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CHAPTER I 
INTRODUCTION 

 

1.1  Background 
Thailand is a country under developing which requires a remarkable progress 

in implementation of multilayer large public infrastructure projects. Transportation is 

one of the main roots to link the roadways to the city. Moreover, land transport is the 

easiest way for people in Thailand to travel because of the affordable price of traveling 

and owning vehicles. While the demand for using vehicles still increases annually, the 

new road constructions also grow yearly. In contrast, investment on pavement and 

maintenance project are the most expensive infrastructures, which essentially needs 

tremendous of quarry stones to construct and can be estimated the amount of 

aggregate uses in pavement construction approximately between 60 to 80 

percentages. A huge number of natural resources has been extracted to manipulate 

in construction industries rapidly, which must be operated with large machines that 

requisite significant fuels and identically, continue causing many environmental 

impacts in unpleasant ways result in climate change from greenhouse gas emission. 

Therefore, Thailand’s government policy has encouraged to find many alternatives to 

reduce 30 percentage of carbon emissions in 2030. For this purpose, a sustainable 

infrastructure will be introduced as a key strategics initiative and at the forefront of 

pavement industries and researcher to be comply with the circular economy. 

According to The Nation Thailand in 2021, the budget of 175.85 billion Thai 

baht counted as 5.7 percentages of the total budget in 2022 has been managed to 

use in transportation ministry, which illustrates that massive amount of budget has 

been promoted for road construction. Pavement structures based on constituent 

materials are divided into two different types which are flexible pavement (asphalt 
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concrete pavement) and rigid pavement (concrete pavement).  Focusing on concrete 

road, the components to build the concrete are fine aggregate, natural coarse 

aggregate (NCA), cement and the water, which NCA contains the most ratio compared 

to overall materials that has the role to strengthen the concrete and correspondingly 

to fine aggregate and cement which has the role to bond and fill the gaps between 

granular materials. Recycled concrete aggregate (RCA) is a great substitution for NCA, 

which is the waste from demolished buildings or old concrete roads and tested 

samples from concrete ready-mix plants to reuse. Concrete waste is not biodegradable 

material that requires a massive land to store, and researchers have been studied on 

RCA to be used in construction application because of its physical stiffness as a 

sustainable and environmentally eco-friendly pavement. However, the service life of 

the pavement is dependent on the volume of usage which separates into heavy traffic 

volumes (greater than a million traffic loads) and lower traffic volumes (less than ten 

thousand loads). Excluding compressive strength, there are few more factors to 

shorten its service life and lose of interest such as creating high greenhouse gas 

emission, low tensile, low flexural strength, and fatigue life (Chan et al., 2019; Krishna 

et al., 2014). Thus, to prevent its weakness, thicker thickness is required to resist 

immature failure due to axle loading of the vehicles. For this purpose, pavement 

engineers and researchers have been developed technologies and methods for 

improving flexural strength, for instant, synthetic fibers (steel and glass fibers, 

polyolefin fibers, and polyvinyl alcohol fibers) have been proven as effective and 

increasingly used as fiber-reinforced concrete (FRC) pavement. Conversely, producing 

a large number of synthetic fibers requires high energy consumption and causes heavy 

pollution to the environment. Hence, the use of natural fibers will be a replacement 

with the enlargement of interest in both academic research and industrials 

applications.  

At current years, there have been significant developments in the field of 

sustainable construction materials, such as innovation involving the incorporation of 

PET plastics and waste tires in concrete pavement (Saikia and De Brito, 2012; Youssf et 
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al., 2016). Waste tried can be made into crumb rubber particles and used in the 

concrete mix as a sand replacement (Park et al., 2016). Utilizing crumb rubber lessens 

the need for sand mining, protecting natural resources and lessening its negative 

effects on the environment. PET plastic bottles can also be broken down into small 

particles and used as a coarse aggregate replacement in the concrete mix (Islam et al., 

2016). However, the utilization of PET and waste tires in concrete mix resulted in the 

reduction of flexural strength (modulus of rupture) of concrete, which is an important 

property for concrete pavement. Therefore, additional additives might enhance the 

properties of concrete in rigid pavement applications. In terms of sustainable road 

construction, Yaowarat et al. proposed an innovative idea of value-added natural 

rubber latex (NRL) as a green additive and studied the influence of various ratios of 

rubber-to-cement (r/c) on the development of strength of nor-mal concrete (Yaowarat 

et al., 2021). It indicated that the ideal rubber ratio in concrete could improve 

concrete’s modulus of rupture, resulting in the long service life of the rigid pavement. 

Nevertheless, in recent years, hemp has the potential as a cash crop globally 

and Thailand government has been promoted farmers to cultivate with perceived 

utilization in downstream industries for various purposes. Consequently, hemp will not 

be easily adopted by farmers until value-added processing is established. In current 

situation, hemp has been sold in the form of straw and seeds which will not produce 

significant revenue to attract farmers, whereas promoting financially hemp processing 

business is one of the best methods to claim the interest in hemp cultivation. To 

strengthen the social economic if agricultural sector in Thailand, the possibility of 

studying of using hemp fibers in wide-reaching as the construction industrial materials 

might vitalize the publics and private sectors to invest in the cultivation of an industrial 

crop. The hemp fiber reinforced material application has been studied in the 

construction fields such as lime-hemp plaster, hemp concrete, hempcrete, polymeric 

hemp-based composite and lightweight hemp concrete, which are mostly non-

structural loading applications. In contrast, to take advantages of hemp fiber-reinforced 

concrete in road construction has been very limited, even though pavement is the 
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largest construction industry in Thailand. Due to the lack of field and laboratory 

experimental investigation which resulted in unable to develop a new mix design 

method to reach the target of flexural strength and fatigue performance and a 

mechanistic design method for hemp fiber-reinforced concrete as a rigid pavement. 

To obtain the objective, compression strength, flexural strength and flexural fatigue 

tests will be examined with a complete set of geotechnical and pavement laboratories 

at Center of Excellence in Innovation for Sustainable Infrastructure Development, 

Suranaree University of Technology. 

Subsequently, according to socio-economic and environmental development 

purpose, this research study aims to scrutinize the compressive strength, flexural 

strength, and flexural fatigue responses of sustainable hemp fiber reinforced concrete 

pavement using RCA at difference mixing proportion of water to cement ratio, RCA, 

and hemp replacement ratios. The outcome will be analyzed to provide an effective 

mix design method and a mechanistic pavement design method for sustainable hemp 

fiber reinforced concrete pavement, which can provide both economic and 

environmental benefits. 

1.2    Purpose of the Research 
The focus of this research is to develop sustainable mix designs for concrete 

pavement by combining hemp fiber and natural rubber latex with waste polymers 

such as PET and crumb rubber. This study aims to explore innovative solutions for rigid 

pavement construction with the following specific objectives:  

I. To investigate the performance, including durability and strength, of natural 
rubber latex-modified concrete with crumb rubber and recycled PET plastic 
aggregate as a rigid pavement material. 

II. To assess the effectiveness of hemp fiber reinforced concrete, utilizing 
recycled concrete aggregate, in terms of its structural integrity and 
sustainability for rigid pavement applications. 
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III. To explore the fatigue performance of hemp fiber reinforced concrete, 
employing recycled concrete aggregate, under flexural cyclic loading, aiming 
to understand its resilience and longevity in pavement applications. 

This research is poised to contribute significantly to the field of sustainable 
construction, potentially leading to more environmentally friendly and durable 
pavement solutions. 

1.3  Scope of the Research 
This research aims to evaluate the effect of hemp fibers and the replacement 

of NCA with RCA on compression strength, flexural strength, and flexural fatigue 

properties of concrete pavements. The scope of this work are as follows: 

I. Study the effect of setting time of cement paste in various w/c ratios with the 
volume content of hemp fibers. 

II. Study the effect of w/c ratio, hemp fiber content using RCA content, and waste 
polymer concrete using natural rubber latex on the compressive strength and 
flexural strength development under static loads of normal strength concrete 
pavement. 

III. Investigate the bonding behavior of concrete materials by using SEM for hemp 
fiber reinforced-concrete and natural rubber latex-modified concrete. 

IV. Study the effect of w/c ratio, hemp fiber content, and RCA content on the 
fatigue performance and crack mechanism under cyclic load test of normal 
strength concrete pavement. 

V. Propose the practical mix design and design method for concrete pavement 
using hemp fiber and recycled concrete aggregate as a sustainable material. 

1.4  Research Questions  
The current research raises several questions to achieve research objective: 

I. How does natural coarse aggregate (NCA) have negative effects to the 
environment? 

II. How many tons of waste concrete are at cement plant and demolishment of 
concrete structure? 

III. How to recycle concrete waste for use in the construction industry? 
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IV. Can waste polymer such as PET and crumb rubber be used in concrete? 
V. Can natural rubber latex improve the mechanical strength of concrete? 
VI. What is the appropriate amount of waste polymer to improve the concrete? 
VII. Is there a significant strength effect on replacing NCA with RCA for concrete mix 

design? 
VIII. Are there any changes of treated hemp fiber compared to natural hemp fiber? 
IX. How does hemp FRC affect the strength in difference volume? 
X. How does the hemp fiber reinforce concrete response to repeated loads? 

1.5  Expected Contribution of the Research   
 The expected contributions of the proposed research objectives are as follow: 

I. Able to identify the effective treatment of hemp fiber to use as a reinforcement 
in concrete with the optimum amount of volume in concrete.  

II. Comparison of concrete using RCA and NCA for compression strength and 
flexural strength to use for the pavement. 

III. Able to know the appropriate amount of waste polymer usage for NRL 
concrete. 

IV. The improvement of concrete by using natural rubber latex.  
V. Able to find a relationship between flexural strength and compression strength 

of sustainable concrete. 
VI. Improvement of the flexural strength and flexural fatigue for hemp fiber 

reinforced concrete and NRL Concrete. 

