ratios for higher ρvp and with values 

below 2.6. On the other hand, the fracture energy (Gf) properties depicted in Figure 9d seem to be 

influenced to a lesser extent by the particle size. A relatively steady improvement in Gc/Gc,ref ratios 
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occurs with an increase in ρvp. This indicates an improved post-cracking performance when RPVC 

granules are present.  

As shown before, smaller particles had a relatively long acicular or triangular geometry, in 

comparison to intermediate and large size granules, hence act as fibres which inherently have a 

higher relative embedment length and improved bond properties. These performance characteristics 

have been confirmed using a very small proportion of RPVC macro-fibres which acted as bridging 

mechanisms for the opened cracks and provided the RPVC concrete composite with significant 

residual strength. Such behaviour has also been observed in concrete elements reinforced with 

relatively low strength PET or HDPE fibres [19, 37, 38] and relatively high strength PP fibres used 

in railway sleepers and concrete pipes [39, 40]. Low-strength fibres typically affect the mechanical 

properties, but they provide mortar and concrete with reduced water permeability as well as 

enhanced plastic shrinkage, flexural toughness and post-cracking performance [19, 26].  

Based on the experimental findings, it can be concluded that RPVC granules with fibre-like aspect 

ratios, can be effectively used in flexurally-dominated elements such as pavements, footpaths and 

sleepers, among others, in proportions up to 10%. Such fibres typically contribute to material 

ductility and may also be suitable in structural elements. In relative terms, a higher efficiency would 

be obtained for lower reference mortar or concrete strengths as the relative reduction in mechanical 

properties would be less. However, there are several challenges that need to be addressed to enable 

reliable application of RPVC granules in practice, including: (i) characterisation of recycled banners 

in terms of strength, stiffness, and durability; (ii) automated processing of recycled banners in 

granules or fibres in a standardised manner; (iii) assessment of fibre-concrete bond properties, mix 

workability and homogeneity.  
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Figure 9 Relationship between replacement ratio and: a) cubic compressive strength, b) elastic modulus, c) 

crushing energy, d) fracture energy 

4. Analytical representations 

4.1 Mechanical properties  

In addition to the experimental results described above, a database of cementitious composite 

incorporating waste plastics in various proportions has been collated. This consists of a total of 

more than 80 mixes corresponding to a minimum of 240 compressive tests, in which mineral 

aggregates are replaced in proportions of up to 50% with granules, particles or aggregates resulting 

from the recycling of Polyethylene Terephthalate (PET) [17, 41-45], Polycarbonate (PC) [45,46], 

Polystyrene (PS) [28], High Impact Polystyrene (HIPS) [47], or cross-linked Polyethylene (XLPE) 

[48], together with the reinforced Polyvinyl chloride (RPVC) from this paper. The cylinder 

compressive strength of the reference material was between fc0=22.8-64.7 MPa, whilst the average 

was in the range of 39.3 MPa. It is worth noting, that when cylindrical strength was not available, a 

conversion factor of 0.8 was applied to the cubic strength [49]. In most cases, fine mineral 

aggregates were replaced with plastic particles up to 5 mm. The database enables the validation of 

expressions presented below against wider ranges of constituent parameters than those reported in 

Sections 2 and 3 of this paper.  
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To represent the compressive strength degradation ratio (fpc/fc0) of cementitious composites 

incorporating waste plastics, Equation (1) is proposed. This is a function of the reference material 

strength (fc0) from which the cementitious composite with plastics has been derived, the 

compressive strength of the composite with plastics (fpc), the volumetric replacement ratio (ρvp) and 

a parameter ‘λ’ that depends on the physical, mechanical, and surface properties of the replacement 

plastic aggregates. The typical ranges of λ, depicted by Equation (2), vary between 0.90 and 2.50. 

The higher bound (λ=2.50) indicates a more significant strength reduction with an increase in ρvp, 

whilst λ=0.90 is associated with a lower influence of plastic aggregates on the compressive strength 

of the composite. Mixes from the database with PC, PS, HIPS, XLPE, and in some cases with PET, 

are well represented by λ=0.90, whilst, mixes with PET, LDPE, RPVA by λ=2.50, respectively. 

As shown in Figure 10a, there is a larger variation in how PET aggregates influence the strength 

properties compared with other plastics, and this is primarily related to the surface properties of the 

aggregates and their size distribution. Such variations can also be attributed to testing arrangements, 

loading procedures and specimen sizes [50,51]. As shown in the same figure, for the mixes with 

small RPVC granule size dp (1.25 mm > dp > 2.50 mm), investigated in this paper, λ=0.90 ensures 

reliable predictions of the compressive strength degradation factor. In practice, this parameter can 

be obtained by assessing the compressive strength properties of the reference material and a case 

with plastic aggregates through testing. A direct comparison between the database fpc/fc0 values and 

those predicted by Equation (1) indicates that the COV is about 18% and the test-to-predicted ratio 

is 1.07, which are within expected ranges with good control of testing parameters [50]. 
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Using available data from the tests carried out in this study as well as those from the database, 

