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ABSTRACT 

 

 The transportation by roads is most preferred mode of transportation by the people and 

industries due to maximum flexibility in speed of travel, direction, route and time. India, 

having roads network of over 4.2 million km of roads, is at second position after the U.S.A. in 

the world. To achieve higher economic growth there is need of efficient roads infrastructure. 

India having only 2% length of national highways of the total roads network carrying about 

40% traffic. Because of lack of roads infrastructure, the goods and people do not reach the 

destination in time. To reach the destination in time is possible through efficient roads 

infrastructure network.  

Realizing the need for efficient road infrastructure networks, the Govt. of India has 

launched most ambitious National Highway Development Plan (NHDP). NHDP consist of 

major projects like Golden Quadrilateral (GQ) (6000 km, phase-I), North-South and East-

West Corridors (7300 km, phase-II), High Density Corridors of NH to give connection to 

ports and State capitals, (10,000 km, phase-III), All remaining NH to be made 2 lanes (Phase-

IV), Expressways (1000 km, Phase-V), widening of G.Q roads project from 4 lane to 6 lane 

(Phase-VI), constructing by passes and bridges up to 2012 (Phase-VII). Therefore, it is quite 

clear from above discussion that we still need of large length of roads network.  

Generally pavements are of two types on the basis of structural behavior. These are 

flexible pavements and rigid pavements. Construction of pavements cost about approximately 

50% of the project cost. Therefore, careful right choice of pavement is necessary on some 

national basis. This will result in saving of enormous amount of money. From the recent 

studies by various researchers, it has been proved that rigid pavements are economical to 

flexible pavement. The initial construction cost of cement concrete roads are higher by 10 to 

20% over flexible pavements but life cycle cost of cement concrete are lower than for the 

flexible pavements. Realizing the advantages of rigid pavements like smooth riding, saving in 

fuel, longer design life and less maintenance compared to flexible pavements etc., many 

developed countries have already constructed long stretches of concrete roads. Seeing the 

advantages of concrete pavements, about 30% length of new pavements of Golden 
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Quadrilateral under NHDP has been constructed with concrete pavements and about 15% in 

NSEW corridors. Delhi – Matura road, Mumbai Pune expressway, Indore bypass and Yamuna 

expressways have been constructed with cement concrete. Generally, in construction of all 

rigid pavements, the concrete of grades M30 or M40 have been used on a sub base of dry lean 

concrete. The pavements thickness range from 30 to 35 cm or oven more. With the invention 

of plasticizer and super plasticizer, the concretes of much higher strength are being developed. 

According to IS:456, the concrete strength equal to or greater than 60 MPa are known as high 

strength concrete. The interest in using high strength high performance concrete is 

continuously increasing. It is being used in the areas of buildings and bridges most frequently. 

Generally, HSHPC is being used for patch repair and damaged sections of rigid pavements. In 

India, HSHPC has not been used as full depth of pavements.  

According to Henry Russel, ACI defines high performance concrete as concrete that 

meets special performance and uniformity requirements that cannot always be achieved 

routinely by using only conventional materials and normal mixing, placing and curing 

practices. The requirements may involve enhancement of placement and compaction without 

segregation, long term mechanical properties, early age strength, toughness, volume stability 

or service life in severe environments. 

India comes under developing nation. Being developing nation, many infrastructure 

projects are under implementation and more infrastructure projects to be implemented in 

future. These infrastructure projects require the movement of people and goods from one 

place to another place as early as possible. Because of these infrastructure projects, to reach 

the goods and people to their destination with safety and economically, there is continuously 

growing number of heavy vehicles and also the size and weight of heavy vehicles. These 

heavy vehicles cause consumption of fatigue life of normal pavements and lead to early 

rehabilitation.  

A heavy vehicle is a vehicle that has a gross vehicle mass (GVM) or aggregate trailer 

mass (ATM) of more than 45 kN and a combination that includes a vehicle with a GVM or 

ATM of more than 45 kN, as per Heavy Vehicle National law of Australia. As per Societe de 

i’ Assurance Automobile du Quebec (SAAQ), Canada, any road vehicle or combination of 

road vehicles with a gross vehicle weight rating (GVWR) of 45 kN or more is considered a 
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heavy vehicles. The GVWR of vehicle include its maximum load capacity and net mass of 

vehicle as per manufacturer specifications.  

GVWR = Net Mass of Vehicle + Maximum Load Capacity 

By using HSHPC, it will not only reduce the design thickness of pavements compared 

to normal strength concrete but could also design the pavements for longer design period due 

to higher durability and impermeability. This will result in lower life cycle cost compared to 

flexible pavements. Today’s need is concrete pavements of longer design life more than 40 

years and should be durable. All the above goals could be achieved by using HSHPC in 

concrete pavements. The cost of HSHPC per m3 is higher than the normal strength concrete. 

But due to thinning of the pavements and longer design life will offset the increase in cost. 

During the investigations, HSHPC of grade M60 with fly ash has been used.  

Due to much higher load carrying capacity and high durability of HSHPC, the HSHPC 

pavement could be recommended for heavy duty pavement and longer design period. The 

flexural strength and fatigue properties of HSHPC are quite high, which are essential 

parameters from the point of pavement performance. Therefore, it is essential to examine the 

structural behavior of high strength high performance concrete pavement. Also the load at first 

crack, crack patterns, formation of cracks, crack propagation and crack width and ultimate 

load carrying capacity of HSHPC pavements under varying loads and loading positions needs 

to be studied. Therefore, the present experimental study on high strength high performance 

concrete (HSHPC) pavement has been carried out with the objective whether the existing 

theoretical methods of analysis could be used or there is need to develop a suitable design 

approach for the analysis of stresses and deflections in HSHPC pavements. 

  The local materials, which were used in development of mix design, were tested. Fine 

aggregate having F.M. 2.89, coarse aggregate having F.M. 6.7, 11% fly ash having fineness 

3500 cm2/gm and specific gravity 2.24, by weight of cement and 1.6% super plasticizer 

Sikament-N (modified naphthalene formaldehyde sulphonate) by weight of cement were used 

in development of design mix of grade M60 on trial basis.  

Then the design mix of grade M60 was developed using fly ash on trial basis. Finally the 

design mix ratio came out as 1:1.1:1.9 (cement: F.A.: CA). The water cement ratio was 0.29. 

To assess suitability of HSHPC mixes for laying highway pavements, different tests were 
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carried out. For this purpose, cubes of dimensions 150 mm were prepared for finding out 

compressive strength, 150 mm diameter and 300 mm height cylindrical specimens for 

determination of modulus of elasticity and beams of dimensions 100 mm x 100 mm x 500 mm 

were prepared for determining flexural strength. All these specimens were prepared as per 

Indian Standard Code of practice and tested according to IS: 516 – 1959.  

  7 days and 28 days compressive strength were found to be 46.14 MPa and 70.4 MPa 

respectively. 7 days and 28 days flexural strength were found to be 4.82 and 6.4 MPa. 

Modulus of elasticity was found to be 41.7 GPa and slump was found to be 31.67 mm. 

Poisson’s ratio 0.2 was used in the analysis for finding out stresses, strains and deflections.  

  The subgrade was prepared according to IRC: 15. The soil was compacted at optimum 

moisture content and dry density. Roorkee soil was classified as A-3 as per U.S.P.R.A. The 

optimum moisture content was found to be 11% and dry density was found to be 1.92 gm/cm3. 

The modulus of subgrade reaction was found to be 0.0463 N/mm3 (4.63kg/cm3) and four days 

soaked CBR value of Roorkee soil was found to be 6%. The poisons ratio and modulus of 

elasticity of Roorkee soil had been taken for the analysis as 0.305 and 20.96 MPa respectively. 

  By using high strength high performance concrete mix developed in the lab of grade 

M60 having fly ash 11% and super plasticizer 1.6%, three concrete pavements of size 1800 

mm x 1800 mm had been cast with varying thicknesses viz. 160 mm, 200 mm and 240 mm. 

All the pavements with different thicknesses were cast directly over the compacted subgrade 

having modulus of subgrade reaction 0.0463 N/mm3 (4.63kg/cm3). 

To measure the deflections of pavement surface due to loading, mechanical dial 

gauges with least count 0.01 mm were used. Studs have been fixed with araldite on the surface 

of the pavement to measure the surface strain with Huggenberger mechanical deformometer.  

The loading arrangement for applying a static load to the pavement consisted of a 250 

kN capacity reaction frame fabricated with steel portal frame and steel girders. The reaction 

loading frame was mobile for carrying out the plate load test at any position along or across 

the test pit   2000 mm x 8000 mm in size. The testing was done in test hall of transportation 

engineering group. All concrete pavements slab were tested for corner, edge and central 

loading positions. 
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       Wheel load stresses were calculated by Westergaard, Mayerhof’s, Ghosh’s and IRC-

58 methods. For different thicknesses 160 mm, 200 mm and 240 mm pavements of 

dimensions 1800 mm x 1800 mm. the stresses, strains and deflections were also calculated by 

analytical technique i.e. Finite Element Method. Stresses calculated through different theories 

had been compared with the experimentally observed values and stresses obtained through 

analytical method i.e. FEM. It has been found that stresses obtained through existing theories 

and through analytical method i.e. FEM are in good  agreement with the observed values and 

can be used successfully in designing of HSHPC pavements. The strains and deflections 

obtained through FEM are in good agreement with the observed values. Mayerhof’s method 

can be used in designing of HSHPC pavements with factor of safety 2 to 3.  

 The load carrying capacities of HSHPC pavements at each position are sufficiently 

high at flexural strength when pavement was laid on compacted subgrade having modulus of 

subgrade reaction 4.63 kg/cm3. With the increase in thickness, the load carrying capacity at 

each position increase. 200 mm thick pavement carry sufficiently high load of the order 230 

kN at each positions.  

 The existing IRC-37 code could be used for design of flexible pavements for heavy 

vehicles. But design period should be reduced to corresponding to150 msa.  

 Economic analysis has been carried out and found that life cycle cost analyses of 

HSHPC pavements are lower than the flexible pavements.  

 From the above discussion, it is quite clear that the existing methods for designing of 

rigid pavements and analytical method i.e. FEM can be used in designing of thickness of 

HSHPC pavements. By using HSHPC, the thinner pavement can be designed for the same 

traffic. Thus there is lots of saving of natural aggregate that will result in less quarrying 

putting least impact on environment. Hoped that the methodology for the design of HSHPC 

Pavements and flexible pavements for heavy vehicles will cater the need of pavements where 

heavy vehicle movements is high, in industrial as well as for construction sites of irrigation 

structures like dams, power houses etc. and other sites too. 
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CHAPTER – 1 
 

INTRODUCTION 

 

 

1.1 GENERAL 

American President, John F. Kennedy, has said that “It is not our wealth that built 

roads but roads that built our wealth”. 

 The major modes of transportation are roadways and highways. The transportation by 

road is the most preferred mode of transport by the people due to maximum flexibility. With 

the vast roads network approximately 4.2 million km of roads as per MORTH, the India is at 

second place in the world after the U.S.A. The U.S.A having roads network of approximately 

6.3 million Km. of roads. In the next twenty year, to have economy growth plan over 6%, it is 

essential to have efficient roads infrastructure. To meet the economic growth, large numbers 

of infrastructure projects are under implementation and more mega infrastructure projects to 

be implemented in future. Fast movement of goods and people with safety and economical 

cost is possible through efficient roads infrastructure. National highways are about 2% of the 

total roads network in country.  This barely 2% national highway carry about 40% traffic. 

Realizing the need for efficient road infrastructure networks, the Govt. of India has launched 

most ambitious National Highway Development Plan (NHDP). NHDP consist of major 

projects like Golden Quadrilateral (GQ) (6000 km, phase-I), North-South and East-West 

Corridors (7300 km, phase-II), High Density Corridors of NH to give connection to ports and 

State capitals, (10,000 km, phase-III), All remaining NH to be made 2 lanes (Phase-IV), 

Expressways (1000 km, Phase-V), widening of G.Q roads project from 4 lane to 6 lane 

(Phase-VI), constructing by passes and bridges up to 2012 (Phase-VII). 