 



  

CHAPTER II 
LITERATURE REVIEWS 

 

2.1  Previous Studies on Recycled Concrete Aggregate (RCA) 
The speedy increment of economic and social development results in an 

increasing tremendous number of needs in civil infrastructures. In the construction 
industry, there are two types of structure which are steel and concrete structure. Steel 
structure is not commonly used for normal structures because of its cost and difficulty 
of forming in shape that must be ordered from the manufacturer. In addition, steel 
components require hug truck for transportation which is the additional cost on it and 
the crane for lifting to assemble at construction site and need a professional labor to 
build, whereas concrete structure is globally used according to the price and the 
material that can be found all over the world. Similarly, concrete has advantages on 
casting into complexity shape, simple for transportation, compressive strength and 
especially cheaper than steel structure. Due to Behera et al. in 2014, 25 billion tons of 
concrete are manufactured worldwide. Concrete also has its own service life of 
approximately 50 years for reinforced concrete which means the unserviceable 
structures must be destroyed and disposed to the landfill site and resulted in not 
economically and environmentally sustainable. Moreover, extracting the natural 
coarse aggregate (NCA) from natural resources to utilize in concrete mixing causes the 
unbalance of ecological and generally pollutes the environment. Despite the 
convenience of concrete, there are waste management should be considered after 
out of life span. Therefore, waste concrete can be crushed to any size to reuse and 
namely as recycled concrete aggregate (RCA). The benefits of RCA are to lower in 
decreasing environmental pollution and require landfill. Instead of delivering NCA from 
explosive quarry, RCA can be found at cement plants and close to the city which can 
save transportation cost and the energy of crushing. According to Ponikiewski et al. in 
2014, RCA has a problem with consistency which depends on the water to cement 
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ratio and type of cement of the mixing. Correspondingly, RCA contains cement mortar 
attached to NCA which has high porosity and leads to higher water absorption 
compared to NCA.  

2.2  Influence of Replacing RCA in Concrete as Coarse Aggregate 
Safiuddin et al. in 2021 proposed a method to replace NCA with RCA in amount 

of 0, 30, 50, 70, and 100% of high workability of concrete and tested in compressive 
strength, split tensile strength, flexural strength, and modulus of elasticity to observe 
the behavior of sustainable concrete. The concrete mixing components have NCA from 
crushed granite stone and RCA from ready-mix plant as coarse aggregate with the 
maximum size of 20 mm, quartz river sand as fine aggregate, ordinary Portland cement 
with specific gravity of 3.12, tape water and a polycarboxylate based high-range water 
reducer (HRWR) of 1.06 specific gravity to ensure the workability. The gradation curve 
of coarse aggregate is shown in Figure 2.1 and the properties of coarse aggregate and 
fine aggregate in Table 2.1. The concrete was mixed in 3 differences water to cement 
ratios (0.50, 0.60, and 0.65) with the nixing proportion from Table 2.2 to observe the 
workability by using a rotary pan mixer and cast into 100 mm cubes for compression 
test, Ø 100 mm × 200 mm cylinder for split tensile test, and 100 mm × 100 mm × 200 
mm prism for flexural strength test.  

 
Figure 2.1 Gradation curve of natural coarse aggregate and recycled concrete 

aggregate (Safiuddin et al., 2011). 
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Table 2.1 Physical properties of fine and coarse aggregate (Safiuddin et al., 2021). 

Physical Properties RCA NCA FA 

Maximum size aggregate (mm) 
Fineness modulus 
Bulk density (kg.m-3) 
Saturated surface dry specific gravity 
Oven-dry based specific gravity  
Open porosity (vol. (%)) 
Absorption (wt. (%)) 
Moisture content (wt. (%)) 
Angularity number  
Aggregate impact value (wt. (%)) 

20 
6.79 
1250 
2.53 
2.48 
5.03 
2.03 
1.57 
9.50 
12.7 

20 
6.76 
1510 
2.62 
2.53 
1.55 
0.60 
0.17 
7.50 
10.0 

5 
2.88 
1620 
2.69 

- 
- 

1.32 
0.31 

- 
- 

Table 2.2 Concrete mix proportions (Safiuddin et al., 2011). 

Mix 
NCA 

(kg.m-3) 
RCA 

(%CA) 
RCA 

(kg.m-3) 
FA 

(kg.m-3) 
OPC 

(kg.m-3) 
W 

(kg.m-3) 
HRWR 
(%C) 

CRCA0 
CRCA30 
CRCA50 
CRCA70 
CRCA100 

910 
609 
433 
259 
0 

0 
30 
50 
70 
100 

0 
261 
433 
604 
857 

905 
865 
861 
858 
852 

342 
342 
342 
342 
342 

214 
214 
214 
214 
214 

1.5 
1.5 
1.5 
1.5 
1.5 

 

According to the test results in figure 2.2, the slump flow was reduced in a 
small amount by the percentage replacement respectively which can be maintained 
by using HRWR. Along with compressive strength from figure 2.3, at 7 and 28 days the 
strength was minor deducted but surprisingly for flexural strength had almost equally 
the strength at 100 percentage of replacement due to figure 2.4. Following with 
modulus of elasticity in figure 2.5, it had a significant reduction in substitution of RCA 
and similarly to flexural test, the splitting tensile test had a tiny decrease in 100 
percentage by weight replacement in figure 2.6. 
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Figure 2.2 Replacement of RCA in concrete slump flow (Safiuddin et al., 2011). 

 

 
Figure 2.3 Replacement of RCA in compressive strength (Safiuddin et al., 2011). 
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Figure 2.4 Replacement of RCA in flexural strength (Safiuddin et al., 2011). 

 

 
Figure 2.5 Replacement of RCA in modulus of elasticity (Safiuddin et al., 2011). 
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Figure 2.6 Replacement of RCA in splitting tensile strength (Safiuddin et al., 2011). 

Therefore, RCA can be considered as an alternative material to replace NCA for 
concrete application as several studies has been investigated in the same result of 
reducing a minor amount of compressive strength, compressive strength, and split 
tensile strength (Nagataki et al., 2000; Shayan et al., 2003). 

2.3  Hemp Fiber Treatment 
Fiber reinforced concrete has been used in civil engineering for several years 

to improve the ductility and reduction of the volume of concrete. Synthetic fibers such 
as carbon, glass or aramid fiber are used in some applications because of the high cost. 
Of course, synthetic fibers provide higher tensile strength and modulus of elasticity but 
exchange with the energy consumption and environmental pollutions. Thus, the 
natural fibers such as hemp, jute and sisal have been a focus point for the alternative 
which several studies stated that natural fibers had low density, great tensile strength 
and modulus of elasticity according to cellulose contains and can be considered as 
reinforcer of polymeric matrix (Bledzki and Gassan, 1999). Due to affordable price and 
eco-friendly, the are some disadvantages that come with interaction of fiber surface to 
concrete matrix and the impurity attached to the surface. So, the treatment process 
has instigated which sodium hydroxide (NaOH) is found to be effective and cheap. 
NaOH has roles to wash the surface and improve the mechanical properties, modulus 
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of elasticity and tensile strength (Sharifa and Ansell, 2004). To activate the alkaline 
treatment, 6% of NaOH solution was prepared and maintained at room temperature 
and saturated for 48 hours and cleaned with distill water then air-dry. The samples 
were investigated with scanning electron microscope (SEM) to see the surface of the 
fiber by 500 times zoom in from Poletanovic et al. in figure 2.7. 

   
Figure 2.7 SEM of untreated hemp fiber and 6% NaOH treatment hemp fiber 

(Peletanovic et al. 2021). 
Without treatment, the surface of hemp fiber attached with waxes and dusts 

which made the hemp fiber in form of smooth surface contact, whereas after 
treatment the waxes and filaments were removed. Thus, the hemp fiber was left 
without interruption and resulted remain with pure fiber. 

2.4 Previous Studies on Hemp Fiber Reinforced Concrete 
Different types of fibers such as steel, glass, natural and synthetic fibers have 

been used to study to reinforced with concrete in the last decades to improve the 

cracking performance on stress transferred (Quan and Stroeven, 2000; Akay and 

Tasdemir, 2012; Ponikiewski and Katzer, 2014; Su and Lin, 2017) but adding fibers to 

concrete resulted in effecting the compressive strength, flexural strength and mode of 

failure against its brittleness (Barros et al., 2005; Usman et al., 2020 ). Krishna and Rao 

in 2021 conducted an experiment by using polyester fiber reinforced concrete as a 

rigid pavement and resulted in improvement of compressive strength, flexural strength 
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and splitting tensile strength by adding 0.3% fiber content and assisted to reduced 20 

% of thickness of pavement. 

 Hemp concretes were interested by several researchers and studied to save 

natural resources. Lightweight hemp concrete was used in walls, slabs and plasters for 

timber buildings and repaired work in France since 1990 (Allin, 2005). Gencel et al. 

