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ABSTRACT 

The management of solid waste is a major environmental concern in the United States. Waste 

tire rubber forms a major part of this problem and a rather severe one since tire rubbers are not 

biodegradable hence its disposal into landfills are of great concern. This research primarily 

focused on finding the best way of producing paving concrete with the use of ground tire rubber 

as a component material.  

Tests on rubber concrete were performed in two stages. Preliminary tests were performed using 

both 40-mesh GTR and 3/8-inch rubber chips (RC) to replace fine aggregates and coarse 

aggregates respectively by weight in the concrete mix. This stage of testing considered zero to 40 

percent GTR replacement of fine aggregates by weight at 10 percent increment and for zero to 30 

percent RC replacement of coarse aggregates by weight at 10 percent increment.  Observations 

from this stage guided the formulation of a second and final stage of testing which involved only 

zero to 20 percent GTR replacement of fine aggregate by weight at 5 percent increment. The mix 

design for this stage involved the use of water reducers, air-entrainer and fly-ash. In addition to 

concrete mechanical property tests, coefficient of thermal expansion (CTE), plastic shrinkage 

and drying (free) shrinkage tests were also conducted.  

 Results from preliminary tests indicated that GTR and RC concrete specimens were of relatively 

low strength, improved toughness and showed more elasticity when compared to normal 

concrete specimens,. The final stage of laboratory testing however showed improved strength 

characteristics, with the initial observations of improved toughness and low modulus of elasticity 

still evident. Coefficient of thermal expansion (CTE) test results did not show significant 

difference between mix-types, with the range of results falling within the typical limit for normal 

concrete. Plastic shrinkage test results showed that the inclusion of GTR helped in reducing 

plastic shrinkage cracks in concrete. Preliminary results at the second stage testing on drying 

shrinkage using 10% GTR concrete indicated a reduction in free shrinkage when compared to the 

control specimens. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Solid waste management is a major environmental concern in the United States and waste tire 

rubber forms an integral part of this problem since tire rubbers are not biodegradable hence its 

disposal into landfills is problematic. It is recorded that at the end of 2003, the United States 

alone generated approximately 290 million scrap tires and historically, these scrap tires took up 

space in landfills hence provided breeding grounds for mosquitoes and rodents when stockpiled 

or dumped illegally (EPA 2012). This concern has resulted in research into other recycled uses of 

which ground tire rubber or crumb rubber forms a major part. Markets now exist for about 80 

percent of scrap tires- up from 17 percent in 1990. The States played an important role on 

addressing this problem through working with industry to efficiently recycle and beneficially use 

scrap tires (EPA 2012). Currently, ground tire rubber is most largely applied as asphalt binder, 

consuming an estimated 220 million pounds, or approximately 12 million tires (EPA 2012). 

1.2 Motivation of Study 

The Florida Department of Transportation (FDOT) has identified some prevalent problems with 

its roadway concrete pavements. These pavements are composed of high strength mixtures 

which lack sufficient flexibility as well as induced expansion and contraction due to temperature 

changes. In order to rectify these problems, it has been suggested that partial replacement of fine 

and coarse aggregate components with crumb rubber will introduce some flexibility in the 

concrete pavement.  

1.3 Research Objectives 

The primary objective of this research is to investigate if ground tire rubber (GTR) can be used 

successfully in introducing flexibility in roadway concrete pavements at the same time obtaining 

desired design standards or requirements for roadway paving concrete.  

As part of this research, compression tests, split tensile tests, and flexural tests are to be 

performed on control cylindrical specimens (with no rubber content) as well as on specimens 
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with different percentages of GTR to find out the development of strength over 7 days, 28 days 

and in some cases 90 days. 

The effects of GTR on the propagation of plastic shrinkage cracks in concrete will be determined 

through the conducting of plastic shrinkage tests. Tests are also to be performed to determine 

how the introduction of GTR as aggregate material in concrete mix affects the hardened (free) 

shrinkage of concrete. 

In order to find out the thermal properties of concrete with GTR, Coefficient of Thermal 

Expansion (CTE) tests are to be conducted on specimens to find out how the addition of GTR 

tends to affect the expansion and contraction of concrete under different temperatures. 

The effects of partially replacing fine and coarse aggregate materials with rubber on the unit 

weight, workability and air content on concrete will also be determined. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

This chapter presents an overview of prior documented research work undertaken with the use of 

rubber in concrete and the various results obtained.  

2.2 Classification of Scrap Tires 

Generally, there are two classes of particle sizes: “ground” rubber (passing No. 10 sieve) and 

“coarse” rubber (larger than No. 10 sieve, with a minimum size of one-half inch) (EPA 2012). 

Other groupings have also been made by some researchers to further classify scrap tires. From 

these groupings, it is observed that scrap tires are being managed as slit tires, shredded or 

chopped tires, crumb rubber tire and as ground rubber tire.  (Siddique and Naik 2004). Slit tires 

are mainly those cut using tire cutting machines.  

Shredded or chipped tires are sized in two stages: the primary process (300-460mm long by 100-

230mm wide to as small as 100-150mm in length) and the secondary process (normal size 76mm 

to 13mm). (Heitzman 1992; Siddique and Naik 2004)  

Ground rubber employs the use a double cycle separation (magnetic), afterwards, there is 

screening then the various sizes can be retrieved. Particle sizes range from 19mm to 0.15mm. 

(Heitzman 1992; Siddique and Naik 2004). 

 Crumb rubber has particle sizes ranging from 4.75mm (No. 4 Sieve) to less than 0.075 mm (No. 

200 Sieve). Cracker mill, granular and micro mill processes are amongst those used to produce 

crumb rubber from scrap tires. (Heitzman 1992; Siddique and Naik 2004) 

2.3 Mechanical Properties 

2.3.1 Compressive Strength 

Behavior of conventional concrete under compression is well understood, in terms of the stress-

strain curve and the initiation and propagation of cracks within the matrix. But this is not the 

same in the case of rubber concrete. Compressive strength which forms a major characteristic of 
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concrete has been analyzed with respect to ground tire rubber concrete by many researchers. It is 

seen from results that various factors influence the compressive strength of concrete with rubber 

and these range from size of rubber particles used, treatment of rubber particles, proportions of 

rubber particles used, amount of air in mixture and the type of cement used in mixtures. (Kaloush 

et al. 2005) discovered that the compressive strength of crumb rubber concrete (1mm particle 

sizes) decreased as rubber content was increased. (El-Gammal et al. 2010) further observed that 

in as much as compressive strength was reduced, chipped rubber gave a lower compressive 

strength as compared to crumb rubber (finer particles). (Li et al. 1998) concluded that rubberized 

concrete has lower compressive strength than normal concrete; however, a cylindrical 

compressive strength of 29MPa can be achieved by coating rubber particles with cement paste. 

(Biel and Lee 1996) also discovered that with the use of magnesium oxychloride cement in 

making concrete, rubber concrete showed approximately 2.5 times the compressive strength of 

Portland cement concrete for both concrete with rubber and normal concrete. 

2.3.2 Toughness 

 Mechanical tests show that crumb rubber concrete remain intact at failure (do not break into 

pieces) showing toughness (Kaloush et al. 2005). (Li et al. 1998) also concluded that rubberized 

concrete has excellent flexibility and ductility when compared to conventional concrete. (Eldin 

and Senouci 1993) observed that under compression loading, specimens of rubber concrete 

exhibited a gradual failure instead of the brittle mode in conventional concrete. They argued that 

when microcracks rapidly propagate in the cement paste, they encounter a rubber aggregate, 

which because of their ability to withstand large tensile deformations, will act as tiny springs, i 

 

Figure 2.1: Behaviour of rubber concrete specimen under compression, (Eldin and Senouci 1993) 
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Also, (Tantala et al. 1996) investigated the toughness of a control concrete mixture and rubber 

concrete mixtures with 5 and 10% buff rubber by volume of coarse aggregate. They reported that 

toughness of both rubber concrete mixtures were higher than the control concrete mixture. 

However, the toughness of rubber concrete mixture with 10% buff rubber was lower than that of 

those with 5% buff rubber because of the decreasing compressive strength.  

 

(Goulias and Ali 1997) discovered that dynamic modulus of elasticity and rigidity decreased 

with an increase in the rubber content, demonstrating a material with reduced stiffness and 

brittleness. They further reported that damping capacity of concrete (a measure of the ability of 

the material to decrease the amplitude of free vibrations in its body) seemed to decrease with an 

increase in rubber content.  

2.4 Unit Weight 

Addition of rubber has been observed to lower the unit weight of the concrete, due to the rubber 

having a lower specific gravity than the other typical solid components. (Kaloush et al. 2005) 

observed that the unit weight of Crumb rubber concrete (1mm particle size) decreased 

approximately 6 pcf for every 50 lbs per cubic yard of crumb rubber added. (El-Gammal et al. 

2010) concluded that the density of rubber concrete was lower than that of normal concrete, 

however, chipped rubber concrete was lower in density than that of crumb rubber (finer 

particles). (Khatib and Bayomy 1999) also concluded the change in unit weight is negligible 

when rubber content is lower than 10 to 20 percent of total aggregate volume. 

 

2.5 Workability and Air Content 

It has been reported that by addition of rubber particles, the workability of concrete is reduced 

(Fedroff et al. 1996; Khatib and Bayomy 1999), while the air content is increased (Fedroff et al. 

1996; Kaloush et al. 2005; Khatib and Bayomy 1999). Further results from (Rangaraju and 

Gadkar) concluded that even though compressive strength decreased significantly with 

increasing rubber content, the average strengths of rubber concrete was close to that of air-

entrained concrete.  
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(Mavroulidou and Figueiredo 2010) discovered that with increase of rubber content (beyond 10 

percent), there was increased stiffness hence low slump values for both fine and coarse aggregate 

replacements with tire rubber. The concrete mixtures with finely ground rubber particles were 

found to be more workable than those with the coarse aggregate-sized rubber chips. To properly 

evaluate the influence of the rubber content on the workability, it will be necessary to perform 

the slump tests and also study the gradation (size distribution) of the rubber particles and its 

effect on the rheology of fresh concrete. 

The idea of pre-treating the rubber particles has been successfully shown by researchers, to 

improve its bonding with the cement paste. This has included washing rubber particles with 

water, acid etching, plasma pretreatment, and coating with cellulose ethers solution (Eldin and 

Senouci 1993; Li et al. 1998; Rostami ; Tantala et al. 1996). These measures are expected to 

remove contaminants, increase the surface roughness of the rubber, and improve the internal 

bonding. The compressive strengths obtained after the pretreatment of rubber, were higher than 

those cases where the common rubber particles were used. 

2.6 Thermal Properties 

(Kaloush et al. 2005; Lingannagari et al. 2003) reached a conclusion from tests that crumb 

rubber concrete (1mm rubber particle sizes) showed more resistance to thermal changes. This 

study showed that rubber concrete has favorable coefficient of thermal expansion (CTE) values, 

with reduced thermal effects of heating and cooling on the concrete.  For concrete pavements, 

the CTE is considered an important factor in the design of joints, calculating stresses, joint 

sealant design, and selecting sealant materials (USDOT 2012).   

Results from (Kaloush et al. 2005) compared the coefficient of thermal expansion test results for  

mixes with varying rubber content and also compared to other PCC mixes. Figure 2.2 shows that 

CTE values obtained from their tests decreased as they varied the content of rubber from 60 to 

300 or 400 lbs per cubic yard. Figure 2.2 further compares 300 lbs crumb rubber mix with other 

commonly used mixtures in Arizona. They also observed that crumb rubber concrete (CRC) mix 

had the lowest CTE value (50% less than control mix. The mix with high content of flyash 

exhibited the highest value of CTE among all the mixes. They reported a reduction in CTE by 

about 29% when 60 lbs per cubic yard of rubber was used as compared to the control mix. They 



7 

 

finally concluded that results indicate that the crumb mixes are more resistant to thermal 

changes; however these lower values are also associated with a drop in compressive strength. 

They further recommended that if no special considerations are made to maintain a higher 

strength values, the use of such mixes are recommended in places where the strength of concrete 

is not as important (e.g. sidewalks).  

 

 

 

 

Figure 2.2: Coefficient of thermal expansion results, (Kaloush et al. 2005) 
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Preliminary results reported by (Raghavan et al. 1998) suggest that incorporation of rubber 

shreds in mortar helps in reducing plastic shrinkage cracking in comparison to control mortar. 