 From the above, it is quite clear that large length of roads network is still to be 

constructed. From the recent studies, it has been proved that rigid pavements are more 

economical than flexible pavements. Since, approximately more than 50% of highway project 

cost is being spent on pavements, therefore it is essential that a right choice of the pavement is 
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necessary on some rational basis. Right choice of pavement will result in economy of project 

that will result in saving of enormous amount of money in the interest of Nation [129].  

1.2 TYPES OF PAVEMENTS 

Broadly, based on structural behaviour, pavements are of two types:  

(i) Flexible Pavements and  

(ii) Rigid Pavements.  

 Being low in initial construction cost and feasibility of stage construction, flexible 

pavements have been preferred choice for the Engineers. Due to non-availability of cement 

and high initial construction cost, the rigid pavements were not preferred earlier. But now, 

with the availability of cement in plenty and rising prices of bitumen in international market, 

as the most of bitumen approximately 70% are being imported from the other countries, it 

would be wise decision to construct the cement concrete pavements. Recognizing the 

superiority of rigid pavements over flexible pavements, many developed countries have 

already constructed long stretches of concrete roads to meet the increasing passenger and 

freight traffic demand [133].  

 The initial construction cost of cement concrete road is more by about 10 to 20% over 

flexible pavement, but the life cycle cost of cement concrete road is low as compared to the 

flexible pavement.  

 Seeing the advantages of concrete pavements over flexible pavements and low life 

cycle cost, about 30% length of new pavements of Golden Quadrilateral under NHDP has 

been constructed with concrete pavements and about 15% in NSEW corridors. 

 Besides life cycle cost considerations, at some locations, due to climate / 

environmental conditions, the rigid pavement will have to be the preferred choice. Such 

locations are area of heavy rainfall, water logged area and subgrade with low CBR etc.  

 Cement concrete roads have made a come-back in India after a gap of many years. 

Delhi-Mathura road, the Mumbai-Pune Expressway and Indore Bypass have been constructed 

with cement concrete. With the construction of these projects and realizing the advantages of 



3 

 

cement concrete roads, we are mentally ready to adopt the rigid pavements. By now, 

approximately in all rigid pavement projects, the concrete grades of M30 or M40 have been 

used on a sub-base of dry-lean concrete. The design pavements thicknesses range from 30 to 

35 cm and even more. With the invention of plasticizer and super plasticizer, it has now been 

possible to produce the concrete of much higher strength. Today, concrete of more than 100 

MPa designed strength are being used in bridges construction. The interest in HSHPC has 

grown over the last decades of the 20th century. HSHPC concrete is being frequently used in 

high rise buildings and bridges deck. High strength high performance concrete (HSHPC) 

could also be used in highway rigid pavements. By the use of HSHPC, it will not only reduce 

the design thickness of pavements but could also design the pavements for longer design 

period due to higher durability and impermeability. Which will result in lower life cycle cost 

and economical compared to flexible pavements. In present investigations the HSHPC of 

grade M60 with fly ash has been used [147].  

1.3 HEAVY VEHICLES 

A heavy vehicle is a vehicle that has a gross vehicle mass (GVM) or aggregate trailer 

mass (ATM) of more than 45 kN and a combination that includes a vehicle with a GVM or 

ATM of more than 45 kN, as per Heavy Vehicle National law of Australia [184].  

As per Societe de i’ Assurance Automobile du Quebec (SAAQ), Canada, any road 

vehicle or combination of road vehicles with a gross vehicle weight rating (GVWR) of 45 kN 

or more is considered a heavy vehicles. The GVWR of vehicle include its maximum load 

capacity and net mass of vehicle as per manufacturer specifications [185].  

 GVWR = Net mass of Vehicle + Maximum Load Capacity 

As per Notification S.O. 728 (E) dated 18th October, 1996, Ministry of Road Transport 

and Highways, Government of India (1996), the specifications of maximum gross vehicle 

weight and maximum safe axle weight are given in Table 1.1[109]. 
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Table 1.1: Specification of Maximum Gross Vehicle Weight and Maximum Safe Axle 

Weight 

 

Sl. 

No. 

Transport vehicles category Maximum gross 

vehicle weight in 

tonnes 

Maximum safe axle weight 

I. Rigid Vehicles 

(i) Two Axle 

Two tyres on front axle 

Two tyres on rear axle 

12.0  

6 tonnes on front axle 

6 tonnes on rear axle 

(ii) Two Axle 

Two tyres on front axle, and 

Four tyres on rear axle 

16.2  

6 tonnes on front axle 

10.2 tonnes on rear axle 

(iii) Three Axle 

Two tyres on front axle, and 

Eight tyres on rear tandem axle 

25.0  

6 tonnes on front axle 

19 tonnes on rear tandem axle 

(iv) Four Axle 

Four tyres on front axle, and 

Eight tyres on rear tandem axle 

31.0  

12 tonnes on two front axle 

19 tonnes on rear tandem axle 

II. Semi-Articulated Vehicles 

(i) Two Axle Tractor 

2 tyres on front axle 

4 tyres on rear axle 

Single Axle Trailer 

4 tyres on single axle 

26.4  

6 tonnes on front axle 

10.2 tonnes on rear axle 

 

10.2 tonnes on single trailer 

axle 

(ii) Two Axle Tractor 

2 tyres on front axle 

4 tyres on rear axle 

Tandem Axle Trailer 

8 tyres on tandem axle 

35.2  

6 tonnes on front axle 

10.2 tonnes on rear axle 

 

19 tonnes on tandem axle 

(iii) Two Axle Tractor 

2 tyres on front axle 

4 tyres on rear axle 

Three Axle Trailer 

12  tyres on 3 axle 

40.2  

6 tonnes on front axle 

10.2 tonnes on rear axle 

 

24 tonnes on 3 axle 
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(iv) Three Axle Tractor 

2 tyres on front axle 

8 tyres on tandem axle 

Tandem Axle Trailer 

8  tyres on tandem axle 

44.0  

6 tonnes on front axle 

19 tonnes on rear tandem axle 

 

19 tonnes on tandem axle 

III.  Truck-Trailer Combination 

(i) Two Axle Truck  

2 tyres on front axle 

4 tyres on rear axle 

Two Axle Trailer 

4 tyres on front axle 

4 tyres on rear axle 

36.6  

6 tonnes on front axle 

10.2 tonnes on rear axle 

 

10.2 tonnes on front axle 

10.2 tonnes on rear axle 

(ii) Three Axle Truck  

2 tyres on front axle 

4 tyres on rear axle 

Three Axle Trailer 

4 tyres on rear axle 

8 tyres on rear tandem axle 

45.4 

(restricted to 

44.0 tonnes) 

 

6 tonnes on front axle 

10.2 tonnes on rear axle 

 

10.2 tonnes on front axle 

19.0 tonnes on rear tandem axle 

(iii) Three Axle Truck  

2 tyres on front axle 

8 tyres on rear tandem axle 

Three Axle Trailer 

4 tyres on front axle 

8 tyres on rear tandem axle 

54.2 

(restricted to 

44.0 tonnes) 

 

6 tonnes on front axle 

19 tonnes on rear tandem axle 

 

10.2 tonnes on front axle 

19.0 tonnes on rear tandem axle 
 

 

1.4 HIGH STRENGTH HIGH PERFORMANCE CONCRETE (HSHPC) 

According to P.K. Mehta, (2004) and Aitcin, high strength concrete during 1970s is 

now referred to as high performance concrete (HPC). [10, 103].  

High performance concretes are developed for the specific requirements and 

applications under the prevailing environments and conditions. Some of the properties of HPC 

are high strength, high early strength, high modulus of elasticity, high abrasion resistance, 

high durability in severe environments, low permeability, resistance to chemical attack, high 

resistance to frost and de-icer, toughness and impact resistance, volume stability, ease of 

placement, compaction without segregation and inhibition of bacterial and mold growth etc.. 
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According to Henry Russel (1999), ACI defines high performance concrete as concrete 

that meets special performance and uniformity requirements that cannot always be achieved 

routinely by using only conventional materials and normal mixing, placing and curing 

practices. The requirements may involve enhancement of placement and compaction without 

segregation, long term mechanical properties, early age strength, toughness, volume stability 

or service life in severe environments [140]. 

 The strength of high performance concrete is usually higher than normal concrete. It is 

because of lower water-cement ratio, which is necessary for high strength, generally 

improving other properties also. 

 A major criticism presented by P.K. Mehta (2004) against the ACI definition of HPC 

is that durability of concrete is not mandatory. It is one of the options. It is generally assumed 

that high strength concrete is durable, but this may not so. There are many cases in which 

cracks and premature deterioration of HPC structures has taken place. Generally high strength 

concrete mix consist of high cement content, viz. 450-500 kg/m3 portland or blended portland 

cement. It also contains a small amount of silica fume and fly ash or slag. Water/cement ratio 

is generally low for high strength concrete mix. When it is necessary to protect the concrete 

from cycles of freezing and thawing then air entraining agents is used. High strength concrete 

mixtures are prone to suffer early cracking from a variety of causes, such as a large thermal 

contraction due to high port-land cement content, a large autogeneous shrinkage due to low 

water-cement ratio and a high drying shrinkage due to the high cement paste aggregate ratio 

[104, 105, 106].  

 Aitcin (2003) defines HPC as a low water/binder concrete with an optimized aggregate 

to binder ratio to control its dimensional stability (i.e. drying shrinkage) and which receives an 

adequate water curing (to control autogenous shrinkage). This definition considers the 

durability of HPC concrete .The massive structural members may be subjected to thermal 

cracking. According to Mehta and Aitcin the term HPC should be applied to concrete mixtures 

possessing the three characteristics high workability, high strength and high durability [11, 

105]. Comparison of compressive strength, flexural strength, modulus of elasticity and 

poisson’s ratio for mix M40 and for HSHPC mix are given in Table 1.2.  
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Table 1.2: Comparison of Different Properties of Mix M40 and HSHPC Mix 

Sl. No. Properties  Values of M40 mix Values of HSHPC 

1 Compressive strength  55 MPa 70.4 MPa 

2 Flexural strength 5.2 MPa 6.4 MPa 

3 Modulus of elasticity 34 GPa 41.7 GPa 

4 Poisson’s ratio 0.15 0.2 

 

1.5 APPLICATIONS AND ADVANTAGES OF HIGH STRENGTH HIGH 

PERFORMANCE CONCRETE IN PAVEMENTS AND BRIDGES  

 The performance of HSHPC is substantially higher than the normal concrete. It has 

been established by various researchers [25,134,146,158,159,179]. Generally, concrete 

pavements are designed for 20 to 25 years with low maintenance cost with normal concrete. 

With the understanding of the various advantages of concrete pavements, the concrete 

pavement has got wide acceptance all over the world. The various advantages of concrete 

pavements are long life, smooth riding quality, energy saving, lesser maintenance cost and 

low life cycle cost etc.. The key parameter for the design of concrete pavement is flexural 

strength. This is well-established fact that flexural strength increases with the increase in 

compressive strength. With increased flexural strength, thinner pavement could be designed. 

Recognizing the advantages of HSHPC, designers are continuously making effort in designing 

for thinner sections of pavement with better performance and long life. Currently HSHPC are 

being used in as overlay material for the rehabilitation of highway, surface layers on bridges 

and viaducts and patch repairs etc. Experience has shown that pavements in high volume 

traffic corridors need to be designed and constructed to provide longer service life because of 

the difficulties in performing effective repairs and rehabilitation activities [103,160]. Due to 

high durability and low permeability of HSHPC, the concrete pavement of HSHPC could 

serve the objectives for long life [91,146]. By virtue of its superior strength and fatigue 

characteristics, the HSHPC could be used as a layer for overlay and reduced depth of concrete 

pavement [158]. Because of very low maintenance and rehabilitation problem, there is much 

growing interest in using HSHPC in concrete pavement. Due to high modulus of elasticity, the 

HSHPC could be laid directly over the well compacted sub-grade. Since HSHPC could carry 
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much heavy load, potential to resist crack propagation and capacity to bear high stresses could 

be recommended for heavy duty pavement [35,194].  