(2021) observed the behavior of hemp fibers reinforced with foam and fly ash which 

gave an increment of compressive strength when using higher foam content and for 

long term strength was improved when mixing with low foam content and 30% of fly 

ash. Furthermore, hemp fiber with 10 % of fly ash can strengthen the flexural strength 

of foam concrete. Comak et al. (2018) tested various length of short hemp fiber with 

different hemp fiber content for investigated the characteristic of cement-based 

mortar. In addition, mixing with 2-3% of 12 mm hemp fiber length improved 

compressive strength, flexural strength, and splitting tensile strength. The resulted was 

tested by Sedan et al.(2008) showed that treated hemp fiber with NaOH increased 

surface roughness and hemp FRC increase the flexural strength at acceptable amount 

and in contrast to modulus of elasticity that decreased. Another study case proposed 

by using 0.5% of hemp fiber content by weight of concrete and found that 25 % of 

flexural strength was improved compared to normal concrete (Ramadevi and Shri, 

2004). However, Li et al. (2004) stated that at optimum hemp fiber content increased 

4% of compressive strength, 9% of flexural strength, and 114 % of flexural toughness 

compared to normal concrete. Significantly, length of the hemp fiber did not have 

much effect to the concrete properties but alkali presented on hemp fiber produced 

good results for HFRC but exchanged with reduction of compressive strength and 

modulus of elasticity where modulus of rupture and tensile strength were increased 

notably (Awwad et al., 2012; Awwad et al., 2013).  

2.5  Knowledge Gap and Proposed Research on Hemp Fiber 
Sedan et al. (2018) stated that during testing the flexural strength, fiber pullout 

was the problems which effected the load transferred process. Therefore, previous 

studies revealed that the difference of HFRC strength were based on mix design. 
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Reinforced concrete with hemp fiber can result in ductile behavior and produce great 

energy absorption but applications of HFRC have been applied to beam and column 

which required modulus of elasticity, compressive strength, and flexural strength. One 

of the most important infrastructures like pavement requires to observe a long-term 

post-crack behavior which relates to flexural strength, flexural toughness, and 

toughness index that have positive contribution to have a long service life. Pavement 

is designed to support dynamic loads which flexural fatigue test will require for hemp 

FRC. Natural resources of coarse aggregate such as limestone is not eco-friendly to 

environmental which to maintain the sustainability pavement, recycled concrete 

aggregate will use to replace limestone to study with hemp fiber.  

 The primary parameter of concrete pavement design is based on the fatigue 

resistance which causes the distress to pavement. Large number of cyclic loads as 

induced by traffic can reduce the performance of concrete propagation cracks, 

deteriorating the elastic properties , increasing the fatigue fracture toughness (Perdikaris 

et al., 1986; Matsumoto, 1998; Lee and Barr, 2004) and eventually leading to the brittle 

failure of the material. The internal progressive damage of plain concrete occurs under 

repeated loads to form crack and ultimately fail due to flexural fatigue (Maitra et al., 

2014). In design progression, fiber can resist the crack propagation which will increase 

the endurance life of the materials and contribute to a more ductile behavior (Chang 

and Chai, 1995; Rossi and Parant, 2008). According to the American Association for State 

Highway and Transportation Officials (AASHTO) was developed the performance 

prediction of concrete pavement in late 1950s which studied on the behavior and 

several tested data to create the empirical methods but did not include the fatigue 

performance that can cause the failure to the pavement. Therefore, the traditional 

design methods are mostly over-designing the strength to ensure the durability of 

pavement but did not address the failure of fatigue (Sabih and Tarefder, 2018). Thus, 

the mechanistic-empirical pavement design guide (MEPDG) was introduced in 2004 by 

AASHTO in cooperation with the National Cooperative Highway Research Program 

(NCHRP) and the Federal Highway Administration (FHWA). Since the MEPDG is based on 
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the behavior and materials properties, this will have a potential to reduce the degree 

of uncertainty in the design steps which combined with realistic criteria for design the 

level of distress. For this reason, there will have more certainty of design and materials 

which significantly leads to reduce the maintenance process and rehabilitation 

activities (Ceylan et al., 2008). That being the case for this research to evaluate the 

fatigue performance and develop MEPDG method of hemp fiber reinforced concrete 

pavement with RCA.  

  

 



 



 



 



 



 



 



 



 



 



 



 



  

CHAPTER IV 
RESULTS AND DISCUSSIONS 

 

4.1  Concrete Setting Time of HFRC 
In figures 4.1, 4.2 and 4.3, the initial and final setting time was shown in the 

relationship between various hemp fiber contains and time in minute. The mixture of 
RCA and NCA were compared to observe the differences behavior of concrete 
hydration. Reinforcing higher volume of hemp fiber into concrete was reduced both 
initial and final setting time for RCA and NCA.  At the stress of sample of 500 pound 
per square inch, the initial setting time were determined equal to 205, 182, 160, 145 
minutes for NCA and RCA of 210, 188, 170, 150 minutes with 0, 0.5, 0.75, and 1 % 
hemp fiber reinforcement, respectively. As well as the final setting time was 
investigated when the stress reached 4000 pound per square inch which equal to 376, 
342, 311, and 282 minutes for NCA and 370, 340, 332, 280 minutes for RCA with 0, 0.5, 
0.75, and 1 % hemp fiber reinforcement, respectively. NCA and RCA samples had 
similar behavior which the differences were not more than 10 minutes. Whereas, 
reinforcing 0.5% of hemp fiber approximately 20 minutes were reduced in initial setting 
time and final setting time for 30 minutes compared to without reinforcing. Moreover, 
0.75% of hemp fiber resulted in decreasing the initial setting time of roughly 40 minutes 
and 50 minutes for final setting time compared to 0% of reinforcement. Lastly, an hour 
reduction of initial setting time and 90 minutes for final setting were observed at 1.0% 
of hemp fiber reinforcement in contrast with controlled sample. 
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Figure 4.1 Curve of Initial and final setting time of HFRC using NCA. 

 
Figure 4.2 Curve of Initial and final setting time of HFRC using RCA. 
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Figure 4.3 Initial and final setting time of HFRC. 

4.2 Compressive Strength 
The test results of cubic compressive strength development at 7 and 28 days 

are shown in Figure 4.4, indicating an increase in compressive strength ranging from 

60% to 70% at 7 days compared to 28 days for both RCA and NCA, which aligns with 

the expected behavior of concrete. At 28 days, the control sample, named NCA-0.0H-

FRC, without reinforcement with hemp fiber, and using NCA commonly used in the 

civil engineering field, reached a strength of 39.54 MPa. After adding 0.5% hemp fiber 

by volume weight, NCA-0.5H-FRC showed a 7.3% reduction counted as 36.65MPa in 

strength. Further addition of 0.75% hemp fiber resulted in a significant decrease to 

31.42 MPa, accounting for 20.5% of NCA-0.75H-FRC. Similarly, NCA-1.0H-FRC 

experienced a 36.1% drop in strength with 1.0% hemp fiber content. In addition to 

NCA, recycled concrete aggregate also exhibited notable strength at 28 days, with RCA-

0.0H-FRC providing a compressive strength of 37.90 MPa. Furthermore, RCA-0.5H-FRC, 

with 0.5% hemp fiber, reduced strength by 7.3% as 35.14MPa. Similarly, with 0.75% 

hemp fiber incorporation, RCA-0.75H-FRC experienced a remarkable 23.3% reduction 

and 29.14MPa in strength. Likewise, with 1.0% hemp fiber reinforcement, RCA-1.0H-FRC 
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effectively diminished to 22.42MPa strength by 41.2%. In addition to peak performance, 

Figures 4.5 and 4.6 illustrate the energy absorption of hemp fiber-reinforced concrete, 

showing differences in breaking points. Initially, without hemp fiber, the concrete 

exhibited no strain extension, behaving as a brittle material. However, as the 

percentage of hemp fiber increased, HFRC demonstrated increased elongation, 

introducing ductility to both NCA and RCA. On the other hand, DH-S 309/2544 specifies 

a compressive strength requirement of higher than 32.5 MPa for pavement 

construction, indicating unsatisfactory use of 0.75% and 1.0% hemp fiber-reinforced 

concrete for both RCA and NCA. Therefore, while HFRC using NCA achieved higher 

compressive strength than RCA, it remained within an acceptable range for both 

materials. Consequently, HFRC will continue utilizing only 0.5% hemp fiber 

reinforcement to meet the compressive strength requirement. Figures 4.7 and 4.8 

below show compressive failure of hemp fiber reinforced concrete using NCA and RCA. 

Without help fiber, mode of failure of concrete was semi-explosive which cement 

mortar was broken into small pieces from specimen with a lot of cracking. After adding 

hemp fiber, the mode of failure changed to non-explosive which occurred by the 

presence of fiber to help holding the concrete matrix together. Therefore, in concrete 

pavement application, this is also one of the advantages to reduce the cracking of the 

road and improve the energy absorption in concrete. 
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Figure 4.4 Strength development of compressive strength using NCA and RCA. 

 

23.95
20.91

18.12
15.90

25.74
23.46

19.73 18.69

37.90 35.14

29.14

22.42

39.54 36.65

31.42

25.27

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

RCA NCA

Co
m

pr
es

sio
n 

St
re

ng
th

, M
Pa

UCS Test 7Days (MPa) UCS Test 28Days (MPa)

32.5MPa

(Standard no. DH-S 309/2544)

0

5

10

15

20

25

30

35

40

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Co
m

pr
es

siv
e 

St
rn

gt
h,

 
 (M

Pa
)

Strain, (%)

28 Days RCA-0.0H-FRC
28 Days RCA-0.5H-FRC
28 Days RCA-0.75H-FRC
28 Days RCA-1.0H-FRC

(a) 

 



 33 
 

 
Figure 4.5 Stress-stain curve at (a) 28-days and (b) 7-days using RCA. 
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Figure 4.6 Stress-stain curve at (a) 28-days and (b) 7-days using NCA. 
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Figure 4.7 Compressive failure of hemp fiber reinforced concrete using NCA. 

  

  
Figure 4.8 Compressive failure of hemp fiber reinforced concrete using RCA. 