Equation (3) is proposed to predict the elastic modulus Epc of the plastic-cementitious composite 

based on the fpc value obtained with Equation (1). Similarly, Equations (4) and (5) are proposed to 

predict the splitting tensile fpct,sp and flexural strength fpct,fl, respectively, for a cementitious 

composite with plastic aggregates. It is worth noting that the splitting strength is directly equivalent 

to uniaxial tensile strength [52]. A comparison between the predictions of Equations (3)-(5) and the 
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database test results is presented in Figures 10b-d, indicating good agreement between the tests and 

predictions, with a COV of 12-14% and a test-to-predicted average of 1.00-1.06. 
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Figure 10 a) Compressive strength degradation as a function of volumetric replacement ratio; Relationship 

between compressive strength and: b) elastic modulus, c) splitting strength, d) flexural strength 
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As described above, the test results from this paper together with those from the collated database 

enabled the definition of a series of analytical expressions for assessing the main mechanical 

properties (fpc, Epc, fpct,sp and fpct,fl) of cementitious composites provided with plastic aggregates. The 

proposed equations capture the influence of the type and content (i.e. ρvp) of plastics, and can be 

used to assess the full constitutive properties of plastic-cement composites, as discussed below. 

4.2 Constitutive modelling 

This section introduces a full constitutive model that can be employed for modelling the 

compressive stress-strain and tension stress-crack width opening response of cementitious 

composites incorporating plastic aggregates. The compressive behaviour can be predicted from 

Equations (6-8) using a three-range closed-form representation, as illustrated in Figure 11a. The 

proposed model is a modified version of an existing model developed by the authors for 

cementitious composites incorporating rubber particles [12]. The first range up to εpc,el is associated 

with proportionality between stresses and strains (Equation 6), limited by a stress-to-strength ratio 

σc/fpc=0.3. In this equation, fpc is the compressive strength estimated using Equation (1) and Epc is 

the elastic modulus estimated from Equation (4). The second range, between the proportionality 

limit εpc,el and the crushing strain εpc1, follows a second degree polynomial representation (Equation 

7a). The crushing strain εpc1 can be determined from Equation (7b) which is a function of the 

replacement ratio ρvp and the crushing strain of the reference material [49]. The post-peak range, 

which can be predicted from Equation (8a,b), is limited by the ultimate strain εpu. This expression 

was obtained by assuming a triangular distribution of the crushing energy, depicted in Figure 11a. 
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The tension-governed behaviour of cement-based materials is typically represented by a linear 

elastic regime up to peak (i.e. fpct for tensile strength, fpct,sp for splitting strength, fpct,fl for flexural 

strength) and a non-linear softening regime (Figure 11b). The elastic regime up to peak strength is 

represented by a proportionality relationship (Equation 9). Direct tension tests on plastic-

cementitious composites are lacking, and existing information regarding the tension-governed 

behaviour is typically obtained from splitting and flexural tests. Close inspection of the results 

obtained from the flexural tests indicated that the ultimate crack mouth displacement of the 

reference material, without plastic granules, was wmax,0=0.15 mm. Both this value and the softening 

properties are in close agreement with direct tension tests from the literature [53]. 

 

Figure 11 Constitutive modelling in a) compression, b) tension 

It is hence considered that the softening behaviour obtained from flexural tests would be 

representative for modelling the response of plastic-cement-based composites in tension. To this 

end, Equation (10a) which employs an inverse power function is proposed to model the post-peak 

tension response of the material. This is a function of the ρvp-dependent λpw parameter (Equation 

10b) and the ultimate crack displacement wmax,p of the composite (Equation 10c). The latter is also a 

function of ρvp and was calibrated against the test results from this paper.  
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Figure 12 illustrates the predicted constitutive response using Equations (6-10) compared with test 

curves for RPVC materials with small granule size (1.25 mm > dp > 2.50 mm), as these offered the 

best performance and are recommended for practical application. As shown in Figure 12a, the 

predicted compressive stress-strain response (shown as continuous curves) fits well within the 

experimental ranges (depicted as grey curves and areas). Notably, the predicted compressive 

strengths are close to the test averages, whilst the stiffness, crushing strain and post-peak response 

are largely within the experimental ranges. The predicted inelastic flexural behaviour (shown in 

Figures 12b-d) is in good agreement with test curves, particularly for stress-to-strength ratios above 

10%, with some variation for lower ratios. 

  

Figure 12 Comparative assessment between test results and predictions for: a) stress-strain curves in 

compression for ρvp=0-0.20; stress-crack mouth opening in flexure for: b) ρvp=0, c) ρvp=0.10, d) ρvp=0.20 
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The predictions in Figure 12, along with the statistical results in Figure 10, indicate that the 

constitutive expressions (Equations 1-5) and the full constitutive model (Equations 6-10) can be 

used to determine the response of cementitious composites incorporating plastic particles. The 

closed-form representations proposed above offer a reliable and practical approach for determining 

the main mechanical properties for design purposes. On the other hand, the full constitutive 

response are necessary for nonlinear analysis purposes, and for undertaking parametric 

investigations into the structural response of members incorporating materials with alternative 

aggregates from waste materials [54-57]. The constitutive parameters from Equation (2) can be 

directly applied to obtain the full constitutive response provided that the composite mix and plastic 

aggregate properties are similar to those considered in this paper and within the collated database.  