 In 1993, the Federal Highway Administration (FHWA) initiated a national programme 

for the maximum use of HPC in bridges. Bridge decks, piers, girders and abutments were 

constructed with HPC. Nine bridges had been completed under this programme by the end of 

1998. In U.S.A., numbers of states are using HPC under their own programmes. Longer span 

lengths of prestressed concrete girders, wider girder spacing or shallower sections could 

possible just because of the use of high strength high performance concrete [141]. Thus, 

seeing the advantages of use of HSHPC during the past decades in different fields, there is 

continuously increasing interest in using HSHPC for rigid pavements.  

 Some of the major advantages of using High strength High performance concrete in 

pavements are summarized below:  

1. Flexural strength is key parameter in designing the concrete pavement. Due to 

significant increase in flexural strength of HSHPC, the thinner concrete pavement 

could be designed for the same traffic conditions. This will result in lots of saving in 

construction materials and consequent minor impact on natural environment.  

2. HSHPC with fly ash and silica fumes have significant higher fatigue life than the 

normal concrete. Hence by the use of HSHPC, the fatigue life of concrete pavement 

could be increased.  

3. Corrosion of reinforcing bars takes place usually due to Chloride ion penetration. The 

moisture and aggressive ion penetrates into the normal strength concrete easily. Since 

the permeability of HSHPC is very low, thus capable of preventing moisture and 

chloride ion penetration sufficiently.  

4. HSHPC has high durability in severe environments and high resistance to chemical 

attacks. Therefore, by using HSHPC in pavements, the pavements could be 

constructed in severe environments too. 

5. With the increase in strength of concrete the abrasion resistance also increases. 

Therefore, in abrasive environment, HSHPC is highly recommended. HSHPC with 

silica fume has high resistance to abrasion. Therefore silica-fume concrete is useful for 

the concrete pavements or concrete overlays subjected to heavy or abrasive traffic.  
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6. HSHPC has very low water cementing material ratio due to use of super plasticizer. 

HSHPC has high resistance to scaling and physical break-up due to freezing and 

thawing. Therefore, pavement of HSHPC could be constructed in the areas of low 

temperature.  

7. Due to higher flexural strength, higher modulus of elasticity and higher resistance to 

crack propagation, a thinner pavement could carry much higher load. HSHPC 

therefore can be recommended for heavy duty full depth pavements and as well as 

overlay.  

8. Being high strength and modulus of elasticity, HSHPC could be laid directly over well 

compacted subgrade.   

9. Due to early gain in strength, the HSHPC pavement could be opened to the traffic 

earlier after the construction.  

10. HSHPC concrete pavements require less maintenance and rehabilitation, almost nil. 

Thus, the life cycle cost is significantly reduced.  

1.6 NEED OF THE STUDY  

 India is a developing nation and its economy is continuously growing. Large numbers 

of infrastructure projects are under construction and in future more mega infrastructure 

projects to be implemented. Because of these mega infrastructure projects there is 

continuously increasing number of heavy vehicles and also the size and weight of heavy 

vehicles. These heavy vehicles cause consumption of fatigue life of normal pavement and lead 

to early failure. Early failure of pavement leads to early rehabilitation and results in 

uneconomical. Therefore, we need a pavement which could cater the demand of heavy 

vehicles. For faster economic growth, it is essential we should have separate corridors of such 

heavy duty pavements for movement of heavy/commercial vehicles so that goods could reach 

its destination as early as possible with safety and economy. 

In India, generally flexible pavements have been preferred choice due to its lower 

initial construction cost and feasible stage construction as per growth of the traffic. Rigid 

pavements had not been preferred in the past due to its high initial construction cost and also 

not availability of the cement in the country. It has been established that concrete pavements 

are much superior to flexible pavements. The life cycle cost analysis for rigid pavements are 
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low as compared to the flexible pavements. The advantages of rigid pavements are smooth in 

riding, saving in fuel, longer design life, less maintenance compared to flexible pavement, 

almost nil and can withstand in severe weather etc. Seeing the advantages of concrete roads 

over asphalt roads, concrete roads have got wide acceptance all over the world. With the 

availability of cement in abundant and realizing the advantages of concrete pavements over 

flexible pavements, we prefer the construction of concrete roads. Getting encouraged by the 

successful completion of Mumbai-Pune Expressway and Indore bypass concrete road projects, 

National Highway Authority of India has decided to construct some length of roads with 

concrete in country’s highly ambitious road development plans like National Highway 

Development Programme (NHDP).  

 Generally, till today concrete roads in India are constructed with concrete mix of grade 

M30 to M40. According to Indian Standard Code of practice, the concrete having compressive 

strength equal to or more than 60 MPa is considered high strength concrete. Thus, so far 

concrete roads are being constructed with normal strength concrete. With normal strength 

concrete the pavement thickness range from 30 to 40 cm. This consumes lots of natural 

aggregate and high quarrying results in adverse impact on environment. Today’s designers 

effort is to construct the pavement and other structures as economical as possible putting least 

impact on environment and must be durable. With the Invention of plasticizers and super 

plasticizers, it has now been possible to produce concrete of much higher strength and for 

specific performance requirements. For present study concrete of M60 grade using fly ash has 

been developed.  

 Due to much higher load carrying capacity and high durability of HSHPC, the HSHPC 

pavement could be recommended for heavy duty pavement and longer design period. Being 

higher abrasive resistance, dust is not produced in the environment. Due to non-production of 

dust, the visibility remains good for all time. Thus, by the use of HSHPC, a thinner concrete 

pavement with longer life could be designed. Various studies related to performance of 

HSHPC like as durability, permeability, compressive strength, flexural strength etc. have been 

carried out but there is almost negligible information is available about the physical 

performances of HSHPC pavements i.e. load carrying capacity under varying load positions. 

The flexural strength and fatigue properties of HSHPC are quite high. These are the essential 
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parameters from the point of pavement performance. Therefore, it is essential to examine the 

structural behaviour of high strength high performance concrete pavement. Also the load at 

first crack, crack patterns, formation of cracks, crack propagation, crack width and ultimate 

load carrying capacity of HSHPC pavements under varying loads and loading positions need 

to be studied.  

 From the above discussions, it is quite clear that there is need to develop a 

methodology for the analysis and design for HSHPC pavements, which may exhibit the 

results, obtained through analysis, closer to the experimental results.  

1.7 OBJECTIVES OF THE STUDY 

The objectives of the study are: 

(i) To assess the suitability of HSHPC mixes for laying highway pavements over prepared 

subgrade. 

(ii) To evolve a suitable design approach for the analysis of stresses and deflections in 

HSHPC rigid Pavement.  

(iii) To develop a methodology for design thickness of high strength high performance 

concrete pavement for heavy axle loading. 

(iv) To analyse and improvements in existing design methods of flexible pavements for heavy 

vehicles. 

 

1.8 SCOPE OF THE STUDY  

   Scope of the study is limited to the design of rigid and flexible pavements. For this 62 

cubes of size 150 mm were cast for compressive strength, 22 beams of size 100 mm x 100 mm 

x 500 mm were cast for flexural strength, 8 cylinders of size 100 mm diameter and 300 mm 

height were cast for modulus of elasticity. Three semi full scale HSHPC slabs of size 1800 

mm x 1800 mm having thicknesses 160, 200 and 240 mm were laid on compacted subgrade. 

The slabs were tested for deflections, strains and load carrying capacity by applying loads at 

three positions (central, edge and corner). Stresses were determined by using existing theories 

and FEM analysis. CBR value of same soil for design of flexible pavements was determined 

after 4 days soaking. Life cycle cost of HSHPC pavements and flexible pavements were also 

found out.  
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1.9 ORGANIZATION OF THE THESIS 

 Objectives of the study, need of HSHPC pavements for heavy vehicles and scope of 

the study have been discussed in Chapter-1. Various studies conducted in India and abroad 

regarding the different properties of HSHPC and its applications in various fields like as in 

buildings, in bridges and in pavements have been discussed in Chapter-2. There are various 

theories which are used in designing of rigid and flexible pavements. Some of these are 

Westergaard’s analysis, Mayerhof’s theory, Ghosh’s analysis, IRC-58 method, and IRC-37 

method. Analytical method i.e. Finite Element Method has also been discussed. This method 

has been used in finding out for stresses, strains and deflections. All these things have been 

discussed in Chapter-3. In Chapter-4, experimental programme have been discussed. 

Development of HSHPC mix, preparation of subgrade and laying of HSHPC pavements of 

different thicknesses have been discussed. Plate load test on soil and testing of pavements at 

different positions have been discussed in Chapter-4. Analysis and discussion of the results for 

strains, deflections and wheel load stresses obtained through experiments, various methods 

and analytical method (FEM) have been made in Chapter-5. Also, the load carrying capacities 

at flexural strength, optimization of design thickness and economic analysis have been 

discussed in chapter-5. Some improvements in IRC-37 for heavy vehicles have also been 

discussed in Chapter-5. In Chapter-6, conclusions and recommendations for further studies 

have been discussed.  

1.10 SUMMARY 

 In this chapter, the needs for roads infrastructure have been described for economic 

developments. Due to various infrastructure projects for economic developments, there are 

continuously increasing numbers of heavy vehicles. For these heavy vehicles, we need 

pavements. By using normal strength concrete the design thickness will be more. One of the 

options is to use HSHPC in pavement which will result in thinner section. The advantages of 

using HSHPC in pavements have been described. Therefore, there is need to develop the 

design methodology in designing of HSHPC pavements for heavy vehicles. In Chapter-2 

broad research survey has been discussed regarding the properties of HSHPC concrete and its 

applications in various fields.  
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CHAPTER – 2 

RESEARCH SURVEY  

 

 

2.1 GENERAL 

 Various design parameter’s like as gradation of aggregate, water binder ratio, types of 

cement and admixtures which affect the strength of concrete mix, have now been well 

understood. As a result of vast research carried out, it is well known fact that concrete strength 

increases as water binder ratio decreases. With the invention of plasticizers and super 

plasticizers, the water binder ratio could be reduced to a great extent and hence concrete of 

high strength could be produced easily. With the advancement in concrete technology, the 

concrete of strength upto 120 MPa are being produced commercially. High rise buildings and 

large span bridges could possible, just because of development of high strength concrete. High 

strength high performance concrete is being used in these areas very frequently. Generally, 

HSHPC has not been used in design of full depth pavements for traffic.  

 In designing of rigid pavements, the key factor is flexural strength. Other factors are 

fatigue life, toughness, impact, durability and modulus of elasticity etc. Various researchers 

have established that all the above factors are superior in high strength high performance 

concrete than the normal strength concrete. By the use of HSHPC in pavement, the thinner 

pavement with longer design life and higher durability could be designed for the same traffic 

conditions than the normal strength concrete [55]. It is estimated that HSHPC can carry much 

higher load (stress) than normal strength concrete, therefore, HSHPC pavement could be 

recommended for heavy duty pavement [156]. Also durability, the crack arrest, abrasion 

resistance properties of HSHPC is much more superior to normal strength concrete. Being 

high durability, HSHPC pavements could be constructed in severe environment too. Due to 

thinner pavements of HSHPC section, there are lots of saving in natural aggregates which in 

turn put less impact on natural resources and environment.  

 Because of the above properties of HSHPC, there is much growing interest in using 

HSHPC in highway pavements. The pavements where traffic volumes are very high, the 
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problem of frequent repairs and rehabilitation is much-much difficult. During the repair the 

traffic has to be diverted or interrupted. The public get irritated due to frequent closure. 

Realising these problems, there is necessity to design the concrete pavement for longer life. 