The compressive strengths of the studied samples cured at 7, 14, and 28 days 

are shown in Figure 4.9. The solid red line demonstrates the minimum 28-day 
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compressive strength requirement (fc ≥ 32 MPa) for concrete pavement specified by 

the Department of Highways (DOH), Thailand (DoH, 1996). For normal concrete 

(controlled sample), Increment of compressive strength was in relation with time of 

curing (compressive strength of 27.6, 34.3, and 38.8 MPa at 7, 14, and 28 days, 

respectively). As expected, when added NRL additive was to the concrete, utilization 

of NRL in concrete produced a decreasing of compressive strength compared to 

control sample, which was similar to the previous research (Yaowarat et al., 2021; 

Suddeepong et al., 2022). The NRL-modified concrete had a compressive strength of 

24.6, 29.6, and 34.3 MPa at 7, 14, and 28 days. The compressive strength of the NRL-

modified concrete with waste aggregate replacements decreased with increasing 

aggregate replacement ratios and was less than regular concrete and NRL-modified 

concrete, respectively. This result was consistent with earlier investigations on the 

effects of used PET bottles and crumb rubber aggregates on the hardened qualities of 

concrete (Islam et al., 2016; Frigione, 2010; Guo, 2017). However, Compressive strength 

at 28 days of NRL10WP (NRL-modified concrete with 5% PET + 5% crumb rubber 

aggregate) satisfied the minimal strength requirements to use as concrete pavement 

designated by DOHs, Thailand. The compressive strength of NRL10WP was 21.9 MPa, 

28.77 MPa, and 32.5 MPa at 7, 14, and 28 days, respectively, which was found to reduce 

the strength by 8.3% compared to the NRL-modified concrete. The compressive 

strength of NRL20WP was 15.46, 24.48, and 29.11 MPa at 7, 14, and 28 days, 

respectively, which was approximately 15% in strength reduction when compared to 

the NRL-modified concrete. The compressive strength was found to be remarkably 

reduced when 30% of waste aggregate replacement in the NRL-modified concrete. The 

compressive strength of NRL30WP was 13.6, 22.3, and 24.5 MPa at 7, 14, and 28 days, 

respectively. The 28-day compressive strength of NRL30WP indicated 28.5% and 36.9% 

in strength reduction when compared to the NRL-modified concrete and normal 

concrete, respectively. 
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 Figure 4.9 Strength development of compressive strength of waste polymer 
concrete using NRL. 

 
Figure 4.10 Stress-stain curve at 28-days of waste polymer concrete using NRL. 
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4.3  Flexural Strength 
The prismatic HFRC specimens, measuring 75×75×300 mm, were divided into 

three sections for the third-point flexural load test to obtain the modulus of rupture 

(MOR) or flexural strength (ff). The development of flexural strength in HFRC from 7 

days to 28 days ranged between 55% to 65% of the strength at 7 days, as shown in 

Figure 4.11. The control sample, NCA-0.0H-FRC, using NCA, had a flexural strength value 

of 5.53 MPa. Surprisingly, the addition of 0.5% hemp fiber reinforcement by volume 

weight increased the flexural strength by 7.2% for NCA-0.5H-FRC. In contrast, 

incorporating 0.75% hemp fiber in NCA-0.75H-FRC resulted in a 3.8% reduction in 

strength, and further adding 1.0% hemp fiber in NCA-1.0H-FRC led to a 5.0% reduction, 

amounting to a total reduction of 9.2%. Similarly, RCA-0.0H-FRC achieved a flexural 

strength of 4.60 MPa, representing a 16.8% difference compared to NCA-0.0H-FRC. 

Additionally, RCA-0.5H-FRC notably increased flexural strength by 6.96%, while RCA-

0.75H-FRC experienced a modest drop of 1.09%, and RCA-1.0H-FRC exhibited a 

significant decrease of 6.3% when reinforced with 1.0% hemp fiber. Figures 4.12 and 

4.13 illustrate the relationship between flexural strength and deformation of HFRC for 

both RCA and NCA, demonstrating the behavior of HFRC in two different scenarios. 

Without hemp fiber, the concrete was weak in terms of deformation, unable to absorb 

more energy after reaching its maximum strength, and ultimately failing as a brittle 

material. In the second scenario, when reinforced with hemp fiber in an appropriate 

amount, the HFRC showed the ability to sustain force after reaching the peak strength, 

thanks to the high elasticity of the hemp fiber in the concrete matrix. According to DH-

S 309/2544, the minimum requirement for flexural strength in pavement is 4.2 MPa. In 

this regard, HFRC using NCA and RCA samples passed the requirement for all samples. 

Notably, reinforcing with 0.5% hemp fiber yielded positive results in terms of both 

flexural strength and a slight reduction in compaction, which will be further 

investigated in the next study on fatigue flexural strength to examine the response 

behavior for mechanistic-empirical design. Figures 4.14 and 4.15 below show flexural 

failure of hemp fiber reinforced concrete using NCA and RCA. Without fiber, concrete 
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samples broke at the middle and divided into 2 portions which illustrated that no 

tensile strength for normal concrete, whereas, reinforced with hemp fiber, HFRC 

changed the behavior of broken to cracking in accordance with assistance of hemp 

fiber which provided tensile strength and bond the concrete together under the 

vertical applied load. Therefore, hemp fiber provided higher energy absorption than 

concrete.  
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Figure 4.11 Strength development of flexural strength using NCA and RCA. 
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Figure 4.12 Flexural Stress-deformation curve of (a) 28-days and (b) 7-days using RCA. 
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Figure 4.13 Flexural Stress-deformation curve of (a) 28-days and (b) 7-days using 

NCA. 
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Figure 4.14 Flexural failure of hemp fiber reinforced concrete using NCA. 
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Figure 4.15 Flexural failure of hemp fiber reinforced concrete using RCA. 
The flexural strengths of normal concrete, NRL-modified concrete, and NRL-

modified waste polymer concrete samples cured at 7, 14, and 28 days are shown in 

Figure 4.16. The solid line represents the minimum 28-day flexural strength 

requirement (ff ≥ 4.2 MPa) for concrete pavement specified by DOH, Thailand (DoH, 

1996). For normal concrete, the flexural strength increased with curing time as 

expected; flexural strength initially was 2.8 MPa, 4.3 MPa, and 4,7 MPa at 7, 14, and 28 

days, respectively, which met the specification. Figure 166 shows that the NRL additive 

can increase the flexural strength of concrete that has been modified with NRL, and 

its flexural strength was about 3.3% higher than that of normal concrete curing at 28 

days. The flexural strength of NRL-modified concrete was 2.9, 4.3, and 4.86 MPa at 7, 

14, and 28 days, respectively. This is because the NRL modifies the microstructure of 

the concrete, making it denser and reducing the gaps between particles, which 

prevents water alteration in the matrix and modifies the chemical reaction phases 

(Yaowarat et al., 2021; Suddeepong et al., 2022). When compared to normal concrete, 

it was discovered that the replacement of the aggregate with PET and crumb rubber 

reduced the flexural strength. The flexural strength of concrete with PET and crumb 

rubber aggregate replacement decreased with increasing the replacement ratios. 

Although the flexural strength was reduced, the 28-day flexural strength of NRL10WP 

was 4.4 MPa, which met the minimum requirement of 4.2 MPa. Furthermore, at the 

RCA-0.75H-FRC RCA-1.0H-FRC 
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age of 28 days, NRL10WP, NRL20WP, and NRL30WP concrete were respectively 5.2%, 

24.9%, and 36.9% flexural strength lower than the normal concrete. The percentage 

reduction in flexural strength of NRL10WP was lower than the similar studies using PET 

or crumb rubber aggregate in concrete as a rigid pavement from the previous research 

(Youssf et al., 2016). This implies that in NRL-modified concrete with PET and crumb 

rubber aggregate replacement, NRL additive can enhance the development of flexural 

strength. 

 
Figure 4.16 Strength development of flexural strength of waste polymer concrete 

using NRL. 
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Figure 4.17 Flexural Stress-deformation curve at 28-days of waste polymer concrete 

using NRL. 

4.4  Mechanical Properties of HFRC and Waste Polymer Concrete 
Table 4.1 summarized the mechanical properties of HFRC which had modulus 

of elasticity, and modulus of toughness for compressive and flexural. Modulus of 

elasticity was obtained from the stress-strain curve of figure 4.5 and 4.6. Starting with 

control sample of NCA-0.0H-FRC which produced the maximum elastic modulus of 

25.20 GPa. Reinforced with 0.5%, 0.75%, and 1.0% of hemp fiber resulted in reduction 

modulus of elasticity by 20.6%, 25.0%, and 42.9%, respectively. RCA-0.0H-FRC provided 

similar behavior of using NCA but a minor reduction in modulus of elasticity which 

began with 19.60 GPa and continuously adding fiber of 0.5%, 0.75%, and 1.0% 

decreased 5.1%, 21.4%, and 34.7%, correspondingly.  

The compressive toughness modulus was determined to indicate the energy 

absorption of the concrete under the applied force from figure 4.5 and 4.6 which 

relatively with compressive strength. For RCA aggregate, the energy absorption under 

elastic curve was began with 4.85 MJ/m3, additional of 0.5% hemp fiber increased to 

5.20 MJ/m3 counted as 7.20%. In contrast reinforced with 0.75% and 1.00% decreased 
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14.2% and 17.1%, compared to the control sample. Natural coarse aggregate control 

sample produced 4.46 MJ/m3, an addition of 0.5% hemp fiber improved area of 

absorption to 4.86 MJ/m3 counted as 8.5%. Moreover, reducing 0.2% and 13.0% for 

0.75% and1.0% of hemp fiber reinforcement in concrete samples. 