They further reported that control specimens developed cracks having an average width of about 

0.9 mm, while the average crack width for specimens with a mass fraction of 5% rubber shreds 

was about 0.4 to 0.6 mm. It was also reported that onset time of cracking was delayed by the 

addition of rubber shreds. Mortar without rubber shreds cracked within 30 minutes, while mortar 

with 15% fraction by mass cracked after one hour. It was further indicated that the higher the 

content of rubber shreds, the smaller the crack length and crack width, and more onset time of 

cracking was delayed. (Siddique and Naik 2004) 

 

(Huynh et al. 1996) in their research on rubber particles from recycled tires in cementitious 

composite materials found that specimens containing 0, 5, 10, and 15 percent rubber fibers 

cracked , while those containing polypropylene fibers did not crack in the first three hours. It was 

further observed that inclusion of fibrous rubber prevented the crack from continuing and despite 

the weak bonding of rubber, it could provide sufficient restraint to prevent crack from 

progressing. It was observed that the onset of cracking was delayed by the addition of fibrous 

rubber: the mortar without fibers cracked within 30 minutes, while the specimens with 5 percent 

and FR 4.75 (rubber fibers that passed through 4.75 mm sieve and were retained on 2.36 mm 

sieve) cracked after an hour. 

 

2.7 Freezing and Thawing Resistance 

(Fedroff et al. 1996) carried out investigations to study the freezing and thawing (ASTM C 666, 

Procedure A) durability of rubber concrete. Various mixtures were made by incorporating 10, 15, 

20, and 30% ground rubber by weight of cement to the control mixture. Based on their studied 

they concluded that (i) rubber concrete mixtures with 10 and 15% ground rubber exhibited 

durability factors higher than 60% after 300 freezing and thawing cycles, but mixtures with 20 

and 30% ground rubber by weight of cement could not meet the ASTM standards, (ii) Air-

entrainment did not provide significant improvements in freezing -thawing durability for 

concrete mixtures with 10, 20, and 30% ground tire rubber, and (iii) increase in scaling (as 

measured by the reduction in weight) increased with the increase in freezing and thawing cycles. 

(Siddique and Naik 2004) 
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(Richardson et al. 2012) also concluded that the use of rubber crumb in concrete reduces the 

potential freeze/thaw damage that can occur. Dosages of 0.5% and 1.0% show no significant 

difference in terms of freeze/thaw performance, therefore it is recommended that a 0.5% dose by 

volume be used to maintain the potential for greater compressive strength development afforded 

by the 0.5% rubber concrete mix. The strength reductions of rubber concrete mixes were found 

to increase with the increasing percentage volume of rubber crumb added to the concrete. They 

also stipulated that to compensate for this aspect of strength reduction, additional cement may be 

used to bring the design strength back to a plain concrete equivalent. This negates the impact of 

rubber concrete as a freeze/thaw additive, however air entrainment also promotes concrete 

strength reductions that must be catered for and air entrainment is widely used in freeze/thaw 

damage prevention. It is apparent that 0.5% rubber crumb addition is a maximum addition for 

practical use in most normal applications, and this percentage may be reduced if the natural air 

content can be established and counted towards the total air/rubber content that enables optimum 

freeze/thaw protection. (Rangaraju and Gadkar) also observed that finer rubber concrete 

specimens such as 24% of no. 50 crumb rubber showed admirable resistance to Freeze-thaw 

cycles with durability factor more than 80. Other observations made were that, with respect to 

scaling (loss of surface mortar), crumb rubber concrete specimens showed better performance 

than air-entrained concrete. Finally they concluded from microscopical observations that crumb 

rubber concrete integrated air-void system within the concrete matrix to improve its Freeze-

Thaw resistance- this is without the use of air-entraining agents. 

2.8 Scanning Electron Microscope (SEM) 

(Rangaraju and Gadkar 2012), reported from SEM analysis of concrete samples with 24% rubber 

replacement of fine aggregate that, there was the presence of air voids around rubber particles. In 

their analysis, their 24% rubber concrete samples were of three (3) categories, that is, samples 

containing No. 8 rubber sizes, those containing No. 50 and No. 100 rubber sizes. SEM results 

showed that there was a clear gap between rubber aggregates and cement paste for No. 8 rubber 

sizes. However, it was noticed that there was better bonding between rubber aggregates and 

cement paste for finer rubber aggregates. 
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2.9 Conclusion 

From reviewed literature, it was discovered that the inclusion of ground tire rubber in concrete 

reduces the compressive, flexural and tensile strengths of the concrete. However, some 

advantages include enhanced ductility, increased toughness, high impact resistance, sound 

insulation, thermal resistance and reduction of cracks due to thermal shrinkage. The compressive 

strength of ground tire rubber concrete can however be increased by using finer rubber particles 

(Mavroulidou and Figueiredo 2010), rubber treatment prior to usage, adding de-airing agents to 

mixing truck prior to placement and the use of magnesium oxychloride cement in place of 

Portland cement. 
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CHAPTER THREE 

MATERIALS 

3.1 Introduction 

In this chapter, the various mix proportions and components used for the concrete mixtures are 

described. Also, methods of preparing concrete mixtures as well as testing procedures and test 

specimen fabrication are described. 

Table 3-1: Test Standards for Aggregates and GTR 

 

 

3.2 Component Materials 

The following are the materials that were used in the laboratory work; 

 Coarse aggregates (No. 57 Lime Rock Stone) 

 Portland cement (Type I/II) 

 Fine aggregates (Silica sand – FM 2.3) 

 Ground Tire Rubber (40 mesh ~0.422 mm)  

 Rubber Chips (RC) – 3/8 inch 

 Fly ash (where applicable) 

Test Type ASTM Designation

Sieve analysis FM 5-559: Florida Method of Test for Testing of 

Ground Tire Rubber

Mositure content FM 5-559: Florida Method of Test for Testing of 

Ground Tire Rubber

Specific gravity FM 5-559: Florida Method of Test for Testing of 

Ground Tire Rubber

Sieve analysis ASTM C136 - 06 Standard Test Method for Sieve 

Analysis of Fine and Coarse Aggregates

Specific gravity and 

absorption

ASTM C127 - 12 Standard Test Method for Density, 

Relative Density (Specific Gravity), and Absorption of 

Coarse Aggregate

Unit weight ASTM C29 / C29M - 09 Standard Test Method for Bulk 

Density ("Unit Weight") and Voids in Aggregate
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 Water-reducing agent and Air-entraining agent (where applicable) 

3.2.1 Coarse Aggregates 

No. 57 limestone was used as coarse aggregates for all concrete mixes. The gradation of the 

coarse aggregates was done as specification demands and results can be seen in figure 3-1 below. 

The physical and mechanical properties of the material were also obtained to know its impact on 

the concrete. 

 

 

Figure 3.1: Coarse aggregate gradation 

 

3.2.2 Fine Aggregate 

Fine aggregate used for the concrete mix in this study was Silica Sand (FM 2.3). It is also 

noteworthy that the material’s gradation was determined by sieving analysis in the laboratory. 

Gradation results can be seen in figure 3.2 below. The physical properties of fine aggregate were 

noted to envisage the overall impact on the concrete mix. 
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Figure 3.2: Fine aggregate gradation 

 

3.2.3 Ground Tire Rubber (GTR) 

Ground tire rubber (40-mesh ~ 0.422mm) samples with a specific gravity of 0.95 were used in 

this research. Rubber chips of sizes 3/8 inch was also used for the first stage (preliminary) of 

laboratory testing. Below in figure 3.3 is the gradation for GTR used for this research. 

 

 Figure 3.3: Ground tire rubber (GTR) gradation 
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3.2.4 Gradation Results Relative to FDOT Specifications 

The gradation of the aggregates and rubber components are shown in figure 3.4, relative to the 

respective FDOT specifications, with the GTR shown relative to the FDOT Type B 

requirements. 

 

 

Figure 3.4: Gradation of GTR, RC and aggregates relative to FDOT specification limits 

 

3.2.5 Admixtures 

Air-entraining admixture (DAREX AEA) was used in this study for some mix proportions. This 

admixture was an aqueous solution containing organic acid salts. It was specially prepared for 

concrete and delivered as a ready to use admixture which required no extra water for mixing. 

Some mix proportions also included the use of water-reducers (Type A, ADVA 140) to enhance 

the workability of the concrete as well as help improve concrete strength by reducing the amount 

of water used in the mix.  

3.3 Mix Design Procedures 

Due to the different specific gravities of the constituting materials, the concrete mix design 

approach adopted in this study is the Absolute Volume Method, also known as the American 
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Concrete Institute (ACI) method.  Fully described in the ACI 211.1-91 Specification (ACI 2012), 

and exemplified in its application by the Virginia Department of Transportation (VDOT 2012), 

this method is well explained in many literatures.  The overall concept is to consider unit cubic 

yard or 27 ft
3
 of Portland cement concrete and determine the solid volumes occupied by the 

constituent materials, including entrapped air. The coarse aggregate properties such as maximum 

nominal size, specific gravity, and absorption are utilized as well as the fineness modulus, 

specific gravity and absorption of fine aggregates. In this study, the specific gravity of GTR was 

considered, with a desired percentage of the GTR-Fine aggregate mix, in the final stage of the 

mix design to estimate the amount of GTR needed. The mix design results in the amount 

(weight) of each material needed to produce 27 ft
3
 of concrete.  A Microsoft Excel Spreadsheet 

was developed to implement this mix design procedures, but the steps are explained in the 

following paragraphs.  

The first step in the design is to enter the total amount of cementitious materials before 

estimating the required amount of Portland cement and fly ash based on the specifications.  The 

solid volumes occupied by these two materials, as well as other constituent materials, are then 

estimated based on equation 3.1 below.                  (3.1) 

Where, 

     = solid volume of material, say in ft
3
 

   = weight of material, say in lb. 

     = specific gravity of solids 

     = density of water, 62.4 lb/ft
3
. 

The amount of water can be estimated based on the permitted water/cement ratio, and the weight 

computed is converted to the solid volume. Entrapped air can be read from ACI Tables using the 

nominal maximum size of coarse aggregates, and the corresponding volume is estimated for the 

27 ft
3
 of concrete. 
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Next the procedure involves estimating the solid volume of coarse aggregates. The dry-rodded 

unit weight of the coarse aggregate and its specific gravity are used to compute the solid volume 

(bo) in unit dry-rodded volume. Based on the nominal size of coarse aggregate and fineness 

modulus of the fine aggregate, the dry-rodded volume (b/bo) of coarse aggregate per unit of 

volume of concrete is read from pertinent ACI tables on coarse aggregates. This information is 

finally used to estimate the solid volume (b) of coarse aggregates in 27 ft
3
 of concrete.   

The remaining solid volume to complete the mix will be that of the GTR and the fine aggregate. 

This is estimated by simply subtracting the solid volume sum of all materials considered so far 

from the total volume of 27 ft
3
. The resulting solid volume is then proportioned between GTR 

and fine aggregate using the desired proportions by weight in the GTR-fine aggregate mix. There 

is a need to convert the ratio by weight of GTR and Fine aggregate (FA) to respective ratios by 

volume.  

Let the ratios by weights of GTR and FA be rGTR and rFA respectively, with the corresponding 

specific gravities GGTR and GFA, and the density of water represented as   . Considering 1 lb 

amount of the GTR and FA mix, the ratio by volume of GTR, or vGTR is given as  

      (           )(           ) (           )                      (3.2) 

Simplified, the ratios by volume becomes 

         (       )(        )                    (3.3) 

And the ratio by volume of fine aggregate is estimated as                                                        (3.4) 

The ratios by volume are then used, along with the specific gravities, to estimate the respective 

solid volumes of the GTR and fine aggregate in the mix. Finally using the information on 

specific gravities and density of water, the required amount of GTR, fine aggregate, and other 

component materials are estimated in terms of weight (lbs) for a cubic yard of the concrete mix.  
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3.3.1 Preliminary Data Gathering on Mix Design 

A thorough review of the pertinent FDOT specifications on Portland cement concrete pavement 

and its materials was conducted to ascertain requirements relevant to the mix design.  Also, 

FDOT District 2 was contacted and samples of mix design for concrete pavement were obtained. 

 

The identified sections/items in the Standard FDOT specifications include Section 350 Cement 

Concrete Pavement, which has a material-related reference to “Concrete, Class I (Pavement)” in 

the FDOT Specifications Section 346 (FDOT 2012). Under Section 346, the following 

information was determined as relevant to mix design of concrete for pavements: 

 346-2.2 Types of Cement:  Portland Type I or III. 

 346-2.3 Pozzolans and Slag, part (d) Class I and Class II concrete, excluding Class II 

(Bridge Deck), are not required to meet the minimum fly ash or slag requirements. The 

fly ash content shall be less than or equal to 25% by weight of cement and the slag 

content shall be less than or equal to 70% by weight of cement. 

