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An inexpensive composite material comprising recycled rubber crumbs, polyurethane 

binders, and glass fiber reinforcement was formulated to develop a protective sheath for 

carbon steel pipes used in crude oil transportation. The composite sheath was evaluated 

for mechanical, thermal, electrical, and corrosion-related performance. The tensile 

screening data were updated using three replicate maximum-force values for each 

formulation. The selected B2 formulation showed the highest mean maximum load 

(86.47 ± 0.35 N), corresponding to a mean apparent engineering stress of 0.2184 ± 0.0009 

MPa based on the recorded 13.2 mm × 30 mm cross-section. The mean elongation at 

break for B2 was 61.89 ± 0.25%, with estimated replicate elongation values identified in 

the tensile table. The pull-off adhesion test on B2, performed according to ASTM D4541 

with a 20 mm dolly, showed a representative maximum force of approximately 27 N, 

corresponding to an apparent adhesion stress of approximately 0.086 MPa. The thermal 

conductivity of B2 was 0.3289 W/m·K, indicating thermal-insulation capability, and the 

electrical resistance reached approximately 1.2 × 106 Ω. Corrosion exposure results 

showed lower weight loss for shielded steel coupons than for unshielded coupons after 

180 days. Because adhesion, thermal conductivity, electrical resistance, Differential 

Scanning Calorimetry (DSC), Megger, and corrosion-exposure tests were carried out 

only on B2, this formulation is described as a selected promising formulation rather than 

a fully optimized system. 
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1. INTRODUCTION

The continuous growth of the automotive industry has 

resulted in a substantial increase in the generation of end-of-

life tires (ELTs). Waste tires constitute a significant 

environmental challenge due to their non-biodegradable 

nature, long service life, and the large storage areas required 

for their disposal [1]. Poorly managed discarded tires can harm 

soil, water, and air quality. Landfilling is among the least 

desirable disposal options and raises further concerns: tires 

may absorb methane gas, which can cause swelling, 

destabilize landfill structures, and contribute to long-term 

environmental contamination [2]. As a result, developing 

sustainable methods to recycle and recover waste tires has 

become a worldwide priority. 

Several methods have been developed to recycle waste tires 

and recover value from them, among them pyrolysis and 

devulcanization [3, 4]. Tire rubber is thermochemically 

decomposed at high temperatures in the absence of oxygen to 

produce pyrolysis oil, gas, and carbonized solid remains in 

pyrolysis [5]. The main point of difference from combustion 

is that pyrolysis is a controlled process that doesn't participate 

in oxidation reactions [6]. Devulcanization does the opposite: 

it cleaves sulfur cross-links introduced by vulcanization, 

leading to technical and polymeric reprocessability of the 

material to be reused in new products [7, 8]. The two 

technologies, taken together, conserve resources while also 

supporting circular-economy principles. 

Many disposal and application alternatives have proven 

successful in engineering. Historically, it has been proposed 

that sludge can be used in hot-mix asphalt, cementitious 

materials, construction products, artificial reefs, and 

alternative fuel systems [9-12]. Thermoplastic elastomer 

composites containing recycled rubber have also been 

extensively researched, mainly because the material provides 

flexibility, durability, impact resistance, and cost benefits [13, 

14]. The combination of these characteristics demonstrates 

that recycled rubber may be a viable candidate for protective 

systems exposed to mechanical and environmental loadings. 

Oil pipelines represent a vital part of the energy transport 

network that covers the globe. Corrosion, operational 

mechanical stress, and environmental degradation [15] have a 

decisive impact on their long-term performance. Corrosion is 

one of the top reasons for pipeline failure amongst all the 

factors described above. It can be in the form of uniform, 

galvanic, pitting, stress-corrosion cracking, and intergranular 

corrosion [16]. Metallic pipe materials degrade faster when 

exposed to corrosive species, which include water, dissolved 
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salts, and acidic and sulfur-containing substances, and 

atmospheric moisture [17]. This starts when an 

electrochemical system comprises, simultaneously, anodic 

and cathodic components with the electrolyte [18]. These 

conditions are common in crude oil pipelines, whether they are 

nested or above ground. Differences in temperature, prolonged 

exposure to sunlight, and mechanical loads can accelerate 

degradation, making the material more susceptible to cracks 

and structural failure [19-22]. Carbon steel mainly oxidizes, 

whereby a volatile iron oxide layer is formed upon the reaction 

of oxygen with the steel (reaction), further advancing the 

process itself [23, 24]. 