Today’s needs are concrete pavements of longer design life more than 40 years and should be 

durable. By using HSHPC in pavements, all the above goals could be achieved. Being high 

flexural strength and durability, the HSHPC could be easily use in highway pavements [20, 

123]. No doubt, the cost of HSHPC per m3 is higher than the normal strength concrete, but 

due to thinning of the pavements and longer design life (more than 40 years) will offset the 

increase in cost. HSHPC are being used on patch repair and rehabilitation of damaged 

pavements. It is being used on bridge deck overlays most frequently [112]. 

 Various studies regarding the properties of HSHPC done in India and abroad are as 

follows:  

2.2 STUDIES CONDUCTED IN INDIA 

2.2.1 Workability  

 Many researchers have tried to define term ‘Workability’. But, the workability 

signifies much wider properties and qualities of concrete. It does not project any particular 

meaning. Road Research Laboratory, U.K., define workability as ‘The property of concrete 

which determines the amount of useful internal work necessary to produce full compaction’. 

Another definition which covers a wider meaning is ‘ease with which concrete can be 

compacted hundred percent having regard to mode of compaction and place of deposition’.  

 Sinha (2012) observed in their experiment that if cement is replaced by 30% flyash, 

the slump increases from 70 mm of reference mix to 80 mm. As the percentage of fly ash is 

decreased along with increase in percentage of silica fume, the slump gradually decreases 

from 80 mm to 43 mm at 30% silica fume. The same pattern is observed if ground granulate 

blast furnace stage (GGBFS) is used in place of silica fume. At 30% GGBFS the slump is 55 

mm, a similar pattern was also observed in case of meta-Kaolin, if it is used along with fly 

ash. At 30% replacement of cement by meta-Kaolin, the slump observed is 47 mm. From the 

above discussions, it is quite clear that except fly ash, SF, GGBFS and metakaolin reduce the 

workability of concrete [152].  
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 Perumal and Sunderarajan (2004) developed the mix of grade M60, M70 and M110 in 

the lab with replacement of silica fume. They found optimum dose of silica fume 10%. They 

carried out the test for workability such as compaction factor test, slump test and vee-bee 

consistometer test with 3% super plasticizer dosage. They observed that workability of 

concrete decrease as the percentage of silica fume increase [123].  

 Nazeer and Reddy (2009) et al., developed mix of grade M70 with varying content of 

silica fume at 8%, 10% and 12% by mass of cements. The water binder ratio kept 0.3 for all 

mixes. They observed that, there is reduction in slump with the addition of silica fume. To 

enhance the workability, it is necessary to use high range water reducer. As the replacement 

level of silica fume increase, higher dosage of super plasticizer is required to maintain the 

workability [115, 137].  

 Shrivastava and Bajaj (2012) developed high volume fly ash concrete mixes of grade 

M20, M50 and M70 with replacement of 35%, 50% and 70% fly ash. They found that with the 

increase of fly ash, bleeding of concrete keep on decrease and slump increase at constant w/c 

ratio [148]. 

 Arediwala and Jamnu (2012) conducted study for the relationship between workability 

and compressive strength of the self-compacting concrete. Mixes contained constant binder 

content of 500 kg/m3 and 550 kg/m3 having water binder ratio of 0.4 and 0.5 respectively. The 

percentage of fly ash was 15%. Super plasticizer used was based on carboxylic with fly ash. 

They found that mixes having constant ingredients and dosage of super plasticizers have 

higher workability with fly ash. There exists a linear relationship between workability and 

compressive strength. Knowing the workability, the compressive strength could be predicted 

[15]. 

2.2.2 Compressive Strength 

 The strength of concrete is specified by its compressive strength of cubes at 28 days. It 

is characteristic strength of concrete as given in IS-456 [76].  

 The characteristic strength is the strength below which not more than 5% of the test 

results are expected to fall.  
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 During 1950s, the concrete mix was just prepared by adding aggregate, cement and 

water. To make workable concrete, the water usually added in large quantity i.e. w/c ratio was 

nearly 0.6 to 0.7. The strength was in the range of 20 to 40 MPa. During 1970s, it could 

possible to reduce the w/c ratio from 0.6 to 0.45 with the introduction of water reducing agent 

and strength was developed between 60 to 70 MPa.  

 Further, with the introduction of high range water reducer, it could possible to reduce 

the w/c ratio to 0.25 and hence higher strength i.e. more than 100 MPa has been developed 

[25]. There is no literature available about the using HSHPC concrete in pavement in India. 

But HSHPC has been used in high rise buildings and bridges most frequently. During fifties, 

in India, number of prestressed concrete bridges was constructed with the concrete having 

strength ranging from 35 MPa to 45 MPa. Assam Rail link at Siliguri was the first prestressed 

concrete bridge constructed in 1949.  High rise buildings in Mumbai and Delhi have been 

constructed with concrete of grade M45 to M60. First time in India, the J.J. Flyover at 

Mumbai has been constructed by using high strength high performance concrete of grade M75 

in 2002. M60 grade of concrete with silica fume has been used in construction of Containment 

Dome at Kaiga Power Project [147]. 

 Vinayagam (2012) has developed M80 and M100 high performance concrete and 

found that cement could be replaced by silica fume about 10% without affecting the strength. 

Also he showed that flexural strength, split tensile strength and elastic modulus is maximum 

[179].  

 Arunachalam and Gopalkrishnan (2004) has conducted study on high performance fly 

ash concrete in normal and aggressive environment and found that concrete with 25% ash fly 

shows continuously increase in strength in normal as well as aggressive environment at 28 

days and 60 days than the concrete without fly ash, which showed reduction in strength in 

aggressive environment. Split tensile strength of concrete with fly ash showed increase in 

strength in both environments i.e. normal and aggressive. But split tensile strength of concrete 

without fly ash, almost maintains the same strength without any improvement, in aggressive 

environment at 28 days and 60 days [16].  
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 Bhikshma (2009) et al., carried out study on mechanical properties of high strength 

silica fume concrete and demonstrated that the compressive strength and split tensile strength 

of M40 and M50 mixes increase up to optimum level of 12% silica fume. Beyond 12%, 

replacement of cement with silica fume, there is reduction of strength take place. The 

compressive strength for M40 and M50 mix is increased by 16.37% and 20.20% respectively 

and split tensile strength by 36.06% and 20–63% respectively. Also there is increase in 

young’s modulus as silica fume increase up to 12%. The young’s modulus (E) at this 

replacement level is 32.19 GPa for M40 grade concrete which is 28 .06% higher than 

conventional concrete [22].  

 Shrivastava and Bajaj (2012) showed in the laboratory that compressive strength, 

modulus of elasticity and toughness increase with increase in fly ash upto 35% with respect to 

reference mix [148].   

 Suryawanshi (2007) in their study showed that ascending linear part remain upto 90% 

of peak stress of HPC whereas normal strength (lower strength) concrete shows very low or 

negligible linear part. The non-linear part in ascending branch and post-peak softening part are 

low indicating the brittleness of high performance concrete. But if it is confined by 

reinforcement or lateral compression, the high performance concrete become ductile [159].  

 Ghorpade (2010) found that 1% glass fiber volume and 10% silica fume give 

maximum compressive strength at any age. The percentage increase is 14% over plain 

concrete without silica-fume and fiber content. Split tensile strength is also optimum at 1% 

glass fiber along with 10% silica fume replacement. It is 18% over plain concrete without 

glass fiber and silica fume [47].  

 Reddy Sekhar (2013) et al., showed that combination percentage replacement of 

mineral admixtures i.e. 20% fly ash and 10% meta Kaolin give optimum compressive strength 

79.90 MPa after 180 days curing period and under same condition maximum split tensile 

strength of M70 grade is 5.58 MPa [137]. 

 Agrawal (2012) et al., studied the fly ash concrete for pavement and found that in all 

mixes, with increase in replacement level of fly ash, the compressive strength decrease but 
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from 28 days to 90 days rate of development of compressive strength is more than for the 

initial period up to 28 days [9]. 

 Sinha (2012) found in their experiment that if cement is replaced with 15% fly ash and 

15% meta kaoline give more compressive strength by 31.5% and 10.76% than the  reference 

mix for 28 days and 90 days. Similarly, if cement is replaced by 10% fly ash and 20% silica 

fumes give more compressive strength by 21.61% and 20.4% than the reference mix for 28 

days and 90 days. Similarly if cement is replaced with 10% fly ash and 20% GGBFS give 

compressive strength more by 9.17% and 16.71% than the reference mix for 28 days and 90 

days [152]. 

2.2.3 Flexural Strength  

 Flexural strength increases with increase in compressive strength. It is a measure of 

tensile strength of unreinforced concrete beam in bending. Modulus of rupture represents the 

flexural strength. It is a key parameter in designing rigid pavements. Flexural strength is 

determined by standard test with third point loading as per IS: 516–1959 [77].  

 Arunachalam and Gopalkrishnan (2004) demonstrated that flexural strength increases 

from 28 days to 60 days for control concrete (without fly ash) and concrete with fly ash. He 

also demonstrated that concrete with fly ash (25% and 50%) show increase in flexural strength 

in aggressive environment too while concrete without fly ash almost maintain the same 

strength without any improvement at 28 days and 60 days. Flexural strength with 25% fly ash 

show better increase in strength than concrete without fly ash at 28 days and 60 days [16]. 

 Sunkurwar and Patil  (2011)  showed through his study that addition of silica fume and 

fly ash improve tensile strength and other mechanical properties of high strength prestressed 

concrete like as compressive strength, flexural strength, reduction in expansion due to alkali 

aggregate reaction and durability etc. [157]. 

 Suresh Kumar (2012) et al., carried out fatigue analysis of high performance cement 

concrete and inferred that addition of fly ash and silica fume (SF) improve the fatigue 

performance of concrete by 48% and 83% at a stress level of 0.75 [158].  
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 Bhikshma (2009) et al., through their study showed that up to 12% SF replacement, 

there is increase in flexural strength at 28 days for M40 and M50 concrete by 16.4% and 

15.61% respectively to the concrete without silica fume. Beyond 12% replacement with silica 

fume, there is decrease in 28 days flexural strength [22]. 

 Shrivastava and Bajaj (2012) found that there is increase in flexural strength upto 35% 

replacement of cement with fly ash [148].  

 Solanki et al., studied the steel fiber reinforced concrete pavement and found that it 

delay and control the tensile cracking of the composite material. The advantages of any fiber 

reinforcement in cement bound road base are that it improves the fatigue life of the base and 

also develop the resistance for the reflective cracking of the asphalt. Study also demonstrated 

that flexural strength of steel fiber reinforced cement concrete are remarkably better than those 

of conventional reinforced cement concrete. Steel fiber reinforced concrete has been mostly 

used as overlay in roads, air field pavements and bridge decks [153]. 

 Ghorphade (2010) found through his experiment that flexural strength increases up to 

1% of fiber volume and then after strength decreases. With the replacement of silica fume by 

10%, the mix show optimum increase in flexural strength and beyond 10% silica fume 

flexural strength decreases. When silica fume (10%) and fiber (1%) in combination is used 

then flexural strength observed is 10.89 MPa [47].  

 Agrawal (2012) et al., studied the fly ash concrete for pavement and found that the rate 

of development of flexural strength is more in comparison for compressive strength of fly ash 

concrete mixes [9].  

 Ram Kumar (2012) et al., found that replacement of cement by silica fume up to 10% 

shows increase in flexural strength by 8.93% [132]. 

 Sinha (2012) showed that if cement is replaced with 15% fly ash and 15% meta 

Kaoline then flexural strength observed is more by 45.14% and 21.71% than the reference mix 

for 28 days and 90 days respectively. Similarly if cement is replaced by 10% fly ash and 20% 

silica fume the flexural strength is more by 51.39% and 31.62% than the reference mix for 28 

days and 90 days. Similarly if cement is replaced with 10% fly ash and 20% GGBFS then 
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flexural strength is more by 36.81% and 21.03% than the reference mix for 28 days and 90 

days [152]. 

2.2.4 Durability  

 According to ACI 201.2R durability of concrete is expressed as ability to resist 

weathering action, chemical attack, abrasion or any other process of deterioration. 