 346-2.4 Coarse Aggregate Gradation: Produce all concrete using Size No. 57, 67 or 78 

coarse aggregate…For Class I and Class II, excluding Class II (Bridge Deck), the coarse 

and fine aggregate gradation requirements set forth in Sections 901 and 902 are not 

applicable and the aggregates may be blended. 

 346-2.5 Admixtures: Use admixtures in accordance with the requirements of this 

subarticle. Chemical admixtures not covered in this subarticle may be approved by the 

Department. 

 346-3 Classification, Strength, Slump and Air Content. 

Table 3-2: FDOT Classification for Class 1 Concrete (Pavement) 

 

 

 346-4.1 Master Proportion Table: Proportion the materials used to produce the various 

classes of concrete in accordance with Table 3: 

Table 2

Specified Minimum 

Strength (28-day) (psi)

Target Slump 

(inches) (c)

Air Content 

Range (%)

Class 1 Concrete (Pavement) 3000 2 1 to 6

(c) The Engineer may approve a  reduction in the target s lump for s l ip-form operations .
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Table 3-3: FDOT Proportion Table Showing Requirement for Class 1 Concrete 

 

 

Although the specification for Class I concrete (Pavement) is not very restrictive on the 

aggregates, Sections 901 and 902 of the Standard Specifications are shown in the following 

paragraphs to portray the relevant information used in this study, with examples for Size Nos 57 

and 67 Coarse aggregates and silica sand as the fine aggregate. 

 901-1.4 Gradation: Coarse aggregates shall conform to the gradation requirements of 

Table 1, when the stone size is specified. 

Table 3-4: Coarse Aggregate Gradation Requirements 

 

 

 902-2.1 Composition: Silica sand shall be composed only of naturally occurring hard, 

strong, durable, uncoated grains of quartz, reasonably graded from coarse to fine, meeting 

the following requirements, in percent total weight. 

Table 3-5: Silica Sand Gradation Requirements 

 

 

Table 3

Minimum Total 

Cementitious Materials 

Content lb/yd3

*Maximum Water to 

Cementitious 

Materials Ratio lb/lb

Class 1 Concrete (Pavement) 470 0.5

*The ca lculation of the water to cementi tious  materia ls  ratio (w/cm) is  based on the tota l  cementi tious  materia l  including 

cement and any supplemental  cementi tious  materia ls  that are used in the mix.

 TABLE 1 Standard Sizes of Coarse Aggregate  

 Amounts Finer than Each Laboratory Sieve (Square Openings), weight percent  

 Size No.  

 Nominal Size 

Square Openings   1 1/2 inches   1 inch  3/4 inch   1/2 inch   3/8 inch  No. 4   No. 8  

 57   1 inch to No. 4   100   95 to 100  -   25 to 60   -   0 to 10   0 to 5  

 67   3/4 inch to No. 4   -   100  90 to 100   -   20 to 55  0 to 10   0 to 5  

 Sieve Opening Size   Percent Retained   Percent Passing 

 No. 4   0 to 5   95 to 100  

 No. 8   0 to 15   85 to 100  

 No. 16   3 to 35   65 to 97  

 No. 30   30 to 75   25 to 70  

 No. 50   65 to 95   5 to 35  

 No. 100   93 to 100   0 to 7  

 No. 200   minimum 96   maximum 4  
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As mentioned earlier, the next step in data gathering was to request sample of actual mix designs 

used on previous FDOT pavement concrete construction projects. Two of such samples were 

obtained from District 2. In these mix designs, important information were obtained, for 

example, the types of coarse and fine aggregates used and their respective properties, as well as 

the specific admixtures used in the mixes. 

3.3.2 Example calculations on the mix design 

A Microsoft Excel Spreadsheet was developed to implement this mix design. An example of the 

mix design calculations is presented as follows. Looking at the sample mix designs from FDOT 

District 2 and also reviewing the FDOT Standard Specifications, the total amount of 

cementitious materials is taken as 500 lbs., which can be split into 400 lbs of Portland cement 

and 100 lbs of fly ash, based on the specifications (20% fly ash).  The solid volumes occupied by 

Portland cement and fly ash are then estimated based on equation 3.1 to be 2.035 ft
3
 and 0.712 ft

3
 

respectively.  Next the amount of water is estimated based on the permitted water/cement ratio of 

0.5, which is half of 500 lbs or 250 lbs.  This is equivalent to 4.006 ft
3
 “solid” volume. The 

assumed coarse aggregate here is the ½ in. maximum nominal size since the specifications is not 

really restrictive or specific on aggregate type. Entrapped air can be read from ACI Tables (Table 

3-7) as 2.5% resulting in 0.675 ft
3
 of “solid” volume in the designed 27 ft3

 concrete.  

Next, the procedure involved estimating the solid volume of coarse aggregates. Assuming the 

specific gravity of 2.4, the solid unit weight of the aggregates is estimated as 2.4*62.4 or 149.76 

lb/ft
3
. With a dry-rodded unit weight of the coarse aggregate of 92 lb/ft

3
, the solid volume (bo) in 

unit dry-rodded volume is computed as a ratio 92 to 149.76 or 0.61. Based on the nominal size of 

coarse aggregate and fineness modulus of the fine aggregate (assumed as 2.50), the dry-rodded 

volume (b/bo) of coarse aggregate per unit of volume of concrete is read from ACI Tables (Table 

3-7) as 0.58. The product (bo)*(b/bo) is finally used to estimate the solid volume (b) of coarse 

aggregates, as 0.36 per ft
3
 or 9.620 ft

3
 in 27 ft

3
 of concrete.   

The remaining solid volume to complete the mix i.e., that of the GTR and the fine aggregate, is 

27 minus sum of all materials considered so far or 27 – 17.049, which is 9.951 ft
3
.  If the desired 

proportion of GTR is 15% of FA or estimated 18% of the GTR-FA mix, the equivalent volume 

proportions are computed using equations 3.2 and 3.3 as 25.8% of the GTR-FA mix. The 

resulting solid volumes for GTR and FA are then calculated using the materials’ specific 
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gravities to be 2.563 ft
3
 and 7.388 ft

3
 respectively.  The required amount of each material, in lbs, 

with that of cement, fly ash and water already known, is finally computed using the specific 

gravities and density of water.  So for 1 cubic yard of concrete, the required amount (weights) for 

Portland cement, fly ash, water, coarse aggregate, fine aggregate, fine aggregate, and GTR are 

estimated to be respectively, 400 lbs., 100 lbs, 250 lbs, 1440.72 lbs, 1226.27 lbs, and 183.94 lbs. 

The needed amount of admixtures (air-entraining and water-reducing agents) is not indicated in 

the mix design but can be reasonably assumed to be the same as in the sample FDOT mix 

designs. 

Table 3-6: Microsoft Excel Concrete Mix Design Template 

 

Density of water (lb/ft
3
) 62.4

Expected yield (ft
3
) 27

Requirement Specific gravity Solid volume (ft
3
) Weight (lb)

Cementituous materials: (Spec. Min. 470 lbs.) 500.00

Fly Ash: (Spec. 20% cementituous material) 20% 2.25 0.712 100.00

Portland Cement Type I/II 80% 3.15 2.035 400.00

Water (Spec. max reqd. 50% of cementitious materials) 50% 1.00 4.006 250.00

Entrapped Air (Spec. 1% to 6% allowed) 2.5% 0.675

Aggregates (Coarse aggregate: Spec. Nos. 57, 67 and 78)

Coarse aggregate nominal maximum size (in.) 0.500

Dry-rodded unit weight (lb/CF) 92.00

SSD Specific gravity 2.40

Solid unit weight (lb/CF) 149.76

Solid volume in unit dry-rodded volume, b o 0.61

Fineness modulus of fine aggregate:  2.50  

Dry-rodded volume in unit concrete volume, b/b o  0.58  

Solid volume in unit concrete volume, b 0.36

Coarse aggregate 9.620 1440.72

Solid volume sum of all except fine aggregate and GTR 17.049

Fine aggregate (only) 2.66 9.951 1651.73

GTR 1.15

GTR (% by weight of fine aggregate) 15.0%

Fine aggregate 100.0%

ratio by weight ratio by volume solid volume weights

GTR (% by weight of fine aggregate and GTR) 13.0% 0.258 2.563 183.94

FA (% by weight of fine aggregate and GTR) 87.0% 0.742 7.388 1226.27

Fine aggregate and GTR 1410.21

Mix total weight (lb) 3600.93

Mix theoretical unit weight (lb/ft
3

) 133.37

MIX DESIGN PROCEDURES FOR GTR PORTLAND CEMENT CONCRETE
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Table 3-7: Concrete Mix Design Data 

 

 

3.3.3 Mix Proportions 

Laboratory tests were conducted in two stages. In the first stage, aggregates and rubber 

components (rubber chips and GTR) were tested for their individual properties. Also at this 

stage, considering both rubber chips and GTR, all the tests (except the shrinkage tests) were 

conducted on Portland cement concrete mixtures, including varied amount of rubber 

components. The rubber chips’ contents were defined by percentage of the overall coarse 

aggregate while GTR content was defined by percentage of overall fine aggregates. The second 

stage of tests involved considering only the ground tire rubber, using admixtures in the concrete 

mixtures, and repeating the tests conducted earlier. The final stage of the tests included focus on 

the shrinkage tests and using concrete mixtures without admixtures, considering only the ground 

rubber. In the first stage of tests on concrete mixtures, amounts of rubber components were 

varied from 0% to up to 40%, in 10% increments, based on the limits of the ease of handling the 

concrete specimens. The results of the initial tests led to a refinement of the varied amount of 

rubber in the subsequent tests in the final stage, with the use of 0%, 5%, 10%, 15%, and 20% 

GTR contents. 

Shown below are tables summarizing the various mix proportions used for concrete mixing. 

 

ACI TABLE A1.5.3.6 VOLUME OF COARSE AGGREGATE PER UNIT OF VOLUME OF CONCRETE

Entrapped air (%)

 2.40   2.50   2.60   2.70   2.80   2.90   3.00  

0.375
3
/8 in.  0.50   0.49   0.48   0.47   0.46   0.45   0.44  

0.500
1
/2 in.  0.59   0.58   0.57   0.56   0.55   0.54   0.53  2.5

0.750
3
/4 in.  0.66   0.65   0.64   0.63   0.62   0.61   0.60  2

1.000 1 in.  0.71   0.70   0.69   0.68   0.67   0.66   0.65  1.5

1.500 1
1
/2 in.  0.75   0.74   0.73   0.72   0.71   0.70   0.69  1

2.000 2 in.  0.78   0.77   0.76   0.75   0.74   0.73   0.72  1

3.000 3 in.  0.82   0.81   0.80   0.79   0.78   0.77   0.76  1

6.000 6 in.  0.87   0.86   0.85   0.84   0.83   0.82   0.81  

Nominal Maximum Size of 

Coarse Aggregate

Fineness Modulus of Sand
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Table 3-8: Rubber Chips Concrete Mix Proportions 1, First Stage 

 

Rubber chips (% by weight of coarse 

aggregate) 

 

10.0% 

 

20.0% 

 

30.0% 

  RBCHIP10 RBCHIP20 RBCHIP30 

Expected yield (ft
3
) 2.1 2.1 2.1 

Material Weight 

(lb) 

Weight (lb) Weight (lb) 

Cementitious materials: (Spec. Min. 470 lb/CY) 38.89 38.89 38.89 

Fly Ash: (Spec. 20% cementitious material) 0.00 0.00 0.00 

Portland Cement Type I/II 38.89 38.89 38.89 

Water (Spec. max reqd. 50% of cementitious 

materials) reqd for mixing only 

19.44 19.44 19.44 

Additional water for aggregate absorption 5.22 4.94 4.73 

Entrapped Air (Spec. 1% to 6% allowed) 1.5% 1.5% 1.5% 

Coarse aggregate: Spec. No. 57 109.18 92.03 79.53 

Fine aggregate 117.13 117.13 117.13 

Rubber chips 10.92 18.41 23.86 

Mix total weight (lb) 300.78 290.83 283.58 

Mix theoretical unit weight (lb/ft3) 143.23 138.49 135.04 

 

 Table 3-9: GTR Concrete Mix Proportions 1, First Stage 

GTR (% by weight of fine aggregate) 0.00% 10.00% 20.00% 30.00% 40.00% 

  

PCC 

CONTROL 

GTR10 GTR20 GTR30 GTR40 

Expected yield (ft3) 2.7 2.7 2.7 2.7 2.7 

Material 

Weight 

(lb) 

Weight 

(lb) 

Weight 

(lb) 

Weight 

(lb) 