In fact, carbon steel is one of the most widely used materials 

for constructing oil pipelines, because it provides favorable 

mechanical properties with wide accessibility and economic 

advantages [25]. However, the harsh service environments 

always lead to corrosion resistance degradation and an 

unstable oxide layer. Authors have proposed different 

approaches to mitigate these effects, including protective 

coatings and cathodic protection systems based on sacrificial 

anodes or impressed current [26, 27]. Zinc- and aluminum-

based metallic coatings have been widely used for corrosion 

protection [28]. Their performance may be limited by costs, 

service life, maintenance needs, or the fact that they do not 

perform multiple protective functions simultaneously. 

Thereby increasing the demand for sustainable, low-cost 

materials that can serve at once to offer mechanical protection, 

thermal & electrical insulation, and corrosion resistance. 

In this study, a new composite sheath is developed that 

provides multiple functions for crude oil pipeline protection in 

a polymer matrix. The material, which consists of recycled tire 

rubber, a polyurethane binder, and glass-fiber reinforcement, 

reinforces the pipeline while delivering thermal and electrical 

insulation and enhanced corrosion resistance. Equally, it 

converts discarded tires into an engineering material, thus 

facilitating the sustainable management of waste and 

providing a solution for the pipeline's long-term continuity 

threat. 

 

 

2. MATERIALS AND METHODS 
 

2.1 Materials 

 

The raw materials used in this study included recycled tire 

rubber crumbs with a particle size of 2–3 mm, obtained from 

local markets, and recycled tire rubber granules with a particle 

size of 1–1.5 mm, also obtained from local markets. A 

polyurethane binder (grade C1) and a polyurethane binder 

(grade Y1) were supplied by Yayun Company, Hong Kong, 

China. A polyurethane adhesive (SAR 306) was supplied by 

Kenda Farben Company, Italy, and was used to bond the 

composite sheath to the steel pipe.  

 

 
 

Figure 1. The carbon steel oil pipe without the protective 

composite shield 

Chopped glass fibers (brand name CYC) with a fiber length 

of 3–12 mm and a woven mat orientation were supplied by 

Sichuan Chang Yang Company, China. Aluminum foil was 

used as the release layer during composite fabrication. 

Equipment: Electronic balance (Sartorius). Steel frames 5 × 

5 cm. Carbon steel pipes are shown in Figure 1. Mechanical 

stirrer. Rubber rings. 

 

2.2 Methods 

 

The composite material was prepared in a 1-liter glass bowl 

using different ratios of the rubber crumbs and polyurethane, 

as shown in Table 1. The contents of the bowl were mixed at 

500 rpm for 10 min to ensure homogeneous dispersion. The 

mixture was then subjected to vacuum degassing for 5 min to 

remove entrapped air bubbles before casting into a (20 × 20 × 

1) cm wooden frame. Samples were cured at 25 ± 3 ℃ and 50 

± 5% relative humidity for 24-36 h. The final composite 

thickness was about 10 ± 0.1 mm. The density was measured 

using the Archimedes method and found to be 0.92 g/cm3, 

while the porosity was calculated as 4.13%. The protective 

composite material shield was then bonded to the carbon steel 

pipe using SAR 306 polyurethane adhesive supplied by Kenda 

Farben Company. The assembly was secured with rubber rings 

and allowed to cure for 24 h, as shown in Figure 2. 

 

Table 1. The prepared composite material samples using 2-3 

mm granular size of the rubber crumbs 

 

Sample 
Rubber 

Crumb % 

PU 

Binder 

Grade 

PU 

Binder % 

Fiber 

Glass % 

A1 69.5 C1 29.5  1 

A2 79.5 C1 19.5 1 

A3 89.5 C1 9.5 1 

B1 69.5 Y1 29.5 1 

B2 79.5 Y1 19.5 1 

B3 89.5 Y1 9.5 1 
Note: PU = Polyurethane. 