Deterioration process includes freezing and thawing, alkali-aggregate reaction (AAR) and 

corrosion of embedded metals etc.  

  Buenfeld and Newman (1984)  studied the mix containing varying percentage of fly 

ash in enhanced salt concentration approximately eight times of average salt concentration 

(2g/l) of sea water. He observed that for 40% fly ash replacement there is 5% reduction in 

strength for all grade OPC 33, 43 & 53, while without fly ash concrete showed 8% reduction 

in strength. This proves that partial replacement of cement with fly ash improves the durability 

when exposed to sulphate environment. Due to formation of calcium silicate hydrate, it fills 

the pores of cement paste reducing the permeability. When loss is compared among the three 

grade of cement i.e. 33, 43 and 53 grades, it is found that there is much loss in case of 53 

grade cement [26].  

 Marthong and Agrawal (2012) also found that fly ash decreases the shrinkage due to 

low water demand [100].  

 Bendapudi and Saha (2011) presented overview on fly ash as supplementary material 

in mortar. Supplementary cementing material fly ash is mostly used in production of high 

strength high performance concrete. By using fly ash, it improves properties like water 

requirement, workability, setting time, compressive strength and durability etc. significantly. 

First time fly ash approximately 30% by weight of cement was used in construction of Hungry 

Horse Dam. In construction of Canyon and Ferry dams also the fly ash was used. In India, in 

construction of Rihand Dam approximately 15% fly ash by weight of cement had been used. 

[20].  

According to Mehta (2004) it is possible to produce sustainable high performance 

concrete mixture with 50% or more replacement by fly ash that has high workability, high 
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ultimate strength and high durability. Due to water reducing property of fly ash, fly ash could 

be advantageously used for reducing drying shrinkage and thermal cracking of the concrete. 

According to Mehta, when high volume fly ash concrete is properly cured, it provides 

excellent water-tightness and durability. Due to water tightness, the resistance to corrosion, 

resistance to sulphate and chemical attacks and resistance to alkali aggregate expansion are 

enhanced [103].  

 Agarwal (2010) et al., through literature review found that by using fly ash in concrete, 

there are number of benefits like higher ultimate strength, improved workability, reduced 

bleeding, reduced heat of hydration, reduced permeability, increased resistance to sulphate 

attack, lower cost, reduced shrinkage and high durability etc. Generally 15 to 20% fly ash by 

mass of total cementitious materials is used. Good workability and cost economy could be 

achieved by using such small percentage of fly ash [8]. 

 Reddy (2012) et al., developed M80 and M90 grade of concrete using fly ash, silica 

fume, metakaoline and blast furnace slag and carried out acid attack test, alkaline attack test 

and sulphate attack test. They found that for M80 concrete, in case of acid attack test, there is 

2.5% loss in weight and 34% loss in compressive strength with the replacement of 20% fly 

ash and 13.23% metakaoline and 2.38% minimum loss in weight and 32.8% loss in 

compressive strength with the replacement of 20% fly ash and 13.23% blast furnace slag. In 

case of alkaline attack test, the loss in weight and compressive strength are 3.8% and 24.3% 

respectively with replacement of 20% fly ash and 13.23% blast furnace slag and minimum 

loss in weight and compressive strength are 3.55% and 23.2% respectively with replacement 

of 20% fly ash and 13.23% silica fume. In case of sulphate attack test, loss in compressive 

strength is 12.65% with 20% fly ash and 13.23% blast furnance slag replacement and 

minimum percentage loss in compressive strength is 12.4% with 33% fly ash and 15.13% 

metakaoline. For M90, they found, in case of acid attack test, maximum loss in weights and 

compressive strength are 1.8% and 30% respectively with replacement of 33% fly ash and 

15.13% of metakaoline and minimum percentage loss in weight and compressive strength are 

1.42% and 27.2% respectively with replacement of 33% fly ash and 15.13%  blast furnace 

slag. In case of alkaline attack test maximum 2.5% loss in weight and 19% loss in 

compressive strength with replacement of 33% fly ash and 15.13% metakaoline and minimum 
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1.89% loss in weight and 15.9% loss in compressive strength with replacement of 33% fly ash 

and 15.13% blast furnace slag have been observed. In case of sulphate attack test, maximum 

loss in compressive strength is 14.9% with replacement of 33% fly ash and 15.13% blast 

furnace slag and minimum loss in compressive strength is 13.2% with 33% fly ash and 

15.13% metakaoline have been observed [138].  

 Perumal and Sunderarajan (2004) developed the concrete strength of grade 60 MPa, 70 

MPa and 110 MPa at 28 days with the replacement of silica fume at 10% and compared with 

the mixes without silica fume. To assess the durability they carried out saturated water 

absorption (SWA) test, porosity test, sorptivity test, permeability test, acid resistance test, sea 

water resistance test, erosion resistance test and impact resistance test. They observed that at 

10% SF, there is minimum SWA, porosity and sorptivity. Mixes containing SF have lower 

SWA, porosity and sorptivity than the mixes without SF. Mixes containing SF have lower or 

negligible water penetration while the mixes without SF have more water penetration depth. 

Thus mixes having SF and low w/b ratio are almost impermeable concrete. Acid resistance 

and sea water resistance was found more for mixes M60, M70 and M110 containing SF than 

the mixes without SF. Mixes containing SF have more abrasion and impact resistance than the 

concrete mixes without SF. This is due to the formation of stable C-S-H gel [123].  

 Magudeaswaran and Eswaramoorthi (2013) conducted study on durability 

characteristics of high performance concrete. They replaced cement with 25% fly ash and 

12.5% SF, 30% fly ash and 15% SF and 35% fly ash and 17.5% SF. They kept the water 

cement ratio constant for all mixes. They observed that the pH value of concrete have 

decreased by 5.47% and the rate of absorption of concrete have reduced by 0.24%. Thus by 

the use of fly ash and silica fume an acceptable durability characteristics could be achieved 

[95]. 

 Amudhavalli and Mathew (2012) developed M35 grade concrete with partial 

replacement of silica fume by 0, 5, 10, 15 and 20% and carried out acid attack test for 

durability. They found that loss in compressive strength was 7.69% for concrete mix with 

replacement of 10% SF and 11.91% was for concrete mix not having silica fume. Thus 

concrete mixes having silica fume have better durability property [14].  



23 

 

 Nazeer (2009) et al., conducted the study of chloride diffusion characteristics by 

Simple Immersion Test and Rapid Chloride Permeability (RCP) Test. The concrete mixes of 

target mean strength 70 MPa was prepared with the replacement of silica fume at 8%, 10% 

and 12% by the mass of cement. The water binder ratio kept 0.3 for all mixes. The mixes were 

examined for both strength development and chloride penetration resistance. Simple 

immersion test indicate that 7 days curing make concrete mixes containing silica fume more 

impermeable. The total charge passed through the specimen in RCPT decreases with increase 

in silica fume content. This optimum replacement is 10%  of silica fume. There is linear 

relationship between total charge passed and the initial current in RCP test. Higher silica fume 

content and prolonged curing both enhance the chloride penetration resistance of mixes [115]. 

2.3 STUDIES CONDUCTED ABROAD  

 In different part of the world, the following studies related to high performance 

concrete have been carried out.  

2.3.1 Workability 

 Zhang and Li (2012) found that with the addition of silica fume and increase in 

content, gradually decrease the slump and increase the drying shrinkage strain gradually of 

concrete composites containing fly ash [193].  

 Memon (2013) et al., observed that with the addition of silica fume as partial 

replacement of fly ash, the workability of geopolymer concrete decreases. The addition of 

silica fume 10% by weight of fly ash, there is reduction of 4.3% slump [107]. 

 Yijin (2009) et al., carried out study to understand the effect of fly ash on the fluidity 

of cement paste, mortar and concrete. They found that with increase in fineness of ultra-fine 

fly ash, there is reduction in water demand. The water reduction rate increases with the level 

of fly ash replacement. Addition of the ultra-fine fly ash decreases the slump loss and also 

prolongs the setting time [189]. 

 Zhang and Li (2012) carried out study to see the combined effect of polypropylene 

fiber and silica fume on workability and carbonation resistance of concrete composite 

containing fly ash.  They found that with the addition of fly ash, the workability of concrete 
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composite become good. But the addition of silica fume and polypropylene fiber reduce the 

workability [190]. 

 Turkel and Altunas (2009) studied the effect of lime-stone powder, fly ash and silica 

fume on the properties of self-compacting repair mortars. They found that use of silica fume 

increase the dose of super plasticizer due to its high surface area. They showed that limestone 

powder change the workability at constant super plasticizer dose and 30% mineral additives. 

They also found that some combination of fly ash, silica fume and lime powder can improve 

the workability in better way than that of using individually [171].  

 Panjehpour (2011) et al., concluded from their experiment that by addition of silica 

fume, the workability and consistency of concrete decreases. However consistency could be 

increased by using silence treated silica fume. Sound absorption ability of concrete is 

increased by the addition of silica fume and stiffness is also reduced. Therefore, such concrete 

could be used as noise barriers [121].  

 Osci and Jackson (2012) during investigation found that by using natural clay 

pozzolana, the workability get reduce. As the content of natural pozzolana is increased, the 

workability keep on reduce [118]. 

 Bouzoubaa (2011) et al., in their study maintained the slump in the range 100 to 150 

mm by maintaining the dosage of super plasticizer. The dosage of super plasticizer was in the 

range of 0.9 to 3.6 L/m3 of concrete. Air content in the concrete was in range of 5 to 7% by 

maintaining the dosage of air-entraining admixture. It has been observed significant loss of 

slump and air content with passage of time. By the use of high volume fly ash cement, there is 

appreciable reduction in bleeding. The bleed water was in the range of 0.004 to 0.032 ml/cm2. 

High volume fly ash concrete setting time was 3 to 5 hours higher than those of control 

concrete. By the use of blended cement in high volume fly ash concrete, there is reduction in 

initial and final setting time by 30 to 40 minutes [23]. 

 Thomas (2010) carried out study to optimise the fly ash content for sustainability, 

durability and constructability. They found that optimum level of fly ash depends on 
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properties of fly ash, performance requirements for fresh and hardened concrete, climatic 

conditions etc.  In mostly cases the optimum level of fly ash may be 40% or more [164]. 

2.3.2 Compressive Strength  

 Memon (2013) et al., during his investigation on fly ash based self-compacting geo-

polymer concrete found that with the addition of silica fume at 10% by weight of fly ash, 

showed that there is increase in compressive strength by 6.9% [107]. 

 Turkel and Altunas (2009) conducted study on twelve samples of self-compacting 

repair mortar having different proportions of fly ash, limestone powder and silica fume. They 

found 28 days compressive strength in the range of 33.7 to 70.3 MPa. The highest 28 days 

compressive strength correspond to the mixes having 30% silica fume and lowest correspond 

to mixes containing 30% limestone powder of cement. This shows that limestone powder has 

no effect on mechanical properties [171]. 

 Panjehpour (2011) et al., showed that addition of silica fume increases the compressive 

strength. Many researchers have shown that addition of silica fume to concrete mix increase 

the strength of mix by between 30% and 100% depending on the ingredients proportions. 

Modulus of elasticity does not show the same trend as that of tensile strength. There is slight 

increase in modulus of elasticity compared to compressive strength of concrete [121]. 

 Osci and Jackson (2012) investigated the effect of natural clay pozzolana as a partial 

replacement of cement at 0%, 10%, 20%, 30%, 40% and 50% by mass. Then they tested the 

specimen at 7, 14, 21 and 28 days. They found that at 30% replacement by mass, the 

compressive strength is always high at all ages. At 28 days, there is 19% increase in 

compressive strength for 30% replacement level. Thus natural clay pozzolana can be used in 

production of concrete without compromising strength [118]. 

 Turk (2013) et al., found that self-compacting concrete (SCC) with fly ash and silica 

fume have lower compressive strength than the plain self-compacting cement concrete at 3 

days. They further found that SCC with silica fume has highest compressive strength at 7, 28 

and 130 days. SCC with 40% fly ash has highest compressive strength 59.04 MPa after a 

period of 130 days [169].  