Weight 

(lb) 

Cementitious materials: (Spec. Min. 470 lb/CY) 50 50 50 50 50 

Fly Ash: (Spec. 20% cementitious material) 0 0 0 0 0 

Portland Cement Type I/II 50 50 50 50 50 

Water (Spec. max required 50% of 

cementitious materials) required for mixing 

only 25 25 25 25 25 

Additional water for aggregate absorption 7.25 7.08 6.97 6.89 6.83 

Entrapped Air (Spec. 1% to 6% allowed) 0.015 1.015 0.015 0.015 0.015 

Coarse aggregate: Spec. No. 57 172.53 172.53 172.53 172.53 172.53 

Fine aggregate 150.6 117.65 96.54 81.85 71.04 

GTR 0 11.77 19.31 24.55 28.41 

Mix total weight (lb) 405.38 384.03 370.34 360.82 353.81 

Mix theoretical unit weight (lb/ft3) 150.14 142.23 137.16 133.64 131.04 
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      Table 3-10: GTR Concrete Mix Proportions 2, First Stage 

 

 

Table 3-11: Rubber Chips Concrete Mix Proportions 2, First Stage 

Rubber chips (% by weight of coarse 

aggregate) 

0.00% 10.00% 20.00% 30.00% 

  CONTROL RBCHIP10 RBCHIP20 RBCHIP30 

Expected quantity (ft3) 3.2 2.2 2.2 2.2 

Material Weight (lb) 

Weight 

(lb) 

Weight 

(lb) 

Weight 

(lb) 

Cementitious materials: (Spec. Min. 470 

lb/CY) 59.26 40.74 40.74 40.74 

Fly Ash: (Spec. 20% cementitious material) 0 0 0 0 

Portland Cement Type I/II 59.26 40.74 40.74 40.74 

Water (Spec. max reqd. 50% of 

cementitious materials) required for 

mixing only 29.63 20.37 20.37 20.37 

Additional water for aggregate absorption 8.6 5.47 5.17 4.95 

Coarse aggregate: Spec. No. 57 204.48 114.38 96.41 83.32 

Fine aggregate 178.49 122.71 122.71 122.71 

Rubber chips 0 11.44 19.28 25 

Mix total weight (lb) 471.85 309.63 299.51 292.13 

Mix theoretical unit weight (lb/ft3) 147.45 140.74 136.14 132.79 

 

GTR (% by weight of fine aggregate) 10.0% 20.0% 30.0% 40.0% 

  GTR10 GTR20 GTR30 GTR40 

Expected yield (ft
3
) 3 3 3 3 

Material Weight (lb) Weight (lb) Weight (lb) Weight (lb) 

Cementitious materials: (Spec. Min. 470 

lb/CY) 

55.56 55.56 55.56 55.56 

Fly Ash: (Spec. 20% cementitious material) 0.00 0.00 0.00 0.00 

Portland Cement Type I/II 55.56 55.56 55.56 55.56 

Water (Spec. max reqd. 50% of 

cementitious materials) reqd for mixing 

only 

27.78 27.78 27.78 27.78 

Additional water for aggregate absorption 7.87 7.74 7.65 7.59 

Coarse aggregate: Spec. No. 57 191.70 191.70 191.70 191.70 

Fine aggregate 130.73 107.26 90.94 78.93 

GTR 13.07 21.45 27.28 31.57 

Mix total weight (lb) 418.83 403.75 393.26 385.53 

Mix theoretical unit weight (lb/ft3) 139.61 134.58 131.09 128.51 



24 

 

 

Table 3-12: GTR Concrete Mix Proportions for Plastic Shrinkage, First Stage 

Expected yield - 1.3 cu-ft 

     
  CONTROL 5% GTR 10% GTR 15% GTR 20% GTR 

Cement (lb) 24.1 24.1 24.1 24.1 24.1 

Water (lb) 12.0 12.0 12.0 12.0 12.0 

Add. Water (lb) 5.8 5.8 5.8 5.8 5.8 

Fine Ag. (lb) 72.5 63.6 56.7 51.1 46.5 

GTR (lb) - 3.2 5.7 7.7 9.3 

Coarse Agg. (lb) 83.1 83.1 83.1 83.1 83.1 

 

 

Table 3-13: GTR Concrete Mix Proportions, Second Stage  

GTR (% by weight of fine 

aggregate) 

Control 1 

(0%) 

Control 2 

(0%) 

5% GTR 10% GTR 15% GTR 20% GTR 

Expected yield (ft
3
) 4 4 4 4 4 4 

Material Weight (lb) Weight (lb) Weight (lb) Weight (lb) Weight (lb) Weight (lb) 

Cementitious materials:  74.07 74.07 74.07 74.07 74.07 74.07 

Fly Ash 0.00 14.81 14.81 14.81 14.81 14.81 

Portland Cement Type I/II 74.07 59.26 59.26 59.26 59.26 59.26 

Water  37.04 37.04 37.04 37.04 37.04 37.04 

Additional water  10.74 10.71 10.57 10.46 10.37 10.30 

Coarse aggregate: No. 57 255.60 255.60 255.60 255.60 255.60 255.60 

Fine aggregate 223.11 218.10 191.32 170.39 153.59 139.81 

GTR 0.00 0.00 9.57 17.04 23.04 27.96 

Water reducer (..) oz. 0.00 1.00 1.00 1.00 2.00 2.00 

Air entraining agent (..) 

oz. 

0.00 0.50 0.50 0.50 0.50 0.50 

Note: CONTROL1 has no admixtures but other batches do. 
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Table 3-14: GTR Concrete Mix Proportions for Plastic Shrinkage, Second Stage 

 

 

5% GTR 

   

10% GTR 

 GTR (% by weight of fine aggregate) 5.0% 

  

GTR (% by weight of fine aggregate) 10.0% 

GTR (% by weight of coarse aggregate) 4.4% 

  

GTR (% by weight of coarse aggregate) 7.9% 

Expected yield (ft3) 2 

  

Expected yield (ft3) 2 

Material Weight (lb) 

  

Material 

Weight 

(lb) 

Cementitious materials: (Spec. Min. 470 

lb/CY) 37.04 

  

Cementitious materials: (Spec. Min. 470 

lb/CY) 37.04 

Fly Ash: (Spec. 20% cementitious material) 0.00 

  

Fly Ash: (Spec. 20% cementitious 

material) 0.00 

Portland Cement Type I/II 37.04 

  

Portland Cement Type I/II 37.04 

Water (Spec. max reqd. 50% of 

cementitious materials) reqd for mixing 

only 18.52 

  

Water (Spec. max reqd. 50% of 

cementitious materials) reqd for mixing 

only 18.52 

Additional water for aggregate absorption 6.3 

  

Additional water for aggregate 

absorption 6.3 

Entrapped Air (Spec. 1% to 6% allowed) 2.0% 

  

Entrapped Air (Spec. 1% to 6% allowed) 2.0% 

Coarse aggregate: Spec. No. 57 118.80 

  

Coarse aggregate: Spec. No. 57 118.80 

Fine aggregate 104.73 

  

Fine aggregate 93.28 

GTR 5.24 

  

GTR 9.33 

      

15% GTR 

   

20% GTR 

 GTR (% by weight of fine aggregate) 15.0% 

  

GTR (% by weight of fine aggregate) 20.0% 

GTR (% by weight of coarse aggregate) 10.6% 

  

GTR (% by weight of coarse aggregate) 12.9% 

Expected yield (ft3) 2 

  

Expected yield (ft3) 2 

Material Weight (lb) 

  

Material 

Weight 

(lb) 

Cementitious materials: (Spec. Min. 470 

lb/CY) 37.04 

  

Cementitious materials: (Spec. Min. 470 

lb/CY) 37.04 

Fly Ash: (Spec. 20% cementitious material) 0.00 

  

Fly Ash: (Spec. 20% cementitious 

material) 0.00 

Portland Cement Type I/II 37.04 

  

Portland Cement Type I/II 37.04 

Water (Spec. max reqd. 50% of 

cementitious materials) reqd for mixing 

only 18.52 

  

Water (Spec. max reqd. 50% of 

cementitious materials) reqd for mixing 

only 18.52 

Additional water for aggregate absorption 6.3 

  

Additional water for aggregate 

absorption 6.3 

Entrapped Air (Spec. 1% to 6% allowed) 2.0% 

  

Entrapped Air (Spec. 1% to 6% allowed) 2.0% 

Coarse aggregate: Spec. No. 57 118.80 

  

Coarse aggregate: Spec. No. 57 118.80 

Fine aggregate 84.08 

  

Fine aggregate 76.53 

GTR 12.61 

  

GTR 15.31 
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Table 3-15: GTR Concrete Mix Proportions for Free Shrinkage Test 

CONTROL 

   

10% GTR 

 GTR (% by weight of fine aggregate) 0.0%    GTR (% by weight of fine aggregate) 10.0% 

GTR (% by weight of coarse aggregate) 0.0% 

 

GTR (% by weight of coarse aggregate) 7.9% 

Expected yield (ft3) 0.6 

 

Expected yield (ft3) 0.6 

Material Weight (lb) 

 

Material Weight (lb) 

Cementitious materials: (Spec. Min. 470 

lb/CY) 11.11 

 

Cementitious materials: (Spec. Min. 470 

lb/CY) 11.11 

Fly Ash: (Spec. 20% cementitious 

material) 0.00 

 

Fly Ash: (Spec. 20% cementitious 

material) 0.00 

Portland Cement Type I/II 11.11 

 

Portland Cement Type I/II 11.11 

Water (Spec. max reqd. 50% of 

cementitious materials) reqd for mixing 

only 5.56 

 

Water (Spec. max reqd. 50% of 

cementitious materials) reqd for mixing 

only 5.56 

Additional water for aggregate 

absorption 3.2 

 

Additional water for aggregate 

absorption 3.2 

Entrapped Air (Spec. 1% to 6% allowed) 2.0% 

 

Entrapped Air (Spec. 1% to 6% allowed) 2.0% 

Coarse aggregate: Spec. No. 57 35.64 

 

Coarse aggregate: Spec. No. 57 35.64 

Fine aggregate 35.82 

 

Fine aggregate 27.98 

GTR 0.00 

 

GTR 2.80 

 

 

3.4 Preparation of Concrete Mixtures 

3.4.1 Concrete Mixing 

Concrete batches were mixed with the aid of two rotary drum mixtures of sizes 6 cubic feet and 

with the capability of mixing an expected yield of up to 4.5 cubic feet. Mixing was done in 

accordance with ASTM C192 (Section 7.1.2). This section provides directions for laboratory 

mixing and precautions to adhere to. In summary, concrete was mixed after all ingredients were 

in the mixer for three minutes followed by a three minute rest and a two minute final mixing 

stage. 

Below is a more detailed procedure used for mixing concrete batches: 

1. All component materials were weighed accordingly as specified in the mix design. 

2. Coarse aggregates, ground tire rubber and half of the mixing water were placed in the 

mixer and allowed to mix for 1 minute in order to allow all lump formation in GTR to 

break. 
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3. Fine aggregates, cement and the rest of the mixing water were added in that order and 

allowed to mix for another two minutes after which the mixer was stopped. 

4. The mixer was made to rest for three minutes during which concrete attached to the inner 

surface of the mixer was scrapped. 

5. The mixing procedure continued for two minutes after which the fresh concrete was 

poured in a wheel burrow. 

6. Temperature, slump, air content and unit weight tests were then performed on the freshly 

poured concrete. 

 

3.4.2 Preparation of Specimens for Compressive, Modulus and Split Tensile Tests 

In evaluating the mechanical properties, the following steps were taken in making concrete 

specimens: 

1. Cylindrical molds of dimension 6x12-in were filled in three equal layers with portion of 

freshly poured concrete. 

2. Each layer was compacted with a 5/8-in diameter tamping rod with 25 times for each 

filling. 

3. The third (final) layer was made to exceed the top of the mold prior to rodding in order to 

prevent filling the mold with more concrete after the third layer. 

4. Excess concrete was scrapped of the molds and the concrete surface was finished with the 

aid of a trowel. 

5. Specimens were covered and placed in a cool environment for 24 hours. 

6. Specimens were demolded after 24 hours and placed in curing tanks until specified times 

for testing. 

3.4.3 Preparation of Concrete Specimens for Flexural Tests 

1. Beam molds of dimension 6x6x21-in were filled in three equal layers with portion of 

freshly poured concrete. 

2. Each layer was compacted with a 5/8-in diameter tamping rod with 25 times for each 

filling making sure the blows were evenly spread along the mold surface. 
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3. Similar to the cylindrical specimens, the third (final) layer was made to exceed the top of 

the mold prior to rodding in order to prevent filling the mold with more concrete after the 

third layer. 