 

 
 

Figure 2. The carbon steel oil pipe with the protective 

composite shield 

 

 

3. RESULTS AND DISCUSSION 
 

Various tests were performed to assess the composite 

protective shield's physical properties, such as mechanical, 

thermal, electrical, and corrosion-resistance tests, to verify its 

operation and adhesion on carbon steel pipelines. These tests 

were designed to assess the suitability of this composite sheath 

to serve as a sort of skin in real-world applications designed to 

encase crude oil pipelines. 
 

3.1 Tensile strength of the composite protective shield 
 

Tensile properties of the composite protective shield were 
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measured in this study using Tinius Olsen H50 KT universal 

testing machine following the ASTM D412 [29] standard, as 

shown in Figure 3. 

The testing machine parameters were as follows: gauge 

length (25 mm), crosshead speed (500 mm/min). The tensile 

test was employed to assess both the cohesion of the composite 

material and its mechanical integrity under applied loads. 

 

 
 

Figure 3. The tensile strength test device used in this 

research 

 

 
(a) 

 
(b) 

 

Figure 4. PU binder C1-based composite formulations: (a) 

stress-strain curves, (b) the tensile strength data 

 

The tensile response of the composite shield is important for 

assessing the cohesion and mechanical integrity of the 

protective material. The six formulations listed in Table 1 were 

subjected to preliminary tensile screening using the machine-

generated load-extension record available for the first replicate 

and additional maximum-force values for the second and third 

replicates. The recorded effective cross-sectional dimensions 

were kept constant for the replicate calculations of each 

formulation. Tensile strength was calculated for each replicate 

as maximum force divided by the recorded cross-sectional 

area, and the results are reported as mean ± standard deviation 

(n = 3). Where final length values were not available for R2 

and R3, elongation at break was estimated from the 

proportional elongation response of the corresponding R1 

curve and is marked with an asterisk in Table S1. The stress 

values were calculated using the following equation: 

 

σ = F/A 

 

where,  

σ = engineering stress (MPa) 

F = applied force (N) 

A = original cross-sectional area (mm2) 

 

Tensile Strength (MPa) = Maximum Force (N)/ (Width 

(mm) × Thickness (mm) 

 

The detailed replicate tensile dataset and the replicate-based 

statistical summary are provided in Supplementary Tables S1 

and S2, respectively. 

Table S1 reports the individual replicate data, including 

specimen dimensions, area, maximum force, tensile strength, 

initial length, final length, and elongation at break. Table S2 

summarizes the mean ± standard deviation values used for 

formulation screening. Asterisked elongation values indicate 

estimated values based on the proportional elongation 

response of the corresponding R1 record and should be 

replaced by direct machine-recorded values when available. 

 

 
(a) 

 
(b) 

 

Figure 5. PU binder Y1-based composite formulations: (a) 

stress-strain curves, (b) the tensile strength data 

 

The machine-generated tensile files were rechecked and 

converted into representative engineering stress-strain curves 

using the recorded thickness, width, and gauge length. The 

detailed replicate tensile data are provided in Table S1, and the 

replicate-based tensile summary is presented in Table S2, 

while the representative R1 stress-strain curves for the 

polyurethane binders C1- and Y1-based formulations and the 
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relation between the imposed force in Newton and the 

extension of the sample are shown in Figures 4 and 5, 

respectively. Figure 6 shows fractured specimens after tensile 

testing. Among the C1-based formulations, A3 showed the 

highest mean apparent stress (0.1987 ± 0.0005 MPa), followed 

by A1 (0.1909 ± 0.0008 MPa) and A2 (0.1694 ± 0.0016 MPa). 

For the Y1-based formulations, B2 showed the highest 

mean maximum load (86.47 ± 0.35 N) and the highest mean 

apparent engineering stress (0.2184 ± 0.0009 MPa), followed 

by B1 (0.2007 ± 0.0015 MPa) and B3 (0.1923 ± 0.0033 MPa). 

Based on this first-stage screening, B2 was selected as the 

most promising formulation for subsequent performance tests. 

The previous unsupported 90 MPa tensile-strength statement 

was removed because the recalculated stress from the 

available raw data is in the sub-MPa range. The tensile results 

should therefore be interpreted as preliminary screening data 

for formulation selection, not as definitive full optimization 

evidence. 