Flexural toughness indicated the area of energy absorption of the sample under 

flexural stress from figure 4.10 AND 4.11, starting with the NCA-0.0H-FRC had 0.95 MJ/m3 

and increased significantly to 2.27 MJ/m3, 2.20 MJ/m3, and 2.08 MJ/m3
 when reinforced 

hemp fiber 0.5%, 0.75%, and 1.0%, respectively. Likewise, flexural toughness of RCA-

0.0H-FRC was 0.74 MJ/m3 and grew to 1.82 MJ/m3, 1.65 MJ/m3, and 1.64 MJ/m3 in 

addition of hemp fiber 0.5%, 0.75%, and 1.0%. Flexural toughness was clearly shown 

that the energy absorption after reinforcement was much higher than normal concrete 

which provided the maximum of 0.5% volume of hemp fiber for both using RCA and 

NCA.  

The density of normal concrete is in the range of 2300 to 2450 kg.m-3 which 

NCA sample had 2411.9 kg.m-3. Relatively to low density of hemp fiber made the 

concrete had lower density by adding more fiber. For NCA, 0.5%, 0.75%, and 1.0% 

were reduced respectively to 2346.7 kg.m-3, 2311.1 kg.m-3, and 2275.6 kg.m-3. RCA had 

lower density compared to NCA which resulted in lower density which began with 

control sample had the density of 2352.6 kg.m-3, a minor reduction of density was 

occurred by the higher percentage represented in concrete which were 2881.5, 2257.8, 

2240.0 for 0.5%, 0.75%, and 1.0%, respectively.  

Table 4.1 demonstrates the mechanical properties, including density, modulus 

of elasticity, compressive and flexural toughness, or modulus of resilience of the 

studied concrete samples. As per the mix design, the density of the control concrete 

sample was 2386.4 kg/m3, which is within the range of normal concrete's typical 

densities of 2350 and 2400 kg/m3. The NRL-modified concrete had a density of 2385.2 

kg/m3, which indicated that the NRL additive had less effect on the density. Identically, 

the PET and crumb rubber aggregate replacement resulted in reducing the density of 

the concrete samples. The NRL10WP, NRL20WP, and NRL30WP had densities of 2342.3, 
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2325.6, and 2305.4 kg/m3
, respectively, in which they were reduced about 1.9%, 2.6% 

and 3.4% compared to normal concrete. Figure 4's compressive stress-strain curve at 

28 days was used to determine modulus of elasticity (Young's modulus) values for the 

samples under analysis. The results are re-ported in Table 5. The normal concrete's 

modulus of elasticity typically ranges between 30 and 50 GPa, while the current control 

concrete sample's modulus of elasticity was 33.91 GPa. In comparison with the control 

sample, the concrete modified with NRL had an elasticity modulus that was about 

28.4% lower. In contrast, as replacement ratios were increased in NRL-modified 

concretes with PET and crumb rubber aggregate replacement, the modulus of elasticity 

noticeably reduced. NRL10WP, NRL20WP, and NRL30WP had elasticity moduli of 20.4, 

16.2, and 13.04 GPa, respectively. 

The compressive toughness was used to demonstrate the energy absorption 

under the compressive mode. The compressive toughness (measured in MJ/m3) of the 

studied samples can be determined from their compressive stress-strain curve 

depicted in Figure 4.10. The control sample had a compressive toughness of 5.35 

MJ/m3 while the NRL-modified had compressive toughness 4.89 MJ/m3 or was about 

8.6% lower than the normal concrete. The compressive toughness of NRL10WP, 

NRL20WP, and NRL30WP was 4.74, 4.30, and 4.22 MJ/m3, respectively. In other words, 

the compressive toughness of the NRL-modified concrete was reduced by about 

11.4%, 19.6%, and 21.1% with 10%, 20%, and 30% of PET and crumb rubber aggregate 

replacement, respectively, when compared with the control sample. 

On the other hand, the flexural toughness characteristics of NRL-modified 

concrete with and without PET and crumb rubber replacement were found to be 

different from their compressive toughness. The flexural toughness is used to indicate 

the energy absorption of the studied concrete when subjected to bending stress, such 

as the traffic loading on the concrete slab. The bending stress generated by repeated 

traffic loading can cause distress in the rigid pavement, which is considered the major 

mode of failure of concrete pavement. Therefore, the concrete’s ability to absorb 

energy (fracture energy), or known as flexural toughness, can positively impact the 

 



 48 
 

service life of a rigid pavement. This characteristic allows the pavement to resist crack 

propagation better, which is particularly important considering the dynamic loads and 

environmental impacts pavements are subjected to (Lohaus et al., 2007). When the 

concrete has a higher energy absorption capacity, it means it can deform more before 

fracturing. This deformation distributes stresses over a large volume of the material, 

which can prevent or delay the initiation of cracks. Furthermore, even when cracks do 

start, the higher energy absorption capacity can help prevent the rapid growth of these 

cracks (Wille et al., 2014). As such, it increases the pavement’s durability and resilience 

against various forms of distress, potentially extending its service life.        

The flexural toughness values of the studied concrete samples shown in Table 

4.1 were determined in MPa.m and obtained from their flexural stress-strain curves, as 

shown in Figure 4.17. It clearly indicated that the energy absorption of the NRL-

modified concrete (1.65 MPa.m) was higher than that of normal concrete (1.29 MPa.m). 

This confirms that the introduction of NRL additive can improve the flexural strength 

and energy absorption capabilities of normal concrete. It is quite interesting to observe 

that even though the flexural strength values of the NRL-modified concrete with PET 

and crumb rubber aggregate re-placement were lower than the normal concrete, the 

values of their flexural toughness were greater than those of normal concrete. The 

NRL-modified concrete with waste aggregate replacement also had a higher energy 

absorption capacity as replacement ratios were raised. It implies that the NRL-modified 

concrete with PET and crumb rubber aggregate replacement had better ductility 

behavior than that of the normal concrete. 

Table 4.1 Mechanical properties of HFRC and waste polymer concrete using NRL. 

Sample 
Density 
Of HFRC 
kg.m-3 

Modulus of 
 Elasticity 

GPa 

Flexural 
 Toughness 

MPa 

Compressive 
Toughness 

MJ/m3 

NCA-0.0H-FRC 
NCA-0.5H-FRC 
NCA-0.75H-FRC 

2411.9 
2346.7 
2311.1 

25.2 
20.0 
18.9 

0.95 
2.27 
2.20 

4.46 
4.84 
4.45 

 



 49 
 

NCA-1.0H-FRC 
RCA-0.0H-FRC 
RCA-0.5H-FRC 
RCA-0.75H-FRC 
RCA-1.0H-FRC 
Control 
NRL 
NRL10WP 
NRL20WP 
NRL30WP 

2275.6 
2352.6 
2281.5 
2257.8 
2240.0 
2386.4 
2385.2 
2342.3 
2325.6 
2305.4 

14.4 
19.6 
18.6 
15.4 
12.8 
33.9 
24.27 
20.37 
16.8 
13.04 

2.08 
0.74 
1.82 
1.65 
1.64 
1.29 
1.65 
1.81 
1.89 
2.02 

3.88 
4.85 
5.20 
4.16 
4.02 
5.533 
4.48 
4.74 
4.30 
4.22 

4.5  SEM Analysis of HFRC 
Figures 4.18 and 4.19 showed 6 different images of sample of HFRC using 

recycled concrete aggregate and natural coarse aggregate reinforced with 0 % (a), 0.5 

% (b), and 1.0 % (c) of hemp fiber reinforcement with similar behavior. Without hemp 

fiber reinforcement was generally homogenous due to the particle distribution of 

aggregate and cement mortar which produced rigid bonding. HFRC of 0.5 % displayed 

a better cement mortar attached to the surface of hemp fiber according to its low 

content of hemp fiber which ensured higher CSH to secure the bonding in concrete 

matrix compared to large amounts of reinforcement 1.0 % which clearly had less 

adhesion to concrete elements. Thus, the trend of adding more hemp fiber to the 

concrete matrix will significantly reduce the adherence for both flexural and 

compressive strength but HFRC with 0.5 % provided a proper amount of hemp fiber 

which was great at connecting the concrete particles and resulted in better for flexural 

strength that had a failure mode of fiber rupture.  The consistency of HFRC was most 

likely to depended on homogeneity of hemp fiber, where treated hemp fiber provided 

a better bonding for concrete matrix which basically showed in figure 4.16b that after 

treatment with 6% of NaOH solution increased the surface roughness and adhesion to 

hemp fiber which helped on resisting pull-out force in concrete matrix. Figure 4.20a 
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investigated the surface of untreated hemp fiber which had a smooth surface and 

attached with dusty, and it proved that treating the fiber could clean the impurity.  

Morphological studies were conducted to comprehend the microstructure of 

waste polymer concrete. To describe the microstructural evolution of the investigated 

concrete mixes, a scanning electron microscopy (SEM) inspection using selenium 

detectors and a 5 kV SEM was used. Figure 4.21 displays the SEM images of the 28-

day-cured NRL10WP, NRL30WP, normal concrete, NRL-modified concrete, and normal 

concrete at magnifications of 1,000 and 5,000, respectively. Figure 21a shows that the 

typical concrete mix (without NRL and waste materials) had large amounts of calcium 

silicate hydrate (C-S-H) gel, Ca(OH)2, and ettringite. This confirmed that the strength of 

the concrete was theoretically developed in accordance with the production of 

hydration products.  

Figure 21b shows the SEM images of NRL-modified concrete, which 

demonstrated that its matrix became significantly less rigid than typical concrete. This 

might be due to the effect of NRL additive generated film network blocking the growth 

of hydration products, resulting in lower compressive strength. However, the film 

network was detected to cover and bridging the C-S-H gels and aggregates. 

Furthermore, less ettringite was detected and resulted in enhanced adhesion or 

bonding between the aggregates by film network. Therefore, the concrete modified 

with NRL developed flexural strength (Yaowarat et al., 2021; Suddeepong et al., 2022). 