4. Excess concrete was scrapped of the molds and the concrete surface was finished with the 

aid of a trowel after which specimens were covered and placed in a cool environment for 

24 hours.  

5. Specimens were demolded after 24 hours and placed in curing tanks with lime water (to 

avoid any length/volumetric change) until specified times for testing. 

 

3.4.4 Preparation of Concrete Specimens for Coefficient of Thermal Expansion Tests 

1. Cylindrical molds of dimension 6x12-in were filled in two equal layers with portions of 

freshly poured concrete. 

2. Each layer was compacted with a tamping rod - 25 times for each filling. 

3. The second (final) layer was made to exceed the top of the mold prior to rodding in order 

to prevent filling the mold with more concrete after the third layer. 

4. Excess concrete was scrapped of the molds and the concrete surface was finished with the 

aid of a trowel. Specimens were then covered and placed in a cool environment for 24 

hours after which the specimens were demolded after and placed in curing tanks until 

specified time for testing (28 days). 

3.4.5 Preparation of Concrete Specimens for Plastic and Free Shrinkage Tests 

This will be covered comprehensively in the next chapter as part of the laboratory testing 

program. 
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CHAPTER FOUR 

LABORATORY TESTING PROGRAM 

4.1 Laboratory Testing Standards 

The fundamental component of this research was conducting laboratory experiments or tests to 

study the effect of adding GTR to the normal Portland cement concrete. In addition to listed 

standard tests, the Scanning Electron Microscope (SEM) was utilized to examine the hardened 

concrete samples at very high magnification levels. Various samples were prepared and tested. 

Using the conventional pavement concrete mix as a control, the relevant ASTM, AASHTO, and 

FDOT standards, summarized in Table 4-1, were utilized to perform laboratory tasks. 

Table 4-1: Summary of Test Standards for Concrete Mixtures 
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4.1.1 Air Content Test 

Air content tests were conducted on freshly poured concrete in accordance with ASTM C 173 

volumetric method. This test was conducted for each batch or mix type of freshly poured 

concrete. At least one pint of 70 percent isopropyl alcohol was used for each mix, however, for 

mixes containing Ground Tire Rubber (GTR), at least three (3) pints of alcohol was used and 

requisite adjustments made at the end of the test as stipulated by ASTM C 173. 

4.1.2 Unit Weight Test 

Unit weight tests for freshly poured concrete were conducted in accordance with ASTM C 138 

on each mix type. For our testing purposes, a 0.5 cubic foot steel container (bucket) was used. 

4.1.3 Concrete Slump Test 

Slump tests were conducted to ascertain the workability of freshly poured concrete for each 

batch or mix type. These tests were carried out in accordance with ASTM C 143 immediately 

after pouring concrete from the concrete mixer. 

4.1.4 Making and Curing Concrete Specimen 

This research involved the making of 6-inch by 12-inch cylindrical specimens for compressive 

strength, split tensile strength and modulus of elasticity tests on concrete. Also, 4-inch by 8-inch 

specimens were made for Coefficient of Thermal expansion tests and finally 6-inch by 6-inch by 

21-inch beams were made for flexural strength and deflection tests. These specimens were made 

in accordance with ASTM C 192 and they were covered with plastic covers or sheets to reduce 

the rate of evaporation. Specimens were also demolded and cured approximately 24 hours after 

placing. A tamping rod was used for consolidating specimens as stipulated by ASTM. 

4.1.5 Cylinder End Treatment Prior to Testing 

Cylindrical Specimens for compressive strength, modulus of elasticity and coefficient of thermal 

expansion tests were end grounded to ensure a uniform or flat surface for testing. The method of 

grinding the ends of cylindrical specimens is in accordance with ASTM C 617 as one of the 

methods of cylinder end treatment prior to testing.  This was done especially to attain uniform 

loading during compressive strength tests. 
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Figure 4.1: End-grinding cylindrical concrete specimens  

 

4.2 Compressive Strength 

Compressive strength test specimens were cast for 7, 28 and 90 days compression tests. Three 6” 

by 12” cylinders were cast for each mix type for each of the three testing dates. With the aid of a 

cylinder-end-grinder, the ends of the cylindrical specimens were ground for the desired flat and 

smooth end condition. TestMark compression test machine was used for the testing of all 

samples with a gradual loading increment and stabilized loading rate between 565 and 1414 

pounds per second. 

The compressive strengths were computed as: 

Compressive Strength, σ = P/A; (4.1) 

where: 

P = ultimate load (load at failure) during testing (lbs) 

A = load area (computed using the average diameter of test specimen) (square-inch) 

Compression tests were conducted on concrete specimen cast for 7 days and 28 days 

compressive strength with each 3 samples for each mix type. Test were run on Control samples 

with no admixtures (Control 0), Control samples with admixtures (Control AD), and GTR 5%, 

10%, 15%, 20%.  
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 Figure 4.2: Failed cylindrical concrete specimens after compressive strength tests 

 

4.3 Split Tensile Strength 

The splitting tensile strength test was conducted in accordance with ASTM C 496M test method. 

In this test, a diametral compressive force was applied at a loading rate from 100 psi/min to 200 

psi/min along the length of the cylindrical specimen of dimensions 6 inches by 12 inches. As a 

result of the applied load, tensile stresses are induced on the plane along which the load is 

applied and corresponding compressive forces around the area of load application. This results in 

tensile failure since the area at which load is applied is in triaxial compression enabling the 

specimen to withstand much higher compressive stresses.  (ASTM C496/C496M – 04) 

As part of the setup for this test, thin plywood bearing strips were used to distribute the applied 

load along the entire length of the cylinder as seen in the figure below.  

The split tensile strength of each specimen was calculated as follows:            (4.2) 

where: 

T = splitting tensile strength, psi 

P = maximum applied load displayed by testing machine, lb 

l = measured specimen length, in 

d = measured specimen diameter, in 

This test was conducted to evaluate the shear resistance provided by GTR concrete. 
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Figure 4.3: Specimen set-up for split tensile strength tests 

 

4.4 Flexural Strength 

The GTR beams (Modulus of rupture beams) were tested with the three point load setup on the 

28
th

 day. 

Third point loading setup for GTR beams 

 

Figure 4.4: Flexural strength test set-up diagram 

 

A comprehensive set up of a Test Mark Equipment linked to the ADMET data acquisition 

system and two LVDT displacement transducers were connected to a laptop – which displays a 

digital representation of the loading – was raised to aid in data collection and analysis. During 

the testing under this setup, the load P was applied to the beam in gradual increments between 

125 – 175 psi/min. Beams were inspected as they were being loaded to identify the first crack, 

and thus the first crack load determined. 

At final loading (failure), the distances from the end of specimen to the crack position was taken 

to verify if failure was within the middle third. It was observed that major cracks were within the 

middle third of the specimen.  
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Figure 4.5: Third point loading for flexural test 

 

 

Figure 4.6: Analysis of third point loading set-up 

 

 

Figure 4.7: Bending moment diagram for third point loading set-up 

 

 

Figure 4.8: Shear force diagram for third point loading set-up 
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To maintain stability, the moment of resistance of the section against crushing, M should be 

equal to the ultimate applied moment at the point of failure,  

 Where       tensile strength of concrete from the modulus of rupture test  

   E, concrete elastic modulus = bd
2
/6 

 

Hence                                                           psi = PL/bd
2 

(4.3) 

 

       

Figure 4.9: Laboratory set-up for flexural strength tests 

 

4.5 Modulus of Elasticity 

Modulus of Elasticity tests were run on cylindrical concrete specimens in accordance with 

ASTM C 469. In this testing procedure, three (3) cast cylindrical concrete specimens (6-inch by 

12-inch) for all mix types were positioned in a compressometer set-up with linear variable 

differential transducers connected to the compressometer frame. These LVDTs were two (2) in 

number and were used to measure longitudinal and transverse displacement of the test specimen 

under loading. The LVDTs were connected to an ADMET data acquisition system (DAS) which 

was connected to a laptop computer. The TestMark compression machine was also connected to 

the DAS. The DAS was used to collect readings from the connected LVDTs and testing machine 

in order to display live readings and the final test results were retrieved with the help of installed 

ADMET software on the laptop computer. Testing was done for each specimen by loading and 

unloading the test specimen up to 40% of determined strength at failure of similar samples of the 
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same mix type. This loading and unloading process was carried out three (3) times and the 

results for modulus of elasticity were determined from the second and thirds loadings. Results 

from the initial loading were ignored since it was for the seating of the gauges (LVDTs). 

 

Figure 4.10: Laboratory set-up for modulus of elasticity tests 

 

       

Figure 4.11: Compressometer with LVDTs on concrete specimen, and computer output 

 

Modulus of Elasticity results were computed, to the nearest 50 000 psi (344.74 MPa) as follows: 

 

                         (4.4) 

 

where: 

E = chord modulus of elasticity, psi, 

S2 = stress corresponding to 40 % of ultimate load, 

S1 = stress corresponding to a longitudinal strain,  1, of 50 millionths, psi, and  2 = longitudinal strain produced by stress S2. 
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For Poisson’s ratio, to the nearest 0.01: 
                           (4.5) 

 

where: 

μ = Poisson’s ratio,  t2 = transverse strain at midheight of the specimen produced by stress S2, and  t1 = transverse strain at midheight of the specimen produced by stress S1. 

 

4.6 Coefficient of Thermal Expansion Testing Methodology 

The ratio of the degree of expansion to the change in temperature is called a material's coefficient 

of thermal expansion (CTE) and generally varies with temperature. Specifically, this is a 

measure of the material’s fractional change in size per degree change in temperature at a constant 

pressure. Whereas several types of coefficients have been developed: volumetric, area, and 

linear, in most cases for solids, there may only be a concern with the change along a length, or 

over some area. 

4.6.1 Significance of Coefficient of Thermal Expansion 

During the hydration process in concrete, heat is generated- this is a function of several factors 

such as temperature during placement, the type and fineness of the cement, the quantity of other 

cementitious materials (eg. fly ash), type and quantity of aggregates as well as water content. 

After concrete setting, even though all the component materials have an effect on the thermal 

expansion behavior, the aggregate type has the most influence on the extent to which concrete 

expands and contracts during temperature changes. 

Upon the increase in temperature, concrete expands and contrarily concrete contracts when 

temperature decreases. Coefficient of thermal expansion (CTE) of concrete is defined as the 

volumetric changes in concrete due to temperature changes. It can also be defined as the 

alteration in the unit length per degree change in temperature. The types of aggregates as well as 

the degree of saturation are factors which tend to determine the CTE of a concrete mixture. 

Coarse aggregates which form the most of the concrete volume is considered the most influential 

component material which determines the CTE of concrete. Among the various coarse aggregate 
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types mostly used in concrete pavements, quartz is considered to have the highest CTE. As a 

result, most coarse aggregates have their CTE being largely dependent on their quartz content. 

Fine aggregates also contribute to the CTE of concrete. Silica contained in natural sands has high 

CTE while fine aggregates from crushed limestone have lower CTE values. Table 4-2 below 

shows typical CTE values for concrete depending on aggregate type used. 

Table 4-2: CTE of Concrete by Aggregate Type (LTPP Standard Date Release 25.0) 

Primary 

Aggregate Class 

Average CTE 

(/°F x 10–6)  

Standard Deviation 

(s) (/°F x 10–6) 

Average CTE 

(/°C x10–6) 

Standard Deviation 

(s) (/°C x 10–6) 

Sample 

Count1 

Andesite 4.32 0.42 7.78 0.75 52 

Basalt 4.33 0.43 7.80 0.77 141 

Chert 6.01 0.42 10.83 0.75 106 

Diabase 4.64 0.52 8.35 0.94 91 

Dolomite 4.95 0.40 8.92 0.73 433 

Gabbro 4.44 0.42 8.00 0.75 8 

Gneiss 4.87 0.08 8.77 0.15 3 

Granite 4.72 0.40 8.50 0.71 331 

Limestone 4.34 0.52 7.80 0.94 813 

Quartzite 5.19 0.50 9.34 0.90 131 

Rhyolite 3.84 0.82 6.91 1.47 7 

Sandstone 5.32 0.52 9.58 0.94 84 

Schist 4.43 0.39 7.98 0.70 30 

Siltstone 5.02 0.31 9.03 0.56 21 

Total Sample Count 2,251 

 

 

4.6.2 How CTE Influences Concrete Pavement Behavior 

Pavement concrete behavior is largely affected by changes in temperature of the concrete 

member. Joints and cracks open and close frequently as a result of daily as well as seasonal 

phases of temperature changes. During the day (in the afternoon), when the surface of a concrete 

slab becomes warmer than the base of the slab, concrete expands on the surface of the slab 

exceeding that at the base which can cause the slab to bend downwards if it is not restrained. 