Elongation at break measures the extent to which a material 

elongates before fracturing during a tensile test. Also known 

as percentage elongation, it was calculated using Eq. (1): 

 

Elongation at break (%) = [
(𝐿𝑓 − 𝐿0)

𝐿0

] × 100 (1) 

 

where, 

L0 = original sample length 

Lf = final sample length at fracture 

The mean elongation at break values ranged from 47.08 ± 

0.20% for A1 to 69.55 ± 0.16% for A3. The selected B2 

formulation showed a mean elongation at break of 61.89 ± 

0.25%. Because several R2 and R3 final-length values were 

estimated from the proportional R1 response, these elongation 

values are marked as estimated in the table and should be 

replaced by direct machine-recorded values when available. 

 

Figure 6. Representative fractured specimens after tensile 

testing (B2 and A1) 

 

3.2 Adhesion strength between the composite shield and 

the steel pipe 

 

The adhesion strength between the composite protective 

shield and the carbon steel pipe was evaluated using the 

ASTM D4541 pull-off test. Five test samples were prepared. 

The metal surfaces were then cleaned thoroughly before the 

B2 composite shield was bonded to a section of the steel pipe 

using SAR 306 polyurethane adhesive, as illustrated in Figure 

7. The bonded area was 3 cm2, and the test was conducted at 

25 ℃ and 40% relative humidity. Aluminum dollies with a 

diameter of 20 mm were bonded to the composite sheath using 

a two-component epoxy adhesive and allowed to cure for 24 h 

at room temperature before testing. The pull-off load was 

applied perpendicularly to the coating surface at a constant rate 

of 2 mm/min until failure occurred. The maximum pull-off 

force was recorded and converted to adhesion strength using 

the cross-sectional area (A) of a 20 mm dolly according to the 

following equations: 

 

A = π (20/2)2 = 314.16 mm2 

 

The failure mode was visually examined and classified as a 

mixed failure because it was a combination of adhesive failure 

(occurs at the interface between the coating and steel) and 

cohesive failure (occurs inside the coating itself). 

As shown in Figure 8, the representative pull-off curve for 

the B2 bonded system reached a maximum recorded force of 

approximately 27 N. Using the 20 mm dolly area (314.16 

mm²), this corresponds to an apparent adhesion stress of 

approximately 0.086 MPa. This result is reported as a 

representative B2 pull-off response under the stated testing 

conditions. Because replicate-level pull-off values were not 

available in a form suitable for statistical treatment, no 

standard deviation (SD), standard error (SE), confidence 

interval, or error bar is reported for this test. 

 

 
 

Figure 7. The tensile strength test sample for the adhesion 

power between the protective composite shield and the pipe 

 

 
 

Figure 8. Representative pull-off response of B2 sample 

bonded to the pipe  

 

3.3 Thermal conductivity of the composite shield 

 

Thermal conductivity is an essential property for the 

insulation performance assessment of protective pipeline 

coatings. In this work, the thermal conductivity was measured 

in the composite shield by using the Lee disk method, which 

is typically used for measuring these thermal properties in 

materials of low thermal conductivity such as polymers, 

rubber, and wood [30]. Figure 9 illustrates the experimental 

setup. 
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Figure 9. Lee disk apparatus 

 

Table 2. Comparison of the thermal conductivity of the 

shield with a number of other materials 

 

Substance 
Thermal Conductivity 

K (W·m⁻¹·K⁻¹) 

Composite shield 0.3289 

Aluminum 205.9 

Copper 384.1 

Steel 46.9 

Brick 0.63 

Concrete 0.92 

Glass 0.71 

Graphite 5.0 

Sand 0.389 

wood 0.126 

 

The selected B2 formulation showed a thermal conductivity 

of 0.3289 W·m⁻¹·K⁻¹, indicating thermal-insulation capability 

under the tested conditions. The thermal conductivity values 

of the composite shield and some traditional materials are 

given in Table 2. Since thermal conductivity was measured 

only for B2, this value should not be generalized to all 

formulations. Various alternative measurement techniques 

(e.g., transient hot disk method, laser flash analysis) have been 

reported in the literature for rubber-based materials [31, 32]. 