As noted in Section 3.2, the compressive strength reduction occurs primarily as the RPVC particles 

are softer than sand, and also due to the hardened matrix interaction properties of the RPVC 

particles at the interface transmission zone. Plastic particles such as those used in this investigation 

are of a hydrophobic nature, hence, restricting water movement within the matrix. Ultimately this 

inhibits hydration and generates a higher amount of free water in the matrix [58, 59]. 

Microstructural investigations showed that the free water around plastic particles increases 

proportionally with the replacement ratio, weakening the plastic-paste interface and producing a 

greater number of voids [60]. The interface properties depend on the type of plastic and particle size 

[58]. A relatively smoother surface of PVC aggregates compared to the natural sand seems to be the 

reason behind the plastic granule - matrix bond reduction, ultimately having a negative influence on 

the compressive strength [61]. This has been observed in this paper and noted in Section 3.2. Large 

plastic particles with sizes of 5.0 mm < dp < 10.0 mm had the strongest effect in terms of strength 

reduction, whilst those with relatively small diameters (1.25 mm < dp < 2.50 mm) had the lowest 

impact. Smaller particles blend in a better manner with the remaining mix constituents creating a 

more homogenous mix in comparison to large particles. Test observations indicated that the latter 

are more dispersed and have a higher surface area which produces a less homogenous mix.  

The flexural strength of a fibre-reinforced mortar is highly dependent on the embedment length and 

the aspect ratio of the fibre [62]. This would also be the case for an RPVC fibre/granule - mortar 

matrix. A relatively large amount of free water around the RPVC granules, which increases 

proportionally with the replacement ratio, results in a larger porosity and poorer adhesion [60]. Test 

observations from this paper and available literature showed that plastic granules could be removed 

manually from the matrix [63]. This effect was proportional with the embedment length of the 

particle. For fibres, as shown in Figure 2d, which due to their aspect ratio have a relatively longer 

embedment length and provide enhanced bond than the granules in Figure 2a,b,c, the post-peak 
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enhancement was significantly higher. This agrees with other studies in the literature that suggest 

that the ductility enhancement with an increase in replacement ratio, is due to the elongated 

structure of the PVC aggregates which helps delay the separation of PVC particles and the 

surrounding matrix [61]. 

5. Conclusions 

This paper described an experimental investigation into the fundamental mechanical properties of 

cementitious composites incorporating granules and fibres from recycled Reinforced PVC (RPVC) 

banners. A detailed account of over 140 tests on cylindrical, cubic and prismatic specimens tested in 

compression and flexure, was given. In addition, a detailed assessment of the uniaxial properties of 

selected recycled materials, as well as characterisation of the RPVC granule size and geometry, was 

presented. Detailed measurements using digital image correlation techniques enabled assessment of 

the full constitutive response in compression, depiction of the flexural stress-crack opening curves, 

as well as determination of the key mechanical parameters, including the strength, elastic modulus 

and fracture energy of the investigated RPVC composites. The key findings are outlined below. 

The test results showed that the compressive strength decreased proportionally with the amount of 

RPVC. For each 10% incremental increase in the volumetric replacement of mineral aggregates, the 

compressive strength was halved. The compressive strength of elements with 10% replacement was 

shown to be in the range of 32-47% of its reference value, depending on the RPVC particle size, 

whilst for 20% replacement, this was less than a quarter of the conventional material. The reduction 

in strength was counterbalanced by an enhanced ductility, represented by a softer and more ductile 

post-peak response, which is attributed to the crack-bridging effect of RPVC granules and fibres. It 

was also shown that the plastic particles enhanced the crushing energy by a factor of 2.6-3.5, 

depending on the particle size. Smaller particle sizes had less impact on the degradation of elastic 

and compressive strength properties of RPVC cementitious composites but provided lower levels of 

energy absorption.  

It was shown that specimens incorporating RPVC granules exhibited residual flexural strength and 

enhanced softening proportional to the increase in replacement ratio. For a 20% replacement, the 

flexural strength reduction ratio was between 0.52 and 0.63, which was less than that in 

compression. The enhanced post-peak softening observed in flexural tests on both mortar and 

concrete, resulted from the clamping action produced by the RPVC particles that bridged the crack 

and limited the crack width opening. Smaller particles, which had a relatively long acicular or 

triangular geometry, provided a more favourable performance. These acted as fibres with a higher 
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relative embedment length, and hence improved the bond properties in comparison with 

intermediate and large size granules. 

Importantly, the test results and observations enabled the definition of a series of expressions to 

determine the mechanical properties of cementitious materials incorporating RPVC and other waste 

plastics. These expressions were then used as a basis for developing and an analytical model for 

assessing the compressive and tensile stress-strain response of such materials. Validations carried 

out using the tests from this paper, as well as from a collated database, showed that the proposed 

expressions and the suggested constitutive model offer reliable representations that can be used in 

practical applications. 
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