Restraints along the slab’s edges however results in high bearing stresses between the concrete 

and the dowels. Similarly during the night when the concrete surface becomes colder than the 
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base of the slab, the concrete will undergo more contraction on the surface than the base and this 

could cause the slab curl upward if it has no restraint. Also, in this case, restraints along the 

slab’s edges however results in high bearing stresses between the concrete and the dowels 

(USDOT, 2012).  

 

4.6.3 CTE Testing Procedure 

This test was conducted in accordance with AASHTO T 336-09 at the Florida Department of 

Transportation Structures Laboratory at Gainesville. This test involves the measurement of the 

change in length of a 4-in diameter cylindrical concrete specimen under temperature variations. 

Three specimens were cast for each mix type and end-ground prior to testing.  

1. Coefficient of thermal expansion test specimens were prepared as described in Chapter 

three of this thesis.  

2. Specimens were then cured for 28 days after which they were end-ground to 

approximately 7 inches for testing. 

3. Concrete specimens were fixed in a steel frame and LVDT’s were fixed at the top of each 

frame to make contact with the surface of the specimens.  

4. The concrete specimens and frame/test apparatus were submerged in a water bath to 

ensure that the specimens had a maintained saturation state during testing. 

5. Measurements are then taken for cooling and heating cycles as the temperature is 

increased from 50°F to 122°F (10°C – 50°C) and reduction in the temperature is made 

back to 50°F/10°C. 

6. Measurements taken during the cycle of expansion and contraction are adjusted to cater 

for the effects of temperature changes on the test apparatus. 

7. Test is repeated until results show that the CTE values between the expansion and 

contraction sections of the test are 0.2 x 10
-6

 per °F (0.3 x 10
-6

 per °C) from each other.  

CTE is found by computing the average of two consecutive CTE readings, one from each section 

of the test, that is, one from the expansion section and the other from the contraction section. 

Results are described later in Chapter 5 of this thesis. 
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4.7 Plastic Shrinkage Test 

Plastic shrinkage tests were performed on both control and GTR concrete specimens. This test 

was performed in two stages. The first stage involved having one control specimen and one GTR 

specimen in each compartment of the environmental chamber. However in the second stage, 

each of the compartments had GTR concrete specimens of the same mix type. 

 

Figure 4.12: Laboratory set-up for first stage of plastic shrinkage tests 

 

 

Figure 4.13: Laboratory set-up for second stage of plastic shrinkage tests 

 

4.7.1 Research Methodology 

This research required the construction of plastic shrinkage molds and an environmental chamber 

for testing. Described below are the construction steps for the molds and chamber. 
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4.7.2 Plastic Shrinkage Molds 

As part of this testing method, two (2) plastic shrinkage molds of dimensions seen in the figure 

4.14 were constructed out of plywood. Steel risers were also fabricated out of 18 gauge steel and 

dimensioned according to ASTM specifications. The overall depth of the mold was increased by 

0.5 inches to suit the ASTM standards which stipulate a minimum depth of 65mm plus at least 

twice the maximum coarse aggregate size being used. The final overall depth for the mold was 

built as 4.5 inches to satisfy the coarse aggregate size of 25mm for No. 57 stone obtained from 

gradation. However, in order to observe cracks during testing procedure, the overall depth of the 

mold used for testing was made 3.25 inches, that is, 0.75 inches above the middle riser. Similar 

reduction in the depth of the plastic shrinkage mold has been done by other researchers including 

(Qi 2003; Raghavan et al. 1998) in order to observe the propagation of plastic shrinkage cracks. 

 

Figure 4.14: Dimensions used for fabricating plastic shrinkage molds (ASTM C1579-06) 
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Figure 4.15: Fabricated plastic shrinkage molds with steel risers 

 

4.7.3 Environmental Chamber (Fan Box) 

An environmental chamber described as a fan box in ASTM C1579 was constructed according to 

specification to seat two plastic shrinkage molds for testing. This chamber was constructed of 

plywood and made air-tight to prevent outflow of air during testing. The top of the chamber was 

built as a see through door frame which can be opened upwards to make it easier when placing 

concrete filled molds in the chamber. The see-through design of the top was also made so to help 

observe the propagation of plastic shrinkage cracks on the test specimens. The back of the 

chamber was constructed as an air tight door in order to have access to the fan and heaters used 

in conditioning the chamber to specification. 

 

Figure 4.16: Dimensions used for fabricating environmental chamber (fan box) 
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Figure 4.17: Fabricated environmental chamber (fan box) used for plastic shrinkage tests 

 

4.7.4 Running Test 

During batching, coarse aggregates were sieved to obtain a maximum size of ¾ inch aggregates. 

This was done because the effective depth of the plastic shrinkage molds were reduced to 3.25 

inches in order to better observe propagation of shrinkage cracks. Mixing was done using 3, 3, 2 

method described in the Chapter 3 as this is the standard method for laboratory scale mixing. For 

each test batch, the slump and the temperature of freshly poured concrete were taken. 

Before pouring concrete into the plastic shrinkage molds, the molds were oiled lightly with 

grease to ensure easy removal of concrete after testing without damaging the formwork.  

 

Figure 4.18: Lubricated molds before pouring concrete 

 

A small portion of the concrete was also sieved in the No.4 sieve to obtain the sample for time of 

setting test.  
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Figure 4.19: Sieved concrete sample for setting time specimen 

 

The environmental chamber was then set to meet the environmental requirements. The optimal 

environmental conditions achieved were a temperature of 85 degree F, humidity of 39.4% and 

wind speed of 10.5 mph. Plastic shrinkage molds were filled in a single layer and vibrated for 

approximately one (1) minute on a vibrating table after which the surface was finished. 

      

         Figure 4.20: Plastic shrinkage specimen being vibrated on a vibrating table 

 

Plastic shrinkage and setting time specimens as well as an evaporating pan filled with water for 

checking the evaporating rate were placed in the conditioned chamber.  

 

 Figure 4.21: Test set-up in environmental chamber 
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4.7.5 Setting Time 

Times for specimen setting tests were conducted for both control specimens and GTR concrete 

specimens. This was done with the aid of Vicat needles and penetration equipment seen in the 

figure below. 

       

Figure 4.22: Test set-up for penetration test to determine concrete setting time  

 

During the first stage of plastic shrinkage testing, setting time tests for control specimens were 

initiated two (2) hours after placing the plastic shrinkage and setting time specimens in the 

environmental chamber, however, penetration tests for GTR concrete specimens were run three 

(3) hours after placing the specimen in the chamber. It was observed that specimens took longer 

to set as the GTR percentage increased, and also, the initial setting time for control specimens 

was not evident until after the third reading. As a result, during the second stage of testing, the 

initial setting time reading was taken 3 hours and 4 to 5 hours after placing control specimens 

and GTR specimens respectively in the environmental chamber at 30-min intervals.  

 The Vicat needle sizes used for this test were 1/10 sq. in, 1/20 sq. in and 1/40 sq. in. These sizes 

were chosen because they cover a lesser area on the setting time specimen and allows for more 

penetrations on a single specimen. The setting time pressure gauge displays the load which is 

then divided by the area of the vicat needle to obtain the stress in pounds per square inch (psi). 

After the first penetration test for each specimen, subsequent penetrations were made at 30-

minute intervals till the final set (4000 psi) was reached. For control specimens this time was 

approximately 6 hours, however, it was noticed that as the percent of GTR increase, the setting 

time also increased with 15 percent GTR concrete taking as long as 12 hours for final setting to 
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be reached. ASTM C1579 stipulates that the test should be halted at 6 hours, but since the setting 

times for GTR specimens were longer, our testing procedure included an extension of this time 

to 9 hours after which the final setting was extrapolated using regression analysis as stipulated by 

ASTM C403 Standard test method for time of setting of concrete mixtures by penetration 

resistance. 

 

Log (PR) = a + b Log (t)                                                                                                   (4.6) 

 

where: 

 

PR = penetration resistance, and 

t = elapsed time. 

 

From the above equation, 

                    ,                                                                                                        (4.7) 

 

                                                         (4.8) 

After the final setting time readings (or 9 hours for GTR specimes), the heaters and fan in the 

environmental chamber were put off and specimens were covered until 24 hrs after mixing. 

 

 

  Figure 4.23: Plastic shrinkage test sample covered with polyethylene sheets 
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4.7.6 Plastic Shrinkage Crack Measurement and Quantification 

An image acquisition and processing method was used in quantifying crack widths, width 

distributions and crack patterns for control and GTR samples. Automated image capturing 

software was used to view cracks on a laptop after which the images were captured. A 

magnifying lens was used to locate all positions and distributions of cracks along the risers. A 

calibrated microscope was then employed to read the values of crack widths on the specimen. 

After the crack locations and distributions were identified, the patterns of cracks were observed 

to be generally continuous in the control specimen whiles discontinuous in the GTR specimen. 

 

 

 

 

 

      

 Figure 4.24: Plastic shrinkage crack measurement  

 

4.8 Free Shrinkage Test 

This test was conducted in accordance with ASTM C 157 and modified with reference to (Tia et 

al. 2005) on evaluation of shrinkage cracking potential of concrete used in bridge decks in 

Florida, using LVDT’s on specimens from 24 hours to 21 days. Procedures for specimen 

preparations were however in accordance with ASTM C 157. This test was primarily conducted 

to compare free shrinkage in plain concrete specimens to that of GTR concrete specimens. This 



48 

 

is to determine whether the inclusion of GTR in concrete would help reduce free shrinkage in 

concrete and the resulting cracks. Procedure for this test is as follows: 

Free Shrinkage molds (prisms) dimensioned 3 inches by 3 inches by 11.25inches were cleaned 

and oiled with grease to facilitate easy demolding of concrete after setting. Metal studs were 

inserted into the removable plates at both ends of the molds such that the gauge length for strain 

measurements would be 10 inches.  

Concrete was mixed with the specified mix design for both plain concrete specimens and 

specimens with 10% GTR replacing fine aggregates by weight.  

Free shrinkage molds were filled in two (2) equal layers with each layer vibrated for 30 seconds 

after which the surface was finished. During molds filling, it was ensured that the freshly mixed 

concrete surrounded metal studs properly to ensure efficient bonding.  

                                                      

Figure 4.25: Vibrating freshly poured free shrinkage test specimens on a vibrating table  

Vibrated and finished specimens were then covered with polyethylene sheeting and allowed to 

set for 24 hours.  

 

Figure 4.26: Free shrinkage test specimens covered with polyethylene sheets 
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After 24 hours, specimens were removed from the molds with caution by carefully unwinding 

the end plates from the studs at both ends.  

     

Figure 4.27: Demolding free shrinkage test specimens after 24 hours 

 

Demolded specimens were then placed in lime water for at least 30 minutes to prevent any length 

change.  

      

Figure 4.28: Free shrinkage test specimens in lime solution 

Samples were then surface dried and set-up on steel frames which were well aligned with the aid 

of a spirit level. Mounting the specimens on the frames was done by fitting one end with a metal 

stud into the base of the frame.  
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Figure 4.29: Drying free shrinkage test specimens after removing from lime solution 

LVDT’s mounted on top of the frame and the tip was made to touch the metal stud on top of the 

specimen. It should also be noted that LVDT’s were in a compressed state as the specimen were 

expected to shrink over time.  

     

 

 Figure 4.30: Setting-up free shrinkage test specimens in testing frame with LVDT  

LVDT’s were connected to their corresponding read out boxes which were all connected to an 

uninterruptible power supply (UPS) as safety measure in case of power fluctuations. Read-out 
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boxes were all set to zero after which free shrinkage readings were taken three (3) times daily at 

8-hour intervals continuously for 21 days.  

 

Figure 4.31: Complete set-up for free shrinkage test specimens  

 

 

4.9 Scanning Electron Microscope (SEM) Analysis 

Dry samples of 40 mesh GTR particles and 20% GTR concrete were used for this test. With the 

aid of a magnetic tape, samples were attached to cylindrical stainless steel plate and placed on a 

specially designed seat which serves a holder for the cylindrical plate. 

        

Figure 4.32: GTR and 20% GTR concrete sample on a steel plate 
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Samples placed into a coating chamber where it was coated with gold to enable clarity under the 

SEM. 

 

       

Figure 4.33: Samples in coating chamber 

 

Samples were then placed in the SEM machine which was then vacuumed to eliminate air. 