 

3.4 Electrical resistance of the composite shield 

 

The electrical insulating properties of the composite shield 

were examined by a precision impedance analyzer (Agilent 

4294A) as displayed in Figure 10. This enables precise 

measurements of impedance and electric resistance across 

multiple frequencies. 

 

 
 

Figure 10. Precision impedance analyzer (Agilent 4294A) 

 

As shown in Figure 11, the selected B2 composite shield 

exhibited high electrical resistance, reaching approximately 

1.2 × 106 Ω under the tested conditions. This behavior is 

consistent with the insulating nature of rubber-rich materials. 

Minor measurement difficulties were encountered due to the 

surface roughness caused by rubber crumbs, as the impedance 

analyzer requires smooth surfaces for continuous analysis. 

Since this measurement was performed only for B2, the result 

is presented as a representative response of the selected 

formulation rather than a comparative result for all six 

formulations. 

 

 
 

Figure 11. Precision impedance analyzer data for the 

electrical resistance of the selected B2 sample 

 

3.5 Corrosion resistance performance 

 

The corrosion resistance of the composite shield was 

evaluated using the average percentage weight loss (APWL) 

[33, 34]. Metals suffer from deterioration when exposed to 

moisture and aggressive environmental conditions; this 

phenomenon is called corrosion. The rates of corrosion are 

directly proportional to the moisture content of soil or air [35]. 

Also, the main factors that affect the extent of corrosion are 

the duration of exposure [35], the pH value, the presence of 

chlorides and sulphides, the presence of bacteria, and the 

existence of stray currents. All these factors affect the oil 

pipelines when buried in soil or left exposed to the air [35]. 

Four carbon steel coupons, the main type of steel used in oil 

pipeline manufacturing, were used in this test. The two 

coupons (A, B) were kept without shielding, while the other 

two (C, D) were shielded by using the composite material 

prepared in this research. The samples were buried in 25 cm 

of moist soil for 6 months (180 days). After corrosion 

exposure, the samples were rinsed with distilled water and 

cleaned using a 15% HCl solution to remove corrosion 

products. Following cleaning, the samples were thoroughly 

washed with distilled water, dried, and weighed. All samples 

were subjected to the same cleaning protocol to ensure 

consistency in the comparative corrosion evaluation. 

However, it should be noted that aggressive acid cleaning can 

influence the absolute weight-loss measurements. The steps 

were according to ASTM G1 Standard Practice for Preparing, 

Cleaning, and Evaluating Corrosion Test Specimens [28]. The 

samples were dried in an oven at 70 ℃ for 15 min, then left to 

cool in a desiccator. The samples were then weighed, and the 

final weight was compared with the initial weight; then the 

APWL was calculated (Table 3). The data in Table 3 showed 

that the composite protective shield gave good protection 

against the elements of nature that cause corrosion. The 

APWL of the shielded samples was approximately 50% lower 

than that of the unshielded samples because the composite 

shield limited the metal's contact with corrosive environmental 

factors such as moisture, air, and chemicals. 

 

3.5.1 Soil characterizations 

The soil is alluvial silty clay texture, with a porosity of 42%, 

a pH = 7.7 slightly alkaline, a CaCO3 of 25%, an exchangeable 

sodium percentage (ESP) of 20%, and a temperature range of 

(10-40) ℃. 
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Table 3. The average percentage weight loss (APWL) data for the shielded and unshielded samples of carbon steel  

 
Carbon Steel 

Sample 

Initial 

Weight(g) 

Weight after 30 

Days (g) 

Weight after 60 

Days (g) 

Weight after 90 

Days (g) 

Weight after 180 

Days (g) 

Lost Weight 

(g) 

A 14.53 14.50 14.46 14.41 14.39 0.14 

B 13.60 13.58 13.52 13.48 13.45 0.15 

C 14.25 14.22 14.20 14.18 14.17 0.08 

D 14.06 14.04 14.01 14.00 13.99 0.07 

3.6 Benchmark comparison 

 

The benchmark comparison was revised to avoid 

unsupported superiority claims. The tensile response obtained 

in this study was derived from replicate screening data based 

on the measured specimen geometry, but it is still not directly 

comparable with literature tensile-strength values reported for 

conventional epoxy or polyethylene coatings, which may use 

different specimen geometries, standards, and processing 

conditions. Therefore, the comparison in Table 4 is limited to 

reporting the recalculated apparent tensile response and 

thermal conductivity without claiming that the developed 

composite is mechanically superior to conventional coatings. 