26 

 

 Ismeik (2009) observed in their study that addition of silica fume increases the 

compressive strength. High percentage of silica fume does not increase compressive strength. 

Beyond 15%, the benefits decrease rapidly. A 10% replacement of silica fume, almost for all 

w/c ratios, increases the compressive strength keeping composition parameters constant. The 

optimum replacement of silica fume is not unique. It varies from 7.5% to 12.5%. It is a 

function of mix w/c ratio. The rate of gain of strength is higher in silica fume concrete than the 

normal concrete. Isemeik also investigated the effect of fly ash on compressive strength. At 

15% fly ash replacement by weight of cement and w/c ratio 0.35, the maximum 60 MPa 28 

days compressive strength has been observed.  

 The minimum compressive strength 35 MPa has been observed at 25% fly ash 

replacement by weight of cement. They observed gain in strength after 90 days. At earlier 

stage, no advantages have been observed at any replacement level of fly ash. High percentage 

replacement level of fly ash reduces the strength. It has been observed that benefits are 

increased as the age of fly ash concrete increases. Keeping mix composition parameters 

constant, the optimum level of fly ash replacement is approximate 15% at 90 days. They also 

observed that by the addition of silica fume and fly ash, the 28 days compressive strength 

increases for lower w/c ratio. In their study, he found maximum compressive strength 52 MPa 

at 10% silica fume and 20% fly ash replacement for w/b ratio of 0.30. Keeping the mix 

composition parameters constant, the optimum mineral admixture percentage is above 10% 

silica fume and 20% fly ash [79]. 

 Langan (2002) et al., studied the effect of silica fume and fly ash on heat of hydration 

of Portland Cement. In their study, they found that fly ash at high w/c ratio retards the 

hydration of cement very significantly while silica fume accelerates the hydration of cement 

significantly and retards the hydration of cement at low w/c ratio. When silica fume and fly 

ash are used in combination, the hydration of cement is significantly reduced [93].  

 Yazici and Arel (2012) carried out study to find out the effects of fly ash fineness on 

mechanical properties of concrete. They used the fly ash having fineness 2351 cm2/g, 3849 

cm2/g and 5239 cm2/g. They found that long term and short term mechanical properties are 

affected by fineness of fly ash. As the fineness of fly ash increases, the compressive and split 
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tensile strength increases.  Through their study they concluded that fly ash having fineness 

more than 3849 cm2/g have positive effect on mechanical properties of concrete. The fly ash 

with fineness 5235 cm2/g has remarkably impact on compressive and split tensile strength 

[188].  

 Elsayed (2011) investigated the effect of fly ash, superpozz, silica fume and high slag 

cement on water permeability and strength of concrete. He added 5%, 10% and 15% silica 

fume and 10%, 20% and 30% fly ash or superpozz by weight of cement keeping w/c ratio 0.4. 

Results showed lowest water permeability for 10% superpozz and 10% silica fume or 20% fly 

ash mixes. The lowest permeability leads to greater durability of concrete. The highest 

compressive strength was obtained for 10% silica fume replacement of cement. As the other 

mineral admixture is added the compressive strength gets reduce [39]. 

 Bouzoubaa (2011) et al., carried out the study on mechanical properties and durability 

of concrete made with a high volume fly ash blended cement using a coarse fly ash that does 

not meet the fineness requirement of ASTM C618. They tested the specimen at 7, 14, 28 and 

91 days and compared the results with that of other concrete mixes. There was significant 

increase in compressive strength of concrete made with blended high-volume fly ash. The 

increase in compressive strength was 30% at 91 days and 45% at 7 days. Modulus of elasticity 

at 28 days for control concrete and for blended concrete was 30.3 and 33.0 GPa and at 91 

days, it were 31.6 GPa and 32.5 GPa respectively. These data shows that the modulus of 

elasticity for high volume fly ash concrete is generally higher than those of the normal 

Portland cement concrete [23].  

 Turk (2010) et al., in his study showed that self-compacting concrete (SCC) specimen 

has higher compressive and tensile strength when silica fume and fly ash is added than those 

of normal concrete. They observed that for 3 days there is decrease in compressive strength of 

SCC specimen as there is increase in content of fly ash and silica fume. The highest 

compressive and tensile strength observed was 73.87 and 5.489 MPa respectively at 130 days 

for 15% replacement with silica fume of cement. The modulus of elasticity was highest in 

SCC specimen with silica fume while there was lowest modulus of elasticity for SCC 

specimen with fly ash [169]. 
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2.3.3 Flexural Strength  

 Memon (2013) et al., investigated the effect of silica fume on fly ash based self-

compacting geo-polymer concrete. The silica fume used was 0%, 5%, 10% and 15% by 

weight of fly ash. They observed that for 10% silica fume by weight of fly ash, there is 

increase in tensile strength by 12.8% and flexural strength by 11.5% [107, 144]. 

 Turkel and Altunas (2009) investigated the effect of limestone powder, fly ash and 

silica fume on properties of self-compacting repair mortars. They prepared the twelve samples 

having different proportions of fly ash, limestone powder and silica fume. They found the 28 

days flexural strength in the range of 7.1 to 12.2 MPa. The highest 28 days flexural strength 

was obtained for the mix having 20% fly ash and 10% silica fume and lowest for the mix 

having 30% limestone powder of cement. This shows that limestone powder has no impact on 

mechanical properties [171]. 

 Panjehpour (2011) et al., through their experiment found that for silica fume concrete 

there is same relationship between tensile, flexural and compressive strength as in case of 

ordinary strength concrete. Increase in compressive strength is accompanied by increase in 

tensile and flexural strength. Increase in tensile strength, cause reduction of tensile members, 

leading to the reduction of weight of members and cost [121]. 

Isemeik (2009) investigated in his study that in case of silica fume, when w/c ratio 

decreases, the flexural strength increases for all percentage of silica fume. They observed that 

the mixes having replacement levels of 5%, 7.5%, 10%, 12.5% and 15% silica fume have 

higher flexural strength than the control mix for all w/c ratio. 10 MPa, the highest value of 

flexural strength has been observed for mixes having 15% silica fume replacement level and 

w/c ratio of 0.30. It has been observed that as the silica fume replacement level increases, the 

flexural strength also increases. It has been observed that silica fume has more effect on 

flexural strength than that of compressive strength. Very high percentage of silica fume, 

improve the flexural strength significantly than that of compressive strength. Flexural strength 

does not follow the same trend as that of compressive strength [79]. 

Zhang and Li (2013) carried out study the effect of polypropylene fiber on concrete 

containing fly ash and silica fume. They found the effect of polypropylene fiber on fracture 



29 

 

properties of concrete. By addition of polypropylene fiber in concrete containing 15% fly ash 

and 6% silica fume, the fracture properties like as fracture toughness, fracture energy, 

effective crack length, maximum mid span deflection, the critical crack opening displacement 

and the maximum crack opening displacement of three-point bending beam specimen has 

greatly improved. As the fiber volume fraction increases from 0 to 0.12%, the fracture 

parameters increase gradually. The resistance to crack propagation of concrete containing 

15% fly ash and 6% silica fume become stronger and stronger with the increase of 

polypropylene fiber volume fraction but not beyond 0.12% [191]. 

Bouzoubaa (2011) et al., in their study used the blended high-volume fly ash cement to 

determine the flexural strength and splitting-tensile strength of concrete. They found that 

HVFA blended cement improves the flexural and splitting tensile strength of concrete at 28 

days [23]. 

Sabir (1997) in their study noted that 5 to 10% replacement of OPC with silica fume 

increase the strength of concrete. From results, it is evident that there is significant increase in 

compressive strength at 7 days and 28 days irrespective of whether air entrained concrete or 

non-air entrained concrete. The trend of flexural strength is similar as that of compressive 

strength. He found 28 days flexural strength is higher than that of control concrete [143]. 

Atan and Awang (2011) carried out study to find out the effect of raw rice husk ash on 

compressive and flexural strength of self-compacting concrete. By using 15% raw rice husk 

ash as cement replacement produces 40 MPa concrete. 30% cement replacement using raw 

rice husk ash combined with lime stone and 45% cement replacement combined with raw rice 

husk ash, lime stone and silica fume produce comparable compressive strength to normal 

concrete and improved flexural strength [18]. 

2.3.4 Durability  

 Zhang and Li (2012) studied the effect of silica fume on concrete composite containing 

fly ash. Silica fume content used were at 3%, 6%, 9% and 12%. Results showed that the 

durability has been improved to great extent with the addition of silica fume. Properties like, 

water permeability, carbonation resistance and freeze-thaw resistance have greatly improved 

the concrete composites containing fly ash. With the increase in content of silica fume, the 
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relative dynamic elastic modulus increase, the carbonation depth decrease and reduce the 

permeability of concrete [193]. 

 Zhang and Li  (2012)  found that addition of fly ash reduces the carbonation resistance 

of concrete composite while addition of silica fume enhance the carbonation resistance of 

concrete composite containing fly ash. Further the carbonation resistance of concrete 

composite increase with the addition of polypropylene fibers as the fiber volume fraction is 

below 0.12% [190]. 

 Jalal (2012) et al., conducted the study related to durability on high performance self-

compacting concrete containing nano silica and silica fume. He replaced the cement with 

micro silica, nano silica and blend of micro and nano silica at different percentage levels as 

10%, 2% and 10% + 2% respectively. He observed that there is reduction in water absorption, 

capillary absorption and Cl ion percentage. The reduction was more in case of blend of micro 

and nano silica. Resistivity of self-compacting concrete increases which leads to reduction of 

corrosion [80]. 

 Zhang and Li (2013) carried out study freezing and thawing durability of fly ash 

concrete composites containing silica fume and polypropylene fiber. Study revealed that by 

the addition of fly ash and increase in content enhance the freezing and thawing durability. By 

the addition of silica fume and polypropylene fiber, they enhance the freezing and thawing 

durability to great extent of composite concrete containing fly ash. There is gradual increase in 

freezing and thawing durability as the content of silica fume and fiber volume fraction 

increases. This is optimum at fiber volume fraction 0.08%. Beyond this percentage, reduction 

in durability has been observed [192]. 

 Turkel and Altunas (2009) studied that total water absorption are reduced by the 

addition of silica fume. They found lowest total and capillary water absorption at 24 hours for 

the mixes having fly ash 20%, limestone powder 5% and silica fume 5%. They also noted that 

highest total and capillary water absorption for mixes having fly ash 20% and lime powder 

10%. From the above discussion, it could be inferred that silica fume has reducing effect while 

fly ash and limestone powder have no such effect. Therefore for capillary block, limestone 

powder and fly ash could not be recommended [171].  
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 Panjehpour (2011) et al., through literature found that addition of silica fume reduces 

the efflorescence and enhances the corrosion resistance. It also enhances the chemical attack 

resistance, whether the chemical is acid, chloride and sulphate. Addition of silica fume also 

reduces permeability.  

 Also through literature he found that for equal strength and any concrete strength 

below 40 MPa, carbonation is higher in silica fume concretes. Silica fume concrete is utilized 

normally when the compressive strength is above 70 MPa. Bleeding is also significantly 

reduced when silica fume is used. By the use of silica fume, the freeze- thaw durability 

increases and also permeability to chloride ion reduces. There is reduction in water absorption 

also [121]. 

 Naik (1995) et al., carried out study on abrasion resistance of high strength concrete 

made with class C fly ash. They replaced cement with class C fly ash at levels 15%, 30%, 

40%, 50% and 70%. A reference concrete of 28 days compressive strength 41 MPa without 

fly ash has been developed. The concrete specimens were tested for abrasion as per ASTMC-

944 test method. An accelerated test method was used to evaluate abrasion resistance of high 

strength concrete. Accelerated test results showed that 30% class C fly ash replacement have 

same abrasion resistance as that of reference concrete. Beyond 30% fly ash replacement, the 

concrete show lower abrasion resistance than that of reference concrete [113]. 