 

Figure 4.34: Samples placed in SEM machine after coating 

  

Ground tire rubber samples were then viewed at various magnification levels (between 100X and 

4500X) in order to help identify them in the rubber concrete. 
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Figure 4.35: Samples being positioned in the SEM machine 

 

GTR concrete samples where then analyzed in the SEM to find out its interfacial bonding with 

cement mortar. 

 

Figure 4.36: Display unit showing the microscopic view of specimen under SEM analysis  
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CHAPTER FIVE 

RESULTS AND DISCUSSION  

5.1 First Stage Test Results Using Ground Tire Rubber (GTR) 

5.1.1 Compressive Strength Results 

Compressive strength tests were conducted on each of the four GTR mix types and compared 

with plain concrete (Portland cement concrete) which served as control specimens. Three 

cylindrical specimens of 6-inch by 12-inch were cast for each testing period, that is, 7 days and 

28 days, for each mix type. Results showed that between 7 days and 28 days, there was a 

considerable increase in compressive strength with higher percentages of GTR displaying a 

higher reduction in compressive strength. Overall, there was a decrease of between 76.7% and 

56.2% in compressive strength for GTR specimens when comparing to control specimens, with 

30% and 40% GTR specimens showing the lowest compressive strength results.  

Table 5-1: Compressive Strength Results for GTR Concrete, First Stage 

 SPECIMEN TYPE 7 days Compressive Strength 28 days Compressive Strength 

Control  2016.74 2606.98 

10% GTR  526.55 874.33 

20% GTR  770.76 1090.30 

30% GTR  559.75 866.61 

40% GTR  460.38 606.30 

 

 

Figure 5.1: First laboratory testing stage with GTR, compressive strength results 
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5.1.2 Split Tensile Strength Results 

Split Tensile strength tests were conducted on three specimens (6-inch by 12-inch) for each mix 

type for both 7 days and 28 days. Results clearly showed that split tensile strength is reduced by 

between 46.4% to 64% of that of control specimens, with 30% and 40% GTR mixes giving the 

lowest strength. 

 

                  Table 5-2: Split Tensile Strength Results for GTR Concrete, First Stage 

 

 

 

 

 

 

 

 

Figure 5.2: First laboratory testing stage with GTR, split tensile strength results 
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 SPECIMEN TYPE 7 days Split Tensile 28 days Split Tensile 

Control  251.32 263.24 

10% GTR  122.53 136.56 

20% GTR  112.00 133.43 

30% GTR 108.13 115.87 

40% GTR  87.80 93.93 
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5.1.3 Flexural Strength Results 

Flexural strength tests were conducted on three specimens (6-inch by 12-inch) for each mix type 

for both 7 days and 28 days with results generally showing decrease in flexural strength as 

rubber content is increased. There was however not much difference between the ranges of 20% 

to 40% GTR, but similar to the other tests discussed, 30% and 40% GTR specimens displayed 

the least flexural strength results. 

Table 5-3: Flexural Strength Results for GTR Concrete, First Stage 

 SPECIMEN TYPE 7 days Flexural Strength 28 days Flexural Strength 

Control  477.36 487.25 

10% GTR  259.97 342.29 

20% GTR  222.54 209.22 

30% GTR  213.72 202.20 

40% GTR  135.63 207.46 

 

 

Figure 5.3: First laboratory testing stage with GTR, flexural strength results 
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5.1.4 Modulus of Elasticity Results 

Modulus of elasticity tests were conducted on three specimens for each mix type on 28 days. 

Tests were conducted with the aid of a Humboldt data acquisition system (DAS) with linear 

variable differential transformers (LVDT) connected to a compressometer and the DAS 

connected to a laptop computer. Results showed that the increase in GTR generally showed a 

decrease in the modulus of elasticity of concrete specimens. Whereas control specimens showed 

much stiffness with a modulus of 3.7 x 10
6
 psi, results for GTR samples ranged from 1.05 x 10

6
 

to 1.85 x 10
6
 psi with 40% GTR displaying the lowest modulus of elasticity. 

Table 5-4: Modulus of Elasticity Results for GTR Concrete, First Stage 

 SPECIMEN TYPE Modulus of Elasticity (10
6 

psi) 

Control  3.70 

10% GTR  1.85 

20% GTR  1.85 

30% GTR  1.60 

40% GTR  1.05 

 

 

Figure 5.4: First laboratory testing stage with GTR, modulus of elasticity results  
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5.2 First Stage Test Results Using Rubber Chips 

5.2.1 Compressive Strength 

Compressive Strength tests conducted with rubber chips replacing coarse aggregates by weight 

showed that there was a reduction in compressive strength as the percentage of rubber chips 

increased. However, 10% rubber chips (RC) specimens showed the highest compressive 

strength, with the 28 days compressive strength exceeding that of 20% and 30% RC specimens 

by far. 

Table 5-5: Compressive Strength Results for Rubber Chips Concrete, First Stage 

 Mix Type 7 days Compressive Strength 28 days Compressive Strength 

Control  2016.74 2606.98 

10% RC 947.37 1681.89 

20% RC 837.21 983.68 

30% RC  681.76 797.23 

 

 

Figure 5.5: First laboratory testing stage with RC, compressive strength results  
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specimens displayed higher toughness since the samples would not break apart even after failure. 

A closer look showed that few strands of rubber were holding the concrete together at the failure 

zone preventing them from splitting apart. This was even more evident in 30% RC specimens. 

Table 5-6: Flexural Strength Results for Rubber Chips Concrete, First Stage 

  Mix Type 7 days Flexural Strength 28 days Flexural Strength 

Control  477.36 487.25 

10% RC 315.87 351.93 

20% RC 263.02 345.96 

30% RC  211.67 290.02 

 

 

Figure 5.6: First laboratory testing stage with RC, flexural strength results  
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Table 5-7: Split Tensile Strength Results for Rubber Chips Concrete, First Stage 

Mix Type 7 days Split Tensile 28 days Split Tensile 

Control 251.32 263.24 

10% RC 159.71 216.03 

20% RC 112.29 118.68 

30% RC 83.15 120.98 

 

 

Figure 5.7: First laboratory testing stage with RC, split tensile strength results  
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6 
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Figure 5.8: First laboratory testing stage with RC, modulus of elasticity results  
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5.4 Results and Discussions (Second/Final Testing Stage) 

5.4.1 Unit Weight 

Unit weight tests for concrete were conducted on each mix type immediately after batching. It 

was observed from laboratory results that the unit weight of the concrete mix decreased as the 

amount of GTR increased in the concrete mix-type and this can be seen clearly in figure 5.9. 

This is due to the fact that the density (specific gravity) of GTR (0.95) is lower than that of water 

(1) and much lower than that of sand (2.79) which it replaces. In addition to this, increase in air 

voids due to the presence of GTR in concrete results in a reduction in the unit weight of GTR 

concrete in comparison to that of ordinary Portland cement concrete. Similar findings from 

Kaloush et al, 2004 showed that the unit weight of crumb rubber concrete (about 1 mm particle 

size) decreased approximately 6 pcf for every 50 lbs per cubic yard of crumb rubber added. 

 

Figure 5.9: Unit weight of various concrete mix types 
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Figure 5.10: Air content of various concrete mix types 
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Table 5-9: Compressive Strength Results for GTR Concrete, Second Stage 

Mix Type 
7 days Compressive 

Strength (psi) 

28 days Compressive 

Strength (psi) 

90 days Compressive 

Strength (psi) 

Control 0 – no admixtures 3316.57 4391.14 5098.85 

Control AD - with admixtures 2930.87 4052.12 5091.53 

5% GTR (GTR 5) with admixtures 1411.41 2353.84 3136.16 

10% GTR (GTR 10) with admixtures 886.36 1753.41 2421.86 

15% GTR (GTR 15) with admixtures 677.48 1107.27 1448.42 

20% GTR (GTR 20) with admixtures 361.55 764.09 851.72 

Mix Type 

Percentage 

Increase from 7 to 

28 days 

Percentage Increase 

from 28 to 90 days 

Percentage Increase 

from 7 to 90 days 

Control 0 – no admixtures 32.40 16.12 53.74 

Control AD - with admixtures 38.26 25.65 73.72 

5% GTR (GTR 5) with admixtures 66.77 33.24 122.20 

10% GTR (GTR 10) with admixtures 97.82 38.12 173.24 

15% GTR (GTR 15) with admixtures 63.44 30.81 113.80 

20% GTR (GTR 20) with admixtures 111.34 11.47 135.57 

 

 

Figure 5.11: Second testing stage with GTR, compressive strength results  
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5.4.4 Fracture Types 

The main failure patterns for all mix-types were mostly cone on both ends and cone on one end 

with vertical cracks which are both typical for concrete mixes. 

 

 

Figure 5.12: Fracture types 1 and 2 cylindrical concrete specimens (ASTM C39-04) 

 

 

5.4.5 Residual Strength 

Upon further comparison of results, GTR concrete specimens showed increased residual strength 

as compared with control specimens. Control specimens displayed sudden failure while GTR 

specimens showed a gradual failure and residual strength. Also, control specimens broke apart 

upon failure while GTR specimens remained intact even after failure displaying a sign of 

toughness. These results indicate that even though there is a considerable decrease in 

compressive strength when GTR is used to partially replace fine aggregates in concrete, there is 

in turn increased toughness. This is seen as GTR specimens did not break into pieces at failure 

and tends to display residual strength by carrying extra loads. Observations synchronous with 

this were made by (Eldin and Senouci 1993) who determined that there was gradual failure in 

rubber concrete under compressive loading. (Kaloush et al. 2005) also stated that crumb rubber 

concrete remains intact at failure. 
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Figure 5.13: Stress-time graph for specimens under compression  

 

5.4.6 Flexural Strength Discussion 

There was a considerable decrease in flexural strength between control concrete specimens and 

GTR concrete specimens. It was generally observed from data that the flexural strength (modulus 

of rupture) of concrete decreased as the percent weight of GTR increased in the mix. However, 

there were signs of increased toughness in GTR samples especially in the case of 15 and 20 

percent GTR samples which did not break apart immediately at failure as compared with control 

samples which fell apart at failure. This observation further supports the fact that even though the 

addition of GTR in concrete decreases the overall strength of concrete, the rubber particles tend 

to improve the residual strength of concrete.  

 

Figure 5.14: Second testing stage with GTR, flexural strength results  
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5.4.7 Split Tensile Strength 

Control specimens displayed higher split tensile strength as compared to GTR specimens.  It was 

observed that there was a consistent decrease in splitting tensile strength as the percentage of 

rubber increased in the mix. In all cases, that is, for both control specimens and GTR specimens, 

split tensile failure occurred within the middle region of the cylindrical specimens.  

 

Figure 5.15: Second testing stage with GTR, split tensile strength results  
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Secondly, the poisson’s ratio of the GTR mix types increased slightly as strength decreased but 

was not significantly different from that of the control mixes. However, at 15% and 20% GTR 

replacement levels, there was evidence of increase in poisson’s ratio. The poisson’s ratio for tire 

rubber is 0.5 (Beatty 1981), and this may account for such increments for concrete with high 

GTR content. 

Table 5-10: Modulus of Elasticity Results for GTR Concrete, Second Stage 

 Mix Type Modulus of Elasticity (10
6 

psi) Poisson's Ratio 

Control 0 – no admixtures 3.95 0.23 

Control AD - with admixtures 
4.10 0.21 

5% GTR with admixtures 
3.05 0.21 

10% GTR with admixtures 
2.20 0.21 

15% GTR with admixtures 
1.60 0.26 

20% GTR with admixtures 
1.65 0.22 

 

 

Figure 5.16: Second testing stage with GTR, modulus of elasticity results  
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specimens without admixtures. Generally, all CTE results were within the range for normal 

concrete, that is, 8 to 12 in/in degC (Mindess et al. 2003), but higher than that expected for 

concrete with limestone as coarse aggregates (7.8 in/in degC). This increase in CTE may be as a 

result of the inclusion of fly ash as a component in the mix. Results obtained from (Kaloush et al. 

2005) who reached a conclusion that crumb rubber concrete shows more resistance to thermal 

changes, showed that concrete containing fly-ash had the highest recorded CTE.  

Table 5-11: Average CTE Results for GTR Concrete, Second Stage 

Specimen Type Average CTE (in/in)/°C 

Control 0 – no admixtures 9.86 x 10
-6

 

Control AD - with admixtures 
9.49 x 10

-6
 

5% GTR  with admixtures 
9.54 x 10

-6
 

10% GTR  with admixtures 
9.30 x 10

-6
 

15% GTR  with admixtures 
1.01 x 10

-6
 

20% GTR  with admixtures 
9.75 x 10

-6
 

 

 

Figure 5.17: Second testing stage with GTR, coefficient of thermal expansion results  
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1 inch away from the sides of the mold) crack width values of 0.1 mm, 0.2 mm to 0.30mm were 

recorded. These crack widths were perpendicular to the riser at the center but moved slightly 

away from the center as it progressed to the ends of the risers. The average crack width was 

obtained as 0.44 mm for control which was close to the threshold value of 0.5mm expected for 

plain concrete as stipulated by ASTM C1579.  