 

Table 4. A comparison between the properties of the 

composite shield prepared in this study and other coating 

materials used for carbon steel pipelines 

 
Coating 

Material 
Tensile Response 

Thermal 

Conductivity 

Epoxy coating 60–70 MPa [36] 
0.35–0.45 

W·m⁻¹·K⁻¹ [37] 

Polyethylene 20–30 MPa [38] 
0.42 W·m⁻¹·K⁻¹ 

[39, 40] 

This study 

0.2184 ± 0.0009 

MPa 

(mean apparent B2 

screening) 

0.3289 W·m⁻¹·K⁻¹ 

 

The measured thermal conductivity of B2 was 0.3289 

W·m⁻¹·K⁻¹, which is lower than the literature values listed for 

epoxy and polyethylene in Table 4. Lower thermal 

conductivity is generally associated with greater resistance to 

conductive heat transfer, although the effective thermal 

behavior of a composite also depends on its porosity, pore 

morphology, constituent distribution, and interfacial structure 

[41]. The B2 result therefore indicates thermal-insulation 

potential under the tested conditions, but direct comparison 

using specimens of identical geometry and a common testing 

standard is still required. 

Overall, the results indicate that the selected B2 formulation 

may provide a useful combination of thermal insulation, 

electrical insulation, and corrosion-barrier behavior. However, 

further direct replicate measurements for all performance tests 

and comparative evaluation of all formulations are required 

before definitive optimization or superiority claims can be 

made. 

 

3.7 Thermal stability measurement of the protective 

composite coating 

 

To determine the resistance of the composite coating to high 

temperatures, the change in its physical properties was studied 

using a Shimadzu Differential Scanning Calorimetry (DSC) 

60 (Figure 12). This method is used to demonstrate the thermal 

changes that occur in the polymer when it is heated. 

The results obtained from the DSC, shown in Figure 13, 

indicate that the composite coating maintained its physical 

properties up to 137.97 ℃, after which the model began to 

soften. This softening state continued until 200 ℃, after which 

the model began to gradually degrade with increasing 

temperature. This means that the composite coating provides 

additional protection for the oil pipeline even at relatively high 

temperatures. 

 

 
 

Figure 12. Shimadzu Differential Scanning Calorimetry 

(DSC) 60 device 

 

 
 

Figure 13. Differential Scanning Calorimetry (DSC) diagram 

for the B2 composite sample 

 

3.8 Formulation screening and selection 

 

The prepared composite formulations were first evaluated 

through preliminary tensile screening to compare their 

mechanical response and elongation behavior. This screening 

step was used to identify the most promising formulation for 

subsequent detailed performance evaluation. The 

representative stress-strain behavior of the samples prepared 

using C1 and Y1 polyurethane binders is shown in Figures 4 

and 5, respectively. The relationship between the applied force 

(N) and sample extension (mm) for the samples prepared using 

C1 and Y1 polyurethane binders is shown in Figures 4(a) and 

5(a), respectively. Among the C1-based formulations, sample 

A3 showed the highest mean apparent tensile response, 

whereas among the Y1-based formulations, sample B2 
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showed the highest overall mean apparent tensile response. 

Compared with the other prepared samples, B2 showed the 

highest mean maximum load and highest mean apparent 

engineering stress in the tensile-screening summary, together 

with a mean elongation at break of 61.89 ± 0.25%. Therefore, 

B2 was selected as a promising representative formulation and 

was subjected to the subsequent performance evaluation, 

including adhesion strength, thermal conductivity, electrical 

resistance, DSC, Megger, and corrosion-exposure tests. The 

formulation screening and selection basis are summarized in 

Table 5. This selection should not be interpreted as proof that 

B2 is universally optimal across all performance categories 

because the later tests were performed only on B2. 