In addition, the NRL film network can absorb energy and helps to mitigate crack 

propagation in the concrete, which reduces the likelihood of a brittle failure. This 

confirmed the improvement of concrete’s toughness and ductility as demonstrated in 

Figure 5. 

Figure 21c illustrates the SEM images of NRL-modified concrete with 10% of 

PET and crumb rubber aggregate replacement (NRL10WP). It clearly indicated the 

connection between the waste aggregates and hydration products, resulting in several 

pores and a loose matrix. This led to the reduction of its compressive and flexural 

strength. SEM images of NRL-modified concrete with 30% of PET and crumb rubber 
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aggregate replacement (NRL30WP) was demonstrated in Figure 8d. It was evident that 

the higher rate of PET and crumb rubber aggregate replacement affects the 

microstructure by creating a weaker interface between the aggregate and the cement 

paste. PET and crumb rubber are hydrophobic and non-polar materials, which make it 

difficult for the cement paste to bond with the PET and crumb rubber particles. 

Subsequently, this can lead to a remarkably decrease in com-pressive strength. 

However, the inclusion of PET and crumb rubber can increase the concrete’s ability to 

absorb energy, improving its toughness and resistance to impact and dynamic loads 

due to its plastic deformation characteristics (Atahan et al., 2012). 

 

 
Figure 4.18 SEM of RCA-0.0H-FRC, RCA-0.5H-FRC, and RCA-1.0H-FRC. 
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Figure 4.19 SEM of NCA-0.0H-FRC, NCA-0.5H-FRC, and NCA-1.0H-FRC. 

 
Figure 4.20 SEM of natural hemp fiber and treatment hemp fiber with NaOH. 
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Figure 4.21 SEM image of: (a) Normal Concrete, (b) NRL-modified concrete, (c) 

NRL10WP, and (d) NRL30WP. 
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4.6  Flexural Fatigue of HFRC 
The diagram in figure 4.22 illustrates the way in which concrete behaves under 

fatigue loading. The fatigue response of concrete can be broken down into three main 

mechanisms. The first mechanism occurs in the initial zone where the repetitive 

loading breaks down the bonds that hold the concrete structure together, creating 

weak areas with broken bonds. Cracks begin to form in the weak areas and propagate 

into zone 2. In zone 3, the cracks rapidly propagate and eventually lead to fatigue 

cracking failure at the transition between zones 2 and 3 (Lee and Barr 2004). The fatigue 

life of the sample, denoted as Nf, is measured by the number of repetitive loadings 

required to destroy it. 

Figures 4.23, 4.24, and 4.25 showed 3 different fatigue responses in deformation 

and number of cycles caused by 60%, 70%, and 80% stress ratio, respectively. Control 

samples of RCA and NCA which are RCA-0.0H-FRC and NCA-0.0H-FRC applied stress of 

80% at 3.68 MPa and 4.42 MPa had almost similar response of 180 and 177 cycles 

compared to PCA 1984 of 119 cycles which was in acceptable range. Additional of 

0.5% of hemp fiber, RCA-0.5H-FRC and NCA-0.5H-FRC increased the cycles by 75% and 

158%. In the same trend, reinforcing 0.75 % of hemp fiber raised 129% and 208% 

compared to non-reinforcement for RCA and NCA. Unfortunately, for 1.0% of FHRC 

had a small increase in 9% and 43% compared to normal concrete but a large decrease 

compared to 0.5% and 0.75% of HFRC of RCA and NCA. A stress ratio of 70% of 3.22 

MPa and 3.87 MPa was applied to concrete samples of RCA and NCA that provided 

1902 and 2600 cycles which satisfied with PCA 1984 that had 1922 cycles. Furthermore, 

RCA-0.5H-FRC and NCA-0.5H-FRC of SR 70% which were 3.44 MPa and 4.42 MPa 

provided 403% and 338% increasing of cycles. Surprisingly, adding 0.75% the cycles 

with applied stress of 3.29 MPa and 3.72 MPa were increased to 1131% and 884% 

compared to control samples RCA and NCA. Moreover, HFRC of 1% had the highest 

improvement up to 1465% for RCA and 1009% for NCA with the applied stress of 3.03 

MPa and 3.51 MPa. Along with a 60% stress ratio, 2.76 MPa and 3.01 MPa were applied 

to concrete beams using RCA and NCA that responded with 38483 cycles and 28017 
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cycles which still in bearable of PCA curve in 1984. For RCA, reinforcing with 0.5, 0.75 

and 1% of hemp fiber increased 77, 92 and 103%, whereas, NCA had similar number 

of cycles grew 95, 161 and 188% compared to plain concrete, respectively. 

Reinforcing hemp fiber in the concrete provided a better in repeated loads for 

these 3 stress ratios which meant the tensile strength of hemp fiber had the ability to 

absorb more tensile energy. Despite the repetition number of cycle, the deformation 

of 80% stress ratio was failed mostly at 0.5 mm, 70% of SR had an extension of 

deformation to 0.8mm and 60% had the most enlargement to 1.0 mm. Therefore, the 

smaller applied load to the concrete element assisted in fiber yielding to prevent the 

cracking behavior. Due to the figure 4.18, 4.19, and 4.20, the higher reinforcement of 

hemp fiber serviced the higher repeated loads, unfortunately according to the figure 

4.4 illustrated the requirement of compressive strength from DOH-S309-2544 is 32.5 

MPa which reinforcement with 0.75% and 1.0% did not pass the primary condition of 

both RCA and NCA but were acceptable for flexural strength requirement of the equal 

or higher than 4.2 MPa in figure 4.7. Therefore, the optimum reinforcement of HFRC is 

0.5% by the volume weight of concrete that can be used for the data analysis and 

design in relationship between stress ratio and fatigue life compared to the PCA curve 

in 1984.  

Figure 4.26 showed the average linear relationship in logarithm between fatigue 

life and applied stress ratio of the concrete samples. Since HFRC using RCA and NCA 

had similar behaviors responded to cyclic loads, therefore, the average linear 

progression can be applied and used for both materials. In mechanistic-empirical 

method of rigid pavement from PCA 1984, the design of concrete pavement is based 

on the applied load and convert into allowable repetitions to obtain the fatigue 

damage of the design lanes which PCA has been used worldwide in the past. Positively, 

additional hemp fiber in the concrete can extend the fatigue life of the concrete due 

to high tensile strength of the fiber for both RCA and NCA on the volume of 0.5% and 

0.75%. The 5% extension upper boundary of PCA curve was lower than 0.5% and 

0.75% which indicated that reinforced with hemp fiber is claiming the advantages to 
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use in pavement applications. Based on the linear regression analyses of the 

relationship between stress ratio and fatigue life, the equation of any stress ratios 

applied to the samples can be determined the fatigue life by using the following 

equations below: 

PCA 1984  : Log (Nf) = 11.810 - 12.165(SR)     (3) 

0.5H-FRC : Log (Nf) = 12.247 - 12.061(SR)     (4) 

0.75H-FRC : Log (Nf) = 12.629 - 12.405(SR)     (5) 

1.0H-FRC : Log (Nf) = 14.367 – 14.973(SR)     (6) 

Where Nf = maximum number of repetitions and SR = stress ratio. 

 
Figure 4.22 Relationship between deformation and Nf under applied flexural stress. 
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Figure 4.23 Deformation and Nf of NCA and RCA at 80% applied stress ratio. 

 
Figure 4.24 Deformation and Nf of NCA and RCA at 70% applied stress ratio.  

 
Figure 4.25 Deformation and Nf of NCA and RCA at 60% applied stress ratio. 
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Figure 4.26 Relationship between fatigue life and stress ratio of various HFRCs. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 

 

5.1  Conclusion 
This research study evaluated the importance of using hemp fiber for 

improving the mechanical strength of concrete, which also examined for both 

aggregate natural coarse aggregate (NCA) and recycled concrete aggregate (RCA). Also, 

replacing concrete aggregates by using waste polymer such as PET and crumb rubber 

blended with natural rubber latex to utilize as an alternative method to drive concrete 

industries to be environmentally friendly. The mechanical properties of hemp fiber 

reinforced concrete (HFRC) and waste polymer concrete were tested to follow the 

requirement of Department of Highway, Thailand to be used in as a sustainable 

pavement material. Both NCA and RCA had different behaviors during adding various 

hemp fiber percentage in 0.0% (control sample), 0.5%, 0.75%, and 1.0% with a constant 

water to cement ratio of 0.5. Whereas waste polymer concrete replaced the aggregate 

of PET and crumb rubber in 10, 20, and 30% mixing with natural rubber latex. To be 

considered as pavement material, two parameters such as compressive and flexural 

strength was a must to meet minimum requirement, thereafter, number of repetitions 

of HRFC samples to be lastly tested in flexural fatigue test in between stress ratio of 

60%, 70%, and 80% of flexural strength to observe concrete behavior. The following 

significant findings was found and summarized from this study below:  

I. For all samples, NCA produces a better quality compared to RCA in 

compressive strength, flexural strength, density, modulus of elasticity, 

compressive toughness, flexural toughness but fatigue test provides similar 

number of repetitions. 
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II. For control samples using NCA provides higher value of compressive, and 

strength compared to RCA, but RCA reduced a small amount of strength 

compared to NCA which showed the importance of controlling materials in 

grading of all aggregate. For both RCA and NCA material with addition higher 

percentage results in reduction in compressive strength but improves to obtain 

higher compressive strain which valuable in compressive toughness. 