 Assas (2012) found in his investigation that the concrete containing silica fume show 

better resistance to chloride ion permeability and water penetration compared to fly ash 

concrete [17]. 

 Khan (2010) carried out investigation regarding the resistance to chloride of high 

performance concrete. He found that in binary system, silica fume up to 10% reduces 

significantly chloride permeability. Further addition of pulverized fuel ash resulted in further 

reduction of chloride permeability to a negligible level [91]. 

 Folagbade and Olufemi (2012)  carried out study the effect of fly ash and silica fume 

on the sorptivity of concrete and found that at equal w/c ratio, concrete containing fly ash have 

poor resistance against sorption and as the content of fly increases the resistance against 
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sorption reduces. But with the passage of time, the resistance against sorption become good 

than that of plane concrete. The resistance against sorption becomes good by the addition of 

silica fume at early and later stage. Sorptivity is affected by strength. As the strength 

increases, sorptivity reduces. The cement combination concretes have lower sorptivity than 

that of plane concrete [41]. 

 Turk (2010) et al., found that self-compacting concrete (SCC) containing silica fume 

has lowest sorptivity values than that of SCC with Portland Cement and SCC with fly ash. As 

silica fume content is increased from 5% to 20%, the sorptivity of SCC containing silica fume 

is decreased. The resistance against carbonation is low in self-compacting concrete containing 

fly ash. From statistical evaluations, it had been found that dosage of silica fume had 

insignificant effect except for 24 hours on the carbonation resistance of SCC [170].  

 Kathuda (2010) et al., investigated the effect of micro silica and water proofer on the 

concrete to the resistance of phosphoric acid. For this purpose keeping w/c ratio constant, 

three specimen of micro silica replacement at levels of 10%, 15% and 20% by weight of 

cement and three mixes of 0.4, 0.6 and 0.8 L of water proofer were prepared. Durability of 

concrete to phosphoric acid attack after 15 cycles of wetting and drying in phosphoric 

solution, compressive strength and modulus of rupture were tested. Study showed that there 

was no significant loss of compressive strength and modulus of rupture of concrete. Further, 

the combined effect of micro silica and water proofer improved the durability of concrete to 

freezing-thawing and to phosphoric acid attack [87]. 

 Marriaga and Yepez (2010) in his study found that addition of silica fume reduces 

chloride ion permeability. Due to reduction of chloride ion permeability, there is less threat to 

corrosion of steel [99]. 

 Hooton (2010) et al., taken out cores, four concrete cores from bridge decks in New 

York State and one in Ohio. More four cores were taken from four parking garage decks 

located in Wisconsin, Utahand 2 in Ohio. All the concrete structures were 6 and 15 year old 

when cored. The cores were tested for chloride penetration. The results showed that all the 

concrete cores have high resistance to chloride penetration. Using the life-365 program, the 

residual life came out between 30 and 61 years for silica fume concrete [57]. 
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 Bouzoubaa (2011) et al., investigated the abrasion resistance of blended high volume 

fly ash concrete. They measured the abrasion of concrete ranged from 1.3 to 1.6 mm after 20 

minutes of testing. The lowest value was for the concrete made with HVFA blended cement 

and higher value was for the concrete in which the unground fly ash and the LPC had been 

added separately to the concrete mixer. Abrasion resistance is function of compressive 

strength of concrete.  

 The test results show that blended cement concrete has very good resistance to 

freezing and thawing. The durability factor ranges from 95 to 102. 

 The slab made with blended cement concrete show severe scaling than those of control 

concrete. Thus concrete made with blended cement show low resistance to De-icing salt 

scaling [23]  

2.4 CALIFORNIA BEARING RATIO (CBR) 

 California Division of Highways in the U.S.A., developed CBR method for pavement 

design in 1928. California bearing ratio test method is used to classify and evaluate the soil 

sub-grade and base course materials for flexible pavements. U.S. Corps of Engineer adopted 

the CBR test in designing the base course for air field pavements after World War-II. The test 

is empirical and cannot be related to fundamental properties of the materials. CBR is a 

measure of strength of soil and base materials. Higher is the CBR better is the materials.  

 Tomar and Maallick (2011) in their study “A study on variation of test conditions on 

CBR determination” found that the value of CBR decreases from one day to 4th day of 

soaking. The loss of CBR value is gradual. There is significant loss of CBR value from un-

soaked condition to soaked condition. It has been observed that there is not much change in 

moisture content from first day of soaking to fourth day of soaking. They found that four days 

soaked CBR may not good for all kind of soil. For non-expansive soil, since there is not much 

difference in soaked CBR after one day, therefore, it is not recommended being soaked for 

shorter period. Shorter period will result in higher CBR leading to smaller thickness of 

pavement. However there is need of more studies for variety of soils [168]. 
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 California Bearing Ratio of sub-grade is basis for designing of flexible pavements. For 

this only a limited numbers of CBR test being performed over the length which do not reveal 

the detailed variation of CBR values. These tests are time consuming and high cost. For such 

cases CBR could be determined on the basis of some tests which are cheap, less time 

consuming and quick. By considering this aspect a number of investigators in the past have 

developed different methods to determine CBR value.  

 Roy (2010) et al., in their study has tried to validate the predicted CBR determined by 

different methods as per guidelines of IRC:SP: 72 – 2007 [139].  

 Joseph and Vipulanandan (2010) in their study have developed the correlation between 

California Bearing Ratio and soil parameters. He used laboratory and field compacted soil 

samples (CL, CH and SC). There was non-linear relationship between CBR and undrained 

shear strength of soil [82]. 

 Nugroho (2012) et al., have developed the correlation between Index Properties and 

California Bearing Ratio for soaked and unsoaked conditions. CBR is a measure of soil 

strength. In their research, they have made comparison between CBR soaked test results and 

CBR un-soaked results in some variation of clay content. On the basis of soil properties, 

comparisons have been made between CBR soaked and un-soaked conditions. Knowing the 

soil properties and un-soaked CBR value, the soaked CBR value can be predicted. The results 

showed that there were linear correlations between soaked and un-soaked CBR values. This 

relationship is also influenced by the properties of soil [117]. 

 Keshav and Mangaiar (2012) carried out study the effect of fly ash on an expansive 

soil for flexible pavement design. The objective of this study was to use fly ash effectively to 

reduce the quantity of lime in stabilizing the soil and also to reduce the construction cost. 

Various index properties of expansive soil were studied initially and then different proportions 

of fly ash were added. CBR and unconfined compressive strength tests for different 

proportions of fly ash were conducted and optimum percentage of fly ash was found. 

Improvement in strength of soil has been observed with the addition of fly ash. California 

Bearing Ratio was increased 1.64 times of the initial strength of soil. By using lime fly ash in 

stabilization of soil, there could be saved rupees from 1.7 lakhs to 2.0 lakhs per km. The 
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construction cost could be saved by an amount from rupees 2.85 lakhs to 5.3 lakhs per km 

when compared with lime stabilization [88].  

 Singh (2011) et al., for their study prepared hundred samples in laboratory. Four 

different compaction levels 50, 56, 65, 75 and five different moisture contents on dry and wet 

sides of optimum moisture content were used. Soaked and unsoaked CBR tests were 

conducted on each sample. Different independent parameters like as index properties of soils, 

degree of compaction and moisture content were considered in development of Regression 

Model. The validity of model was tested using the soil which was not used in development 

phase of models. The results showed that the models give reasonable estimate of CBR values. 

During the study, it has been observed that there is significant impact on soaked and unsoaked 

CBR by variation in moisture content and compaction effort [149].  

 Bagui (2012) carried out study to design the pavement for low to medium volume 

traffic using cement and lime treated base. There are no guidelines for pavement design 

having cement / lime treated base. Therefore, the aim is to develop a design chart using 

cement and lime stabilized base for rural roads with light to medium traffic. The study shows 

that for given resilient modulus of stabilized base and CBR of sub-grade, with the increase in 

number of repetition, the thickness of base treated with cement and lime increases. As the 

modulus of sub-grade treated with lime and cement increases, the thickness of base decreases 

for the given number of repetition. For each modulus of soil- cement base and soil-lime base, 

as the CBR is increased, the thickness of base treated with lime and cement decrease 

significantly [19]. 

2.5 MODULUS OF SUBGRADE REACTION (K) 

 Modulus of subgrade reaction is defined as pressure sustained per unit deformation of 

sub-grade at specified deformation or pressure level using specified plate size. The standard 

size of plate for finding K-value is 75 cm diameter. But in some tests a smaller plate of 30 cm 

diameter is also used. Modulus of sub-grade reaction [K] depends on shape and size of plate, 

depth of embedment and the type of soil [Terzaghi (1955)].  

 Dey (2011) et al., carried out study, the distribution of subgrade modulus beneath 

beams on reinforced elastic foundations. The study shows that type of loading significantly 
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affects the contact pressure and subgrade modulus of profiles along the length of beam. While 

during the calculations we assume uniform modulus of sub-grade reaction. There is variation 

of 45 to 50% in non-dimensional flexural responses when considered varying modulus of 

subgrade reaction compared to the results obtained by considering uniform subgrade modulus 

along the length of footing [36]. 

 Moayed and Nacini (2006) carried out study evaluation of modulus of subgrade 

reaction in gravely soils based on Standard Penetration Test (SPT) results. It is most popular 

test and economical means to get the information of sub-surface. SPT and Plate Load Test 

(PLT) were carried out on gravely soils. They found that SPT and PLT could be correlated in 

medium to dense gravely soils. They found that modulus of subgrade reaction increase with 

increasing the corrected SPT blows counts (N1)60 for medium to dense gravely soil [111]. 

 Ping and Sheng (2013) investigated the resilient modulus and modulus of subgrade 

reaction for Florida Pavement subgrade. AASHTO pavement design guide (1993) suggested a 

theoretical relationship between modulus of subgrade reaction and resilient modulus of 

subgrade based on assumptions that the subgrade materials are linear elastic. This was not 

evaluated by experimental work. They carried out extensive field and laboratory test to study 

the load-deformation and resilient modulus characteristics of the granular sub-grade soils. In 

addition, laboratory cyclic biaxial test were performed to evaluate the resilient modulus 

characteristics of subgrade materials. On the basis of experimental results, correlation 

relationships were developed between the subgrade soil resilient modulus and modulus of 

subgrade reaction to calibrate the AASHTO theoretical relationship. It has been found that the 

calibrated relationship was close to the AASHTO theoretical relationship with difference 

around 10% [126]. 

 Moayed and Janbaz (2008) investigated the effect of foundation size on modulus of 

subgrade reaction in clayey soil. The modulus of subgrade reaction is dependent on 

parameters like as soil type, size, shape, depth and types of foundation etc. The modulus of 

sub-grade reaction is generally determined by plate load test. Generally Terzaghi Equation is 

used for determining the modulus of subgrade reaction. By using the finite element method, 

the effect of size of foundation on subgrade reaction has been determined and then compared 
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with modulus of subgrade reaction determined by Terzaghi equation. The results show that the 

modulus of subgrade reaction values obtained from Terzaghi’s equation for prototype footing 

has lower value than from 3-D finite element analysis [110]. 

 Janbaz and Janbaz (2011) investigated the effect of foundation size on modulus of 

subgrade reaction on sandy soil and found that as the side dimensions of footing (B) increased 

the modulus of subgrade reaction (K) decreased. The modulus of subgrade reaction that 

obtained from Terzaghi’s equation for prototype footing has lower value than that of finite 

element analysis [81].  

2.6 APPLICATIONS OF HIGH STRENGTH HIGH PERFORMANCE  

CONCRETE (HSHPC)  

 Understanding the potential advantages of HSHPC due to its ease of placement and 

consolidation, long term mechanical properties, higher toughness, higher abrasion resistance, 

higher volume stability, extended life in severe environment, its use is increasing day by day. 

HSHPC is being increasingly used in all kind of civil engineering structures like as tall 

buildings, bridges, tunnels and highways etc. 