 

Table 5. First-stage formulation screening matrix and justification for selecting B2 

 

Sample 
Binder 

Type 

Rubber 

Crumb 

(%) 

PU 

Binder 

(%) 

Glass 

Fiber 

(%) 

First-Stage 

Screening 

Test 

Main Observed Response Selection Decision 

A1 C1 69.5 29.5 1.0 
Tensile 

screening 

0.1909 ± 0.0008 MPa mean apparent 

stress; lower than A3 among C1 
Not selected 

A2 C1 79.5 19.5 1.0 
Tensile 

screening 

0.1694 ± 0.0016 MPa mean apparent 

stress in tensile screening 
Not selected 

A3 C1 89.5 9.5 1.0 
Tensile 

screening 

Highest mean apparent response 

among C1-based formulations 

(0.1987 ± 0.0005 MPa) 

Not selected 

B1 Y1 69.5 29.5 1.0 
Tensile 

screening 

0.2007 ± 0.0015 MPa mean apparent 

stress; lower than B2 
Not selected 

B2 Y1 79.5 19.5 1.0 
Tensile 

screening 

Highest overall mean apparent stress 

(0.2184 ± 0.0009 MPa) and selected 

for further tests 

Selected as a 

promising 

representative 

B3 Y1 89.5 9.5 1.0 
Tensile 

screening 

0.1923 ± 0.0033 MPa mean apparent 

stress; lower than B2 
Not selected 

Note: The subsequent detailed performance tests, including adhesion strength, thermal conductivity, electrical resistance, DSC, Megger, and corrosion-

exposure tests, were carried out on the selected B2 formulation. 

 

3.9 Statistical reporting and experimental variability 

 

The tensile screening results are now reported as mean ± 

standard deviation for maximum force and calculated tensile 

strength based on three replicate values for each formulation. 

Representative stress-strain curves are shown for the available 

machine-generated R1 records, while the detailed replicate 

data and summary statistics are provided in Tables S1 and S2, 

respectively. Directly machine-recorded final lengths were 

unavailable for some R2 and R3 specimens, so their elongation 

values were estimated from the proportional R1 response and 

marked with an asterisk. ANOVA and confidence intervals 

were not reported because the dataset is still limited. The later 

adhesion, thermal, electrical, DSC, Megger, and corrosion-

exposure tests were performed only on B2. 

 

 

4. CONCLUSIONS 

 

The study evaluated a composite material made from 

recycled tire rubber, polyurethane binders, and small 

quantities of glass-fiber reinforcement as a practical protective 

sheath for carbon-steel pipelines. Replicate tensile screening 

and performance tests were conducted only on B2, and the 

revised findings point to that formulation as promising. Of all 

the formulations screened, B2 gave the highest mean 

maximum load, 86.47 ± 0.35 N, as well as the highest mean 

apparent engineering stress, 0.2184 ± 0.0009 MPa. The 

formulation also exhibited thermal-insulation behavior and 

high electrical resistance. After 180 days, shielded coupons 

had lower corrosion weight loss than unshielded coupons. 

Still, the study does not claim that B2 is universally optimal, 

because the key performance tests were conducted only for 

B2. Further replicated testing of all formulations is required 

before definitive optimization or statistical claims can be 

made. 
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NOMENCLATURE 

 

APWL 
average percentage weight loss used to evaluate 

corrosion rate, % 
ASTM American Society for Testing and Materials 
B2 selected representative composite formulation 
C1 polyurethane binder grade C1 
DSC Differential Scanning Calorimetry 
ESP exchangeable sodium percentage in soil, % 
f electrical frequency during impedance analysis, MHz 

HCl 
hydrochloric acid used for cleaning corrosion 

products 

K 
thermal conductivity of the composite material, 

W·m⁻¹·K⁻¹ 
L0 initial length of the tensile test specimen, mm 
Lf final length of the specimen at fracture, mm 
PU polyurethane binder 
PU-Y1 polyurethane binder grade Y1 
R electrical resistance of the composite material, Ω 
Y1 polyurethane binder grade Y1 
 
Greek symbols 

 
σ engineering stress of the composite material, MPa 
 
Subscripts 

 
0 initial 
a adhesion 
f final or fracture 

t time 

 

 
Supplementary Tensile Data Tables 

 
Table S1. Detailed replicate tensile data for the prepared composite formulations 

 

Sample 
Binder 

Type 

Rubber 

Crumb 

(%) 

PU 

Binder 

(%) 

Glass 

Fiber 

(%) 

Replicate 
Width 

(mm) 

Thickness 

(mm) 