III. A proper amount of hemp fiber addition in concrete produces higher flexural 

strength with higher deformation of concrete, for example reinforced with 0.5% 

of volume for NCA and RCA. To obtain a higher deformation more percentage 

of hemp fiber should be presented but trade-off with reduction in flexural 

strength, for example reinforced with 0.75% and 1.00% of volume for NCA and 

RCA.  

IV. Compressive toughness is examined in area under maximum resistance and 

illustrates that putting 0.5% of hemp fiber gives a higher energy absorption to 

samples while adding 0.75%, and 1.00% reduces compressive toughness 

compared to control samples for both RCA and NCA. Even the compressive 

strain increases but compressive strength largely reduces and brings this into 

lower toughness. 

V. Flexural toughness is produced in the area between the flexural strength and 

deformation. A higher deformation and flexural strength for 0.5% hemp fiber 

sample turns out to be maximum for NCA and RCA. Whereas control sample 

produces minimum toughness due to the low flexibility causes to rapidly fail 

the sample. 0.75% and 1.00% assists flexural toughness to higher than control 

because of large yielding in deformation. 

VI. According to higher energy absorption, HFRCs provides less cracking to samples 

in compressive and flexural which will solve cracking problem for traditional 

rigid pavement. 
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VII. Density of HFRC samples decrease in higher percentage adding of hemp fiber 

which are caused by lower specific gravity of hemp fiber involvement. In the 

same trending, modulus of elasticity decreases simultaneously according to 

reduction of compressive strength on stress-strain curve. 

VIII. With the addition of NRL additive, the compressive strength of the NRL-

modified concrete was lower than the normal concrete. At the age of 28 days, 

the compressive strength of NRL10WP, NRL20WP, and NRL30WP was about 

8.3%, 15%, and 28.5% lower than that NRL-modified concrete. However, the 

28-day compressive strength of NRL-modified concrete and NRL10WP was 

34.25 MPa and 32.54 MPa and met the minimum compressive requirement (fc 

≥ 32 MPa) for concrete pavement specified by DOH, Thailand.  

IX. The flexural strength of NRL-modified concrete was approximately 3.3% higher 

than normal concrete. Similar to the compressive strength behavior, the 

flexural strength of NRL-modified concrete with PET and crumb rubber 

aggregate replacement decreased with increasing replacement ratios. However, 

the flexural strength of NRL10WP was found to meet the minimum flexural 

strength requirement (ff ≥ 4.2 MPa), for rigid pavement specified by DOH, 

Thailand. In terms of mechanical strength properties, it is confirmed that 10% 

of waste PET and crumb rubber aggregate replacement can be used in concrete 

mix for rigid pavement design. 

X. Microstructural analysis indicated that the addition of NRL additive generated 

the film network to prevent the development of hydration products and 

resulted in com-pressive strength reduction. However, this film network acts as 

a bridge mechanism to enhance the adhesion or bonding between the 

aggregates in the concrete matrix, leading to improved flexural strength. PET 

and crumb rubber are hydrophobic and non-polar materials, hence increasing 

the amount of these materials in the concrete mix can affect their 

microstructure by creating weaker interfaces between aggregates and cement 
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pasted. As such, the mechanical strength dropped. However, the NRL-modified 

concrete with PET and crumb rubber aggregate replacement can help the 

concrete’s ability to absorb energy and improving its toughness and resistance 

to impact and dynamic loads. 

XI. Optimum reinforcement percentage of hemp fiber is at 0.5% which exhibits a 

higher number of repetitions compared to control sample. Moreover, the 

relationship between deformation and number of cycles showed that less 

stress ratio delivers higher deformation which related to resistance of hemp 

fiber in concrete materials. Number of repetitions is the most important in 

pavement design parameter to decide for thickness of the pavement that can 

influence cost of pavement construction which HFRCs provided more than 5% 

better compared to traditional PCA 1984 curve. 

XII. The research demonstrates that integrating waste PET and crumb rubber in 

concrete mix is a sustainable practice. The output of this research can be used 

as a guideline for pavement researchers, engineers, designers, and end-users 

understanding the crucial microstructural and macro-characteristics of NRL-

modified concrete with waste aggregates and can adjust the mix design to meet 

the specification requirements of the concrete for rigid pavement applications. 

5.2  Recommendation 
Despite good results, there were many errors in testing along the way. To get 

the best and accuracy outcome of hemp fiber reinforced concrete, there are some 

suggestions as follow: 

I. Sand, crushed stone, and RCA must be tested and meet the requirement of 

Department of Highway, Thailand or follow ASTM standards to know the 

material properties for mix design which could affect the strength of concrete. 

II. Sieving coarse aggregates in an appropriate percentage mixing of sizes could 

produce an accurate slump flow and density of the concrete. 
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III. Hemp fiber must be treated with 6% of sodium hydroxide (NaoH) to activate 

alkali in concrete which cleans the impurity and breaks down bundles to small 

individual fiber that can produce a better bonding in concrete. 

IV. Water reduction admixture plays an important role to maintain the flow of 

concrete which recommended to mix as normal concrete to obtain a good 

mixture and follow adding hemp fiber in the last stage.  

V. Water to cement ratio less than 0.45 is not recommended according to water 

absorption in hemp fiber could affect the water reactions in normal concrete 

and resulted in lower slump less than requirement.  

VI. During mixing, avoid mixing at temperature higher than 30 degrees Celsius which 

affects the flow of the concrete. In addition, during casting in the mold, 3 layers 

of compaction must be followed to guarantee distribution greatly of hemp 

fibers in the samples. 

VII. Before using PET and crumb rubber in mixing, cleaning the aggregate is a must 

to extract the dusty soil and unwanted waste particles. 

VIII. Rubber latex must know the sources and check the property before using in 

the concrete. 

 



  

REFERENCES 
 

A. Shayan, A. Xu, Performance and properties of structural concrete made with 

recycled concrete aggregate, Materials Journal 100(5) (2003) 371-380. 4  

AASHTO, Standard Method of Test for Flexural Strength of Concrete (Using Simple 

Beam with Third-Point Loading) AASHTO T 97, American Association of State 

Highway and Transportation Officials, Washington, DC, 2002. 

ASTM, Standard practice for making and curing concrete test specimens in the 

laboratory, ASTM C192, West Conshohocken, PA, 2016.  

ASTM, Standard specification for concrete aggregates, ASTM C33, West Conshohocken, 

PA, 2016.  

ASTM, Standard test method for compressive strength of cylindrical concrete 

specimens, ASTM C39, West Conshohocken, PA, 2016. 

ASTM, Standard test methods for time of setting of Concrete Mixture by Penetration 

Resistance, ASTM C403, West Conshohocken, PA, 2013.  

Atahan, A. O., & Yücel, A. Ö. (2012). Crumb rubber in concrete: Static and dynamic 

evaluation. Construction and building materials, 36, 617-622. 

B. Akcay, M.A. Tasdemir, Mechanical behaviour and fibre dispersion of hybrid steel fibre 

reinforced self-compacting concrete, Construction and Building Materials 28(1) 

(2012) 287-293.  

B. Çomak, A. Bideci, Ö. Salli Bideci, Effects of hemp fibers on characteristics of cement 

based mortar, Construction and Building Materials 169 (2018) 794-799.  

B. Poletanovic, I. Janotka, M. Janek, M. Bacuvcik, I. Merta, Influence of the NaOH-treated 

hemp fibres on the properties of fly-ash based alkali-activated mortars prior 

and after wet/dry cycles, Construction and Building Materials 309 (2021) 125072 

Bledzki, A. K. and Gassan, J., Composites reinforced with cellulose based fibres. Prog. 

Polym. Sci., 1999, 24, 221–274.

 



 65 
 

Budget allocation for top 9 ministries in fiscal year 2022, (2021, May 14). The Nation 

Thailand. https://www.nationthailand.com/in-focus/40000874 

C. Qian, P. Stroeven, Development of hybrid polypropylene-steel fibre-reinforced 

concrete, Cement and concrete research 30(1) (2000) 63-69.  

C. Su, H. Lin, Mechanical performances of steel fiber reinforced high strength concrete 

disc under cyclic loading, Construction and Building Materials 146 (2017) 276-

282.  

D. Sedan, C. Pagnoux, A. Smith, T. Chotard, Mechanical properties of hemp fibre 

reinforced cement: Influence of the fibre/matrix interaction, Journal of the 

European Ceramic Society 28(1)(2008)183-192.  

D.-I. Chang, W.-K. Chai, Flexural fracture and fatigue behavior of steel-fiber-reinforced 

concrete structures, Nuclear Engineering and Design 156(1) (1995) 201-207.  

DOH, Standards for highway construction, DH-S309/2544. 1996, Thailand Department 

of Highways, Bangkok, Thailand, 1996. 

E. Awwad, M. Mabsout, B. Hamad, M.T. Farran, H. Khatib, Studies on fiber-reinforced 

concrete using industrial hemp fibers, Construction and Building Materials 35 

(2012) 710-717.  

E.A. Awwad, B. Hamad, M. Mabsout, H. Khatib, Sustainable concrete using hemp fibres, 

Proceedings of the Institution of Civil Engineers - Construction Materials 166(1) 

(2013) 45-5310.1680/coma.11.00006  

Frigione, M., Recycling of PET bottles as fine aggregate in concrete. Waste 

management, 2010. 30(6): p. 1101-1106. 

G. Huang, K. Yang, Y.Sun, Z. Lu, X.Zhang, L.Zuo, Y. Feng, R. Qian, Y. Qi, Y. Ji, Z. Xu, 

Influence of NaOH content on the alkali conversion mechanism in MSWI 

bottom ash alkali activated mortars, Construction and Building Materials 248 

(2020) 118582. 

 



 66 
 

G. Sabih, R.A. Tarefder, Characterizing strength and thermal properties of concrete for 

implementation of pavement mechanistic-empirical design in New Mexico, 

Transportation Geotechnics 15 (2018) 20-28.  