Results from plastic shrinkage crack measurements indicated that the inclusion of GTR in 

concrete helps in decreasing the width of plastic shrinkage cracks. Whereas crack widths 

decreased, it was observed that increment in the percentage of rubber content caused a slight 

increase in crack widths for 15% and 20% GTR concrete.  

It was observed that concrete slump reduced as the percent of rubber increased within the 

concrete mix. As a result, there is an increase in low bleeding potential as the amount of rubber 

in the concrete mix increases, hence the propagation of plastic shrinkage cracks are facilitated. 

Even though mixes with high bleed properties may result in problems such as delays in finishing 

processes and plastic settlement cracking, it should be noted that concrete with low bleed 

potential such as, concrete with high proportions of fines or low slump, are more prone to plastic 

shrinkage cracking (CCAA, 2005). This may be a contributory factor to the increment in crack 

width beyond 10% GTR replacement. 

 

Figure 5.18:  Variation in slump during plastic shrinkage test 
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Any condition or factor that leads to delay in setting increases the possibility of plastic shrinkage 

cracking as concrete would not have developed sufficient tensile strength to resist the tensile 

stress as a result of early shrinkage (National Ready Mix Concrete Association, NRMCA 2014). 

Increase in setting time actually means that GTR concrete remains in the plastic state for a longer 

period of time and this may facilitate plastic shrinkage cracks. This is similar to retarded concrete 

which are more prone to plastic shrinkage crack because they remain longer in the plastic state 

(CCAA, 2005). This delay in setting time may account for the increase in crack width when the 

percentage of GTR increases in the mix.  

 

 Figure 5.19: Variation in setting times during plastic shrinkage test 

 

Figure 5.20: Distribution of measured crack widths due to plastic shrinkage 
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The increase in air voids as a result of GTR in concrete may be a valid reason for the increase in 

plastic shrinkage cracks at higher percentages of replacement with rubber. As previously 

discussed, there is an increase in the air content of concrete as the amount of GTR increases in 

the mix. The presence of these voids may reduce the rate of bleeding in concrete leading to an 

increase in the potential for plastic shrinkage crack propagation. 

 It was realized that from the variations in the crack width values, that a skewed distribution 

pattern was expected. This was obvious as most of the crack widths were enlarged at the center 

whiles it reduced at the ends. This pattern was also expected since maximum failure is always 

expected at the middle third of the specimen. This characteristic failure configuration was 

prevalent in both control (continuous thick crack width pattern) and GTR (discontinuous thin or 

hair line crack width pattern). It is therefore conclusive that the inclusion of GTR in concrete mix 

reduces plastic shrinkage cracks. 

Table 5-12: Average Plastic Shrinkage Crack Widths, First & Second Stages 

Mix Type  Average Crack Width on 

Each Panel (mm) 

Average Crack Width for Mix 

Type (mm) 

     

Control 1 – first stage 0.40  

 

0.44 
Control 2 – first stage 0.45 

Control 3 – first stage 0.42 

Control 4 – first stage 0.50 

    

GTR 5 – first stage -  

0.23 GTR 5A – second stage, panel A - 

GTR 5B – second stage, panel B 0.23 

    

GTR 10 – first stage 0.14  

0.20 GTR 10A – second stage, panel A 0.19 

GTR 10B – second stage, panel B 0.26 

    

GTR 15 – first stage 0.18  

0.30 GTR 15A – second stage, panel A 0.35 

GTR 15B – second stage, panel B 0.38 

    

GTR 20 – first stage 0.20  

0.33 GTR 20A – second stage, panel A 0.41 

GTR 20B – second stage, panel B 0.38 
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 Figure 5.21: Average crack width for both testing stages 

 

5.5.1 Images of Plastic Shrinkage Cracks 

 

       

Figure 5.22: Images of plastic shrinkage crack on control specimens 

 

       

Figure 5.23: Images of plastic shrinkage crack on 5% GTR specimens 
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 Figure 5.24: Images of plastic shrinkage crack on 10% GTR specimens 

 

      

Figure 5.25: Images of plastic shrinkage crack on 15% GTR specimens 

 

       

 Figure 5.26: Images of plastic shrinkage crack on 20% GTR specimens 
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5.6 Drying (Free) Shrinkage 

Results below are preliminary findings on drying shrinkage using GTR concrete. Tests were run 

for 21 days on control and 10% GTR concrete specimens. Results showed that the average free 

shrinkage strain on 10% GTR specimen was slightly lower than that of control specimens. These 

results were from two cast concrete prism samples for both control and 10% GTR mixes. Further 

studies are requisite before more assertive conclusions can be drawn. (Zhang et al. 2005) from 

initial results indicated that shrinkage in normal weight concrete with granite was higher than 

that of light weight concrete for the first 6 months of testing. They also observed that there was a 

reduction in shrinkage with a decreased density of aggregates which corresponded to increase in 

the porosity of aggregates and water absorption. GTR which has a lower density and from 

research has been proven to reduce the modulus of concrete may aid in preventing free shrinkage 

cracks. These preliminary results are similar to preliminary results from (Zhang et al. 2005) who 

concluded that the inclusion of rubber particles from waste tires are effective in reducing the 

drying shrinkage of cement mortars due to their soft nature. Results from (Turatsinze and Garros 

2008) however show that higher free shrinkage was measured with the presence of rubber 

aggregates. They further explained that the low elastic modulus of rubber component offer less 

restraint to the shrinkage of the cement paste. 

 

 

 Figure 5.27: Variation in drying shrinkage strains with time 
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5.7 Scanning Electron Microscope (SEM) Analysis 

In addition to the various tests conducted on GTR concrete, a microscopic test was also 

conducted to determine the constituents and the nature of ground tire rubber which may be 

contributing to its properties in concrete. Previous researches have attributed low strength 

characteristics of rubber concrete to the possibility of bonding issues between rubber and mortar 

within concrete. This test was carried out to find out the actual properties of ground tire rubber as 

an independent material and further find out how rubber particles are bonded in concrete 

samples. Samples of GTR as an independent material and 20% GTR concrete were viewed under 

the SEM to attain results for this test. 

Results on control specimens as seen in Figures 5.28 and 5.29 show the presence of needle-like 

ettringites. The surface morphology of GTR particles had parts of it showing striations as seen in 

Figures 5.30 and 5.31. Finally, the samples of concrete with 20% GTR are seen in figures 5.32 

and 5.33 where the needle-like ettringites are observed on the interface of the cement matrix with 

the rubber, indicating no signs of bonding deficiencies. 

 

     

Figure 5.28: Conctrol specimen (x250 zoom)                  Figure 5.29: Control specimen (x1200 zoom)    
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Figure 5.30:  GTR particle (x160 zoom)                      Figure 5.31: GTR Particle (x450 zoom) 

 

                     

Figure 5.32:20% GTR concrete (x1200)                     Figure 5.33: 20% GTR concrete (x4000) 
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CHAPTER SIX 

CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusions 

It can be seen from the discussed results that mechanical properties such as compressive, flexural 

and split tensile strengths of concrete are reduced as the percentage of rubber in the concrete mix 

increases. Replacing fine aggregates with 30% and 40% GTR by weight was found to 

excessively reduce mechanical strength properties hence those percentages were not used during 

the second stage of testing as the target strength characteristics requisite for class 1 pavements 

were found not to be achievable with those percentages.  

It was further discovered that the inclusion of admixtures such as water-reducers and air-

entrainer as well as the addition of fly-ash increased the compressive strength of GTR concrete. 

Whereas the inclusion of GTR in concrete reduces concrete mechanical strength characteristics, 

increase in GTR content shows an increase in concrete toughness as GTR concrete did not break 

into pieces at failure and showed residual stress. Modulus of Elasticity was also found to 

decrease as GTR increases in concrete, which is a good sign of elasticity and flexibility that 

comes along with the inclusion of GTR in concrete. This increase in flexibility was evident in 

both RC and GTR concrete samples with the later showing more flexibility. 

Studies on plastic shrinkage showed that the average plastic shrinkage average crack widths in 

all GTR concrete specimens were smaller than that of control specimens. This is due to the 

toughness and high strain capacity of GTR which is able to resist tensile stresses in cement paste 

when the evaporation rate on the surface of concrete exceeds the rate of bleeding. It was however 

noticed that due to the reduction in slump and the prolongation in time for initial and final setting 

as the percentage of GTR increases in the mix, there was an increase in crack width for 15% and 

20% GTR specimens. These values were still below that for control specimens.  

A preliminary study on free shrinkage using control specimens and 10% GTR specimens showed 

that GTR concrete had lower free shrinkage as compared with control specimens. SEM analysis 

on GTR concrete showed no evident bonding deficiencies in GTR concrete. CTE results showed 

little difference between control specimens and GTR concrete specimens. It was however seen 
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that all specimens besides 15% GTR had CTE values below that of Control specimens without 

add mixtures. 

6.2 Recommendations 

It is recommended that GTR concrete can be applied in concrete works in which high strength is 

not a requirement, for example, concrete sidewalks. GTR concrete can also be used for Class 1 

pavements provided the amount of cement per cubic yard is increased, water-to-cement ratio is 

decreased and water reducing admixtures are incorporated into the concrete mix. Various 

methods of pretreating GTR particles can be applied in order to improve upon the hydrophilicity 

of GTR hence enhancing stronger bonding in concrete. Since GTR has shown to improve upon 

the durability of concrete by helping reduce plastic shrinkage cracking, it is encouraged that this 

material be implemented in concrete in order to achieve this. It was observed that 5% GTR 

reduced plastic shrinkage cracking hence the inclusion of GTR even in small amounts can help 

reduce the plastic shrinkage cracking potential of concrete. 

6.3 Future Research 

Free shrinkage tests performed in this research are preliminary and there are very few 

publications on Free Shrinkage in GTR concrete. It is therefore necessary that more resources, 

time and effort are channeled into this area since free shrinkage cracking can prove destructive to 

paving concrete.  

Further research should be undertaken on CTE and plastic shrinkage of GTR concrete. There is 

limited research available in these areas, which are both critical to paving concrete. Results from 

this research showed that there was delay in setting time as the percentage of GTR increased in 

the mix, causing the concrete with high GTR content to crack slightly more than mix-types with 

low GTR percentages. It would be beneficial to probe further into this observation by performing 

extensive studies and if possible incorporating accelerators in concrete mixtures with high 

amounts of rubber. 

Pretreatment of rubber and the use of other cements such as Magnesium Oxychloride have been 

found to help improve the strength characteristics of rubber concrete. It is therefore encouraged 

that this is further investigated. 
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APPENDIX A 

 LABORATORY RESULTS FOR MECHANICAL TESTS 

Table A-1: First Stage, 7 Day Compressive Strength Test 
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Table A-2: First Stage, 28 Day Compressive Strength Test 
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Table A-3: First Stage, 7 Day Split Tensile Strength Test 
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Table A-4: First Stage, 28 Day Split Tensile Strength Test 
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Table A-5: First Stage, 28 Day Flexural Strength Test 
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Table A-6: First Stage, 28 Day Modulus of Elasticity Test 
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Table A-7: Second Stage, 7 Day Compressive Strength Test 

 

Table A-8: Second Stage, 28 Day Compressive Strength Test 
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Table A-9: Second Stage, 90 Day Compressive Strength Test 

 

Table A-10: Second Stage, 28 Day Split Tensile Strength Test 
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Table A-11: Second Stage, 28 Day Flexural Strength Test 
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Table A-12: Second Stage, 28 Day Modulus of Elasticity Test 
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APPENDIX B 

 PLASTIC SHRINKAGE AND FREE SHRINKAGE 

 

 

 

 

          

Figure B-1: Plastic shrinkage cracks on control specimen 
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Figure B-2: Plastic shrinkage cracks on 5% GTR specimen 
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Figure B-3: Plastic shrinkage cracks on 10% GTR specimen 
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Figure B-4: Plastic shrinkage cracks on 15% GTR specimen 
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Figure B-5: Plastic shrinkage cracks on 20% GTR specimen 
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Figure B-6: Blower fan used for plastic shrinkage test 

 

 

Figure B-7: Temperature, humidity and wind speed sensor used for plastic shrinkage test 
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