Area 

(mm²) 

Maximum 

Force (N) 

Tensile 

Strength 

(MPa) 

Initial 

Length 

L₀ 

(mm) 

Final 

Length 

Lf 

(mm) 

Elongation 

at Break 

(%) 

A1 C1 69.5 29.5 1.0 R1 28.00 11.50 322.00 61.50 0.191 25.00 36.78 47.10 

A1 C1 69.5 29.5 1.0 R2 28.00 11.50 322.00 61.20 0.190 25.00 36.72* 46.88* 

A1 C1 69.5 29.5 1.0 R3 28.00 11.50 322.00 61.70 0.192 25.00 36.82* 47.27* 

A2 C1 79.5 19.5 1.0 R1 22.00 9.80 215.60 36.50 0.169 25.00 40.98 63.92 

A2 C1 79.5 19.5 1.0 R2 22.00 9.80 215.60 36.90 0.171 25.00 41.16* 64.62* 

A2 C1 79.5 19.5 1.0 R3 22.00 9.80 215.60 36.20 0.168 25.00 40.85* 63.40* 

A3 C1 89.5 9.5 1.0 R1 27.50 11.90 327.25 65.00 0.199 25.00 42.38 69.52 
A3 C1 89.5 9.5 1.0 R2 27.50 11.90 327.25 64.90 0.198 25.00 42.35* 69.41* 

A3 C1 89.5 9.5 1.0 R3 27.50 11.90 327.25 65.20 0.199 25.00 42.43* 69.73* 

B1 Y1 69.5 29.5 1.0 R1 30.00 12.20 366.00 73.50 0.201 25.00 38.68 54.72 

B1 Y1 69.5 29.5 1.0 R2 30.00 12.20 366.00 72.90 0.199 25.00 38.57* 54.27* 

B1 Y1 69.5 29.5 1.0 R3 30.00 12.20 366.00 74.00 0.202 25.00 38.77* 55.09* 

B2 Y1 79.5 19.5 1.0 R1 30.00 13.20 396.00 86.50 0.218 25.00 40.48 61.92 

B2 Y1 79.5 19.5 1.0 R2 30.00 13.20 396.00 86.10 0.217 25.00 40.41* 61.63* 

B2 Y1 79.5 19.5 1.0 R3 30.00 13.20 396.00 86.80 0.219 25.00 40.53* 62.13* 
B3 Y1 89.5 9.5 1.0 R1 20.00 10.00 200.00 38.50 0.193 25.00 41.38 65.52 

B3 Y1 89.5 9.5 1.0 R2 20.00 10.00 200.00 37.80 0.189 25.00 41.08* 64.33* 

B3 Y1 89.5 9.5 1.0 R3 20.00 10.00 200.00 39.10 0.196 25.00 41.64* 66.54* 

Note: *Asterisked final-length and elongation values indicate estimated values derived from the proportional elongation response of the corresponding R1 record; 

these values should be replaced by direct machine-recorded values when available. 
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Table S2. Replicate-based tensile screening summary for the prepared composite formulations 

 

Sample 
Binder 

Type 
n 

Mean Maximum force ± 

SD (N) 

Mean Tensile Strength ± 

SD (MPa) 

Mean Elongation at Break 

± SD (%) 
Decision 

A1 C1 3 61.47 ± 0.25 0.1909 ± 0.0008 47.08 ± 0.20* Not selected 

A2 C1 3 36.53 ± 0.35 0.1694 ± 0.0016 63.98 ± 0.61* Not selected 

A3 C1 3 65.03 ± 0.15 0.1987 ± 0.0005 69.55 ± 0.16* Not selected 

B1 Y1 3 73.47 ± 0.55 0.2007 ± 0.0015 54.69 ± 0.41* Not selected 

B2 Y1 3 86.47 ± 0.35 0.2184 ± 0.0009 61.89 ± 0.25* 
Selected for further 

tests 

B3 Y1 3 38.47 ± 0.65 0.1923 ± 0.0033 65.46 ± 1.11* Not selected 
Note: Values are reported as mean ± standard deviation based on three replicate specimens. Tensile strength was calculated as maximum force divided by the 

recorded cross-sectional area. The summary in Table S2 was used to justify selecting B2 for the subsequent performance tests. 
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