Guo, S., Dai, Q., Si, R., Sun, X., & Lu, C. (2017). Evaluation of properties and performance 

of rubber-modified concrete for recycling of waste scrap tire. Journal of Cleaner 

Production, 148, 681-689. H. Ceylan, B. Coree, K. Gopalakrishnan, Design of rigid 

pavements in Iowa using the mechanistic-empirical pavement design guide, 

Baltic Journal of Road and Bridge Engineering 3(4) (2008) 219.  

Islam, M. J., Meherier, M. S., & Islam, A. R. (2016). Effects of waste PET as coarse 

aggregate on the fresh and harden properties of concrete. Construction and 

Building materials, 125, 946-951. 

J.A. Barros, V.M. Cunha, A.F. Ribeiro, J. Antunes, Post-cracking behaviour of steel fibre 

reinforced concrete, Materials and Structures 38(1) (2005) 47-56.  

K. Ramadevi, S.D. Shri, Flexural behaviour of hemp fiber reinforced concrete beams, 

ARPN Journal of Engineering and Applied Sciences 10 (2015) 1819-6608.  

K.V. Krishna, J.V. Rao, Experimental study on behavior of fiber reinforced concrete for 

rigid pavements, IOSR Journal of Mechanical and Civil Engineering 11(4) (2014) 

49-53.  

Lohaus, L. and S. Anders, Ductility and Fatigue Behaviour of Polymer-Modified and 

Fibre-Reinforced High-Performance Concrete, in Advances in Construction 

Materials 2007. 2007, Springer. p. 165-172. 

M. Behera, S.K. Bhattacharyya, A.K. Minocha, R. Deoliya, S. Maiti, Recycled aggregate 

from C&D waste & its use in concrete – A breakthrough towards sustainability 

in construction sector, Construction and Building Materials 62 (2014) 501-516. 

M. Usman, S.H. Farooq, M. Umair, A. Hanif, Axial compressive behavior of confined steel 

fiber reinforced high strength concrete, Construction and Building Materials 230 

(2020) 117043.  

 



 67 
 

M.K. Lee, B.I.G. Barr, An overview of the fatigue behaviour of plain and fibre reinforced 

concrete, Cement and Concrete Composites 26(4) (2004) 299-305.  

Md. Safiuddin, U. J. Alengaramb, Md. A. Salamb, M. Z. Jumaatb, F. F. Jaafarb, H. B. 

Saadb, Properties of High-Workability Concrete with Recycled Concrete 

Aggregate, Materials Research 2011; 14(2) 248-255 

O. Gencel, O. Yavuz Bayraktar, G. Kaplan, A. Benli, G. Martínez-Barrera, W. Brostow, M. 

Tek, B. Bodur, Characteristics of hemp fibre reinforced foam concretes with fly 

ash and Taguchi optimization, Construction and Building Materials 294 (2021) 

123607.  

P. Rossi, E. Parant, Damage mechanisms analysis of a multi-scale fibre reinforced 

cement-based composite subjected to impact and fatigue loading conditions, 

Cement and Concrete Research 38(3) (2008) 413-421.  

P.C. Perdikaris, A.M. Calomino, A. Chudnovsky, Effect of Fatigue on Fracture Toughness 

of Concrete, Journal of Engineering Mechanics 112(8) (1986) 776-791.  

Park, Y., Abolmaali, A., Kim, Y. H., & Ghahremannejad, M. (2016). Compressive strength 

of fly ash-based geopolymer concrete with crumb rubber partially replacing 

sand. Construction and Building Materials, 118, 43-51. 

R. Chan, M.A. Santana, A.M. Oda, R.C. Paniguel, L.B. Vieira, A.D. Figueiredo, I. Galobardes, 

Analysis of potential use of fibre reinforced recycled aggregate concrete for 

sustainable pavements, Journal of Cleaner Production 218 (2019) 183-191.  

S. Allin, Building with hemp, SeedPress2005.  

S. Nagataki, A. Gokce, T. Saeki, Effects of recycled aggregate characteristics on 

performance parameters of recycled aggregate concrete, Special Publication 

192 (2000) 53-72.  

S.R. Maitra, K.S. Reddy, L.S. Ramachandra, Numerical investigation of fatigue 

characteristics of concrete pavement, International Journal of Fracture 189(2) 

(2014) 181-193.  

  

 



 68 
 

Saikia, N., & De Brito, J. (2012). Use of plastic waste as aggregate in cement mortar 

and concrete preparation: A review. Construction and Building Materials, 34, 

385-401. 

Sharifa, H. A. and Ansell,M.P., The effect of alkalization and fibre alignment on the 

mechanical and thermal properties of kenaf and hemp bast fibre composites. 

Compos. Sci. Technol., 2004, 64, 1219–1238. 

Suddeepong, A., Buritatum, A., Hoy, M., Horpibulsuk, S., Takaikaew, T., Horpibulsuk, J., 

& Arulrajah, A. (2022). Natural Rubber Latex–Modified Concrete Pavements: 

Evaluation and Design Approach. Journal of Materials in Civil Engineering, 

34(9), 04022215. 

T. Officials, Mechanistic-empirical pavement design guide: a manual of practice, 

AASHTO2008. 

T. Ponikiewski, J. Katzer, Properties of fresh SCC mix reinforced by different types of 

steel and polymer fibre, Construction and Building Materials 62 (2014) 96-101.  

V.C. Li, T. Matsumoto, Fatigue crack growth analysis of fiber reinforced concrete with 

effect of interfacial bond degradation, Cement and Concrete Composites 20(5) 

(1998) 339-351.  

Wille, K., S. El-Tawil, and A.E. Naaman, Properties of strain hardening ultra high 

performance fiber reinforced concrete (UHP-FRC) under direct tensile loading. 

Cement and Concrete Composites, 2014. 48: p. 53-66. 

Yaowarat, T., Suddeepong, A., Hoy, M., Horpibulsuk, S., Takaikaew, T., Vichitcholchai, 

N., ... & Chinkulkijniwat, A. (2021). Improvement of flexural strength of 

concrete pavements using natural rubber latex. Construction and Building 

Materials, 282, 122704. 

Youssf, O., Mills, J. E., & Hassanli, R. (2016). Assessment of the mechanical 

performance of crumb rubber concrete. Construction and Building Materials, 

125, 175-183. 

 



 69 
 

Z. Li, L. Wang, X. Wang, Compressive and flexural properties of hemp fiber reinforced 

concrete, Fibers and Polymers 5(3) (2004) 187-197.  

Z. Li, X. Wang, L. Wang, Properties of hemp fibre reinforced concrete composites, 

Composites Part A: Applied Science and Manufacturing 37(3) (2006) 497-505.

 



  

  

 
 
 
 
 

 
 

APPENDIX A 
 

 

LIST OF PUBLICATIONS

 



  

List of Publications 
 

INTERNATIONAL JOURNAL PAPERS 

 

M. Hoy, B. Ro, S. Horpibulsuk, A. Suddeepong, A. Buritatum, A. Arulrajah, M. Mobkrathok, 

A. Chinkulkijiniwat, and J. Horpibulsuk, (2023). Flexural fatigue performance of 

hemp fiber reinforced concrete using recycled concrete aggregates as a 

sustainable rigid pavement. International Journal Of Pavement Engineering 

(under review). 

Samingthong, W., Hoy, M., Ro, B., Horpibulsuk, S., Yosthasaen, T., Suddeepong, A., ... & 

Arulrajah, A. (2023). Natural Rubber Latex-Modified Concrete with PET and 

Crumb Rubber Aggregate Replacements for Sustainable Rigid 

Pavements. Sustainability, 15(19), 14147. 

 

 



 72 
 

 

 



 73 
 

 

 



 74 
 

  

 



 75 
 

  

 



 76 
 

  

 



 77 
 

  

 



 78 
 

  

 



 79 
 

  

 



 80 
 

   

 



 81 
 

  

 



 82 
 

  

 



 83 
 

  

 



 84 
 

  

 



 85 
 

  

 



 86 
 

  

 



 87 
 

 



  

BIOGRAPHY 
 

Mr. Bundam Ro, born on July 4, 1998, in Siem Reap, Cambodia, began his 

educational journey at Wat Boo Primary School, followed by 10 January 1979 High 

School. He received a partial scholarship to attend Future Bright International School, 

where he graduated with a strong Grade B+ (GPA 3.25) in grade 12. In 2017, he was 

awarded a Royal Scholarship, enabling him to pursue a bachelor's degree in civil 

engineering international program at Suranaree University of Technology, where he 

excelled with a GPAX of 3.49. During his undergraduate years, he actively participated 

in international events and completed a global project-based learning experience in 

Japan. During his bachelor's degree, he gained practical experience with Frontier Real 

Estate Company, Supalai Public Company Limited Co., Ltd. His passion for geotechnical 

engineering led him to pursue a master's degree, supported by the Veithedbandith 

Scholarship in 2021. During his postgraduate studies, he served as an assistant lecturer, 

gaining valuable teaching experience. His research efforts resulted in the publication 

of a paper in Sustainability journal, titled "Natural Rubber Latex-Modified Concrete for 

Sustainable Rigid Pavements." Another paper, focusing on "Fatigue Performance of 

Hemp Fiber Reinforced Concrete Using Recycled Concrete Aggregate as a Sustainable 

Rigid Pavement." is currently awaiting submission to International Journal of Pavement 

Engineering. With a strong educational foundation, a passion for geotechnical 

engineering, and a commitment to research and teaching, He aspires to become a 

dedicated lecturer and make a significant impact in the field of civil engineering. 

 

 


	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Reference
	Appendix
	Biography