2.6.1 In Buildings 

 Today’s such high-rise buildings are possible due to development of advancement in 

concrete technology. High strength high performance concretes are in use in columns of high 

rise buildings since long back. Due to high strength and high modulus of elasticity, the sizes 

of members are reduced leading to the reduction of dead weight. This will results in lighter 

foundation. Due to reduction in size of members, the usable area increases. High strength 

concrete were used in high rise buildings first time in U.S.A. Ingalls Building in Cincinnati, 

Ohio, is the first high rise reinforced concrete building. It is fifteen story building and was 

completed in 1903. It is still in use.  

 There are plenty of examples of high-rise buildings in America. Pacific First Centre, 

which is 44 story and Two Union Square, which is 62 stories, situated at Seattle in 

Washington are notable examples of high-rise buildings. Concrete of grade 115 MPa 

compressive strength and modulus of elasticity 50,000 MPa have been used. Two Prudential 
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Plaza and 311 South Wacker Drive buildings, whose heights are 281 m and 295 m 

respectively, are another example of high-rise buildings. The concrete used were of 

compressive strength 83 MPa. 50 MPa concrete was used in Lake Point Tower in Chicago, 

constructed in 1965, the 79 story Water Tower Placed in Chicago contain 60 MPa concrete 

columns. Scotia Plaza Building in Toronto has been constructed by using 90 MPa concrete 

[94].  

 In Malaysia, the Petronas Tower linked by a sky bridge at mid height, situated at Kuala 

Lumpur, is good example of high-rise building. The concrete of compressive strength 60 and 

80 MPa has been used. 60 MPa concrete has been used in foundations and 80 MPa has been 

used in core walls and columns. Other projects where high strength concrete has been used are 

Wisma Consplant, KTP Flyover Bridge, Port Klang Wharf of and Menara Public Bank in 

Johor Bahru.  55 MPa concrete has been used in Wisma Consplant, 50 MPa concrete has been 

used in KTM Fly Over Bridge and Port Klang Wharf, 60 MPa and 65 MPa concrete have been 

used in Menara Public Bank, Johor Bahru [53]. 

 In Germany, ‘Trianon’ 186 m high rise building situated in Frankfurt, first time 85 

MPa concrete was used. Another high rise building ‘Taunustor’ in Frankfurt, high strength 

concrete of grade 105 MPa was used first time for flexural and shear stressed members. There 

are various projects in Germany where strength up to 115 MPa concrete have been used [25]. 

 Other various notable high rise buildings are Burj Khalifa (828 m high) in Dubai, 

Makkah Clock Royal Tower (601 m high) in Makkah, Trump International Hotel and Tower 

(415 m high) in Chicago,  Taipei 101 (509 m high) in Taipei, Shanghai World Financial 

Centre (492 m high) in Shanghai, International Commerce Centre (Union Square, 484 m high) 

in Hong Kong, Wills Tower (442 m high) in Chicago, Jin Mao Tower (421 m high) in 

Shanghai, Two International Finance Centre (415 m high) in Hong-Kong, Princess Tower 

(414 m high) in Dubai etc. have been constructed with high strength high performance 

concrete.  

 In India concrete of varying strength from 45 to 60 MPa has been used in high rise 

buildings in Delhi and Mumbai. Mostly high rise buildings have been constructed in Mumbai 

and New Delhi [147]. 
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2.6.2 In Bridges  

 By using HSHPC, long span bridges with thinner sections and longer life can be 

constructed. Thinner sections cause to reduction in dead weight and lead to lighter foundation, 

which in turn results in economical. HSHPC reduce deflection and maintenance. Due to such 

advantages, the HSHPC in bridges and fly over are being in use extensively. High strength 

high performance concrete bridges are mostly in U.S.A., Japan, Canada, France and Norway.  

 In Japan, in 1973, three high strength concrete bridges were built for Japan Nation 

Railway. The 2nd Ayaragigawa post tensioned bridge was constructed using 60 MPa concrete. 

Iwahana first prestressed concrete truss bridge in Japan has been constructed by using 80 MPa 

concrete. The bridge is 45 m span. A 24 m Howe Truss, Ootanabe railway bridge has been 

constructed with 80 MPa concrete. The other bridges in Japan constructed with HSC are Nitta 

Highway Bridge (30 m span, 59 MPa), Kaminoshima Highway Bridge (86 m span, 59 MPa), 

Akkagawa Railway Bridge (46 m span, 79 MPa) etc.  

 In France, various bridges as Sylans Viaduct (60 MPa), Re Island Bridge (60 MPa), 

Pont du Joigny (46 m span, 60 MPa), Pont due Pertuiset etc. have been constructed by using 

HSHPC. 

 In Norway, bridges constructed with high strength concrete are as Giske (52 m span, 

55 MPa), Sandhomeya (154 m span, 55 MPa), Bokna Sundet (190 m span, 60 MPa), 

Helgelandsbrua (425 m span, 65 MPa) etc. Other high strength concrete bridges are Tower 

Road Bridge (49 m span, 62 MPa) in Washington, East Huntington Bridge (274 m span, 55 

MPa) in W. Virginia, Kwung Tong By Pass (65 MPa) in Hong-Kong, Braker Lane Bridges 

Austin (60 MPa) in Texas, Portneuf Bridge Quebec (60 MPa) in Canada etc. [1]. 

 In India, the first prestressed concrete bridge was built in 1949 for the Assam Rail 

Link at Silliguri. Numbers of presstressed concrete bridges were constructed during fifty’s 

using concrete 35 MPa to 40 MPa compressive strength. More than 35 MPa compressive 

strength was used in Konkan Railway Project. Vidya Sagar Setu at Kolkata where longest 

cable stayed bridge (in India) was built using high strength concrete. J.J. Fly Over at Mumbai 

where high-strength high-performance concrete 75 MPa was used for the first time in India 

(2002) [147]. 
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2.6.3 In Pavements  

 The interest is continuously increasing in use of high strength high performance 

concrete in highway pavements. This is due to increased resistance to freeze-thaw, increased 

abrasion resistance, high durability, low permeability, low maintenance and longer life. 

Longer lives, low maintenance of pavements result in lower life cycle cost.  

 Concrete paving industry in Iowa has developed fast track concrete. Fast Track 

concrete is nothing but it gain high strength at early age and is durable. By using Fast Track 

Concrete for repair of pavement, the traffic can be open in 4-5 hours. This technology is being 

used all over country (U.S.A.). This technology has been introduced in U.K. in July 1990. 

 Field studies of special rapid-strength-gain cements such as MPC (Magnesium 

Phosphate Cement) used for patching [Sheera et al., 1993] and PBC (Pyrament Blended 

Cement) used for full depth pavement replacement [Ozyildirim, 1994] have also been carried 

out and very satisfactory results have been obtained.  

 High strength high performance concrete has been used for rehabilitation of Bridge 

decks. In Washington, twelve bridges decks were rehabilitated with latex modified concrete. 

But the results were not satisfactory. In Virginia, the bridge decks were rehabilitated with 

silica fume (7% to 10%) concrete. The results showed that silica fume concrete can be used as 

an alternative to LMC [119, 154].  

 In Oregon, the bridges decks were rehabilitated using micro silica modified concrete 

[Miller, 1991]. The overlay met two design objectives of their three after one year in service. 

They were adding strength to the deck and providing a smooth and durable wearing surface. 

Because of cracks, they could not retard the intrusion of chlorides to the underlying deck. 

Sprinkel studied the polymer concrete overlay. He suggested polymer concrete constructed 

with epoxy, methacrylate and polyster styrene binders and graded silica and basalt aggregate 

can provide skid resistance and protection against chloride intrusion for 1 to 20 years [154].  

 High performance concrete can be employed as thin overlays of concrete by 100 mm 

over old flexible pavements. This is called white-topping. This technique is being adopted by 

U.S.A. and some North-West European countries. This technique was also in use earlier 
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decades of twenty century. An international review of HPC applied as white toppings around 

the world are given in Table 2.1. 

In Norway, to overcome the increased wear resistance of steel studded tires, high 

strength concrete has been used in highway pavements. 18 cm thick pavement was laid by 

using 90 MPa concrete in 1989. After 4 years of service pavement did perform as per 

expectation to meet the wear resistance of HSC. But some longitudinal cracks have been 

observed, near to the some of joints. This problem is probably due to insufficient thickness of 

pavement and also due to fatigue. In Sweden and Norway, there are many cases of using high 

strength, high performance concrete for highway pavements to improve the abrasion 

resistance [1]. 

Table 2.1: Details of White Topping over Flexible Pavements*  

Year Place Compressive 

strength (MPa) 

Flexural 

strength (MPa) 

Notes 

1990 Northampton Country, 

Virginia, U.S.A 

18 hrs      25.0 

24 hrs      28.8 

7 days      39.3 

28 days    47.5 

28 days   5.6 Opened to traffic 

after 58 hours 

amount of 240 

equivalent single 

axle load per day 

1991 Dallas country, Iowa, 

USA 

28 days    27.5 28 days    4.7  

1996 Tijuana BC, Mexico  28 days    5.1 Urban street, 2100 

vehicles for mixed 

traffic per hour 

1997 Sao Paulo State 

Highway SP-280 Brazil 

28 days  

achieved in 

laboratory, 56, 

28 days  

measured from 

field cores: 41 

28 days design 

strength 5      

 

1991 Suzukuisimati Japan 24 hr :  30 24 hr :  3.5  

1991 Sin-Jo-i, Japan 24 Hr:  30 24 hr : 3.6  

1992 Aomori, Japan 24 hr :  30 24 hr  : 3.5   

1990 Missouri R67, USA 18 hr : 24.1   

1991 Kanas City U.S.A 24 hr :  20.7   

1990 Virginia R13, U.S.A 24 hr :  24.1   
*Source- Applications of High Performance Concrete for Ultra-Thin Pavement Overlays 

(Whitetopping) By J. T. Balbo 
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2.7 SUMMARY  

 In this chapter, broad research surveys have been discussed regarding the properties of 

HSHPC concrete mix. HSHPC mix has been used in the present investigations. Studies 

conducted in India regarding the various properties workability, compressive strength, flexural 

strength and durability and abroad have been discussed. The essential parameters for 

designing of rigid pavements are load carrying capacity, the flexural strength, flexural impact, 

toughness and fatigue. All these parameters are superior in HSHPC concrete mix to the 

normal strength concrete. Therefore, on the basis of these properties, the HSHPC mix could be 

used in pavements for heavy vehicles.  

 The frequent use of HSHPC mixes in high rise buildings and bridges have also been 

discussed. HSHPC mix, also, has been used in pavements for patch repair, damaged sections 

and white toppings. But not has been used as full depth pavements. Therefore, on the basis of 

research survey, the efforts have been made to use HSHPC mix in heavy duty pavements.  

 To design HSHPC pavements for heavy vehicles, the existing design methods and 

analytical method i.e. Finite Element Method (FEM) for rigid and flexible pavements are 

discussed in Chapter-3. 
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CHAPTER – 3 

PAVEMENT DESIGN  

 

3.1 GENERAL 

 Civil Engineering fraternity in India has so far preferred the construction of flexible 

pavements. This is due to its initial lower cost, feasibility to stage construction and scarcity of 

cement. But now, the country has launched the highly ambitiousroad modernization 

programme which includes the construction of expressways and four laning projects to fulfill 

its need of road networks for infrastructure development. Therefore we need a re-appraisal of 

the past strategies. The country’s road system has got a fillipand boost due to recently 

introduced National Highway Development Programme (NHDP) provoking a profound 

paradigmatic shift towards the construction of concrete roads due to abundant availability of 

cement in the country. In this context, cement concrete roads have a major role to play. Many 

four laning projects, expressways and many other district roads (ODRs) and village roads 

(VRs) are being constructed of concrete. World Bank States that “A technical option that has 

not been sufficiently explored in developing countries, particularly in the humid tropics, is the 

use of Portland Cement Concrete Pavements”. It is now well established fact that ifconcrete 

roads are properly designed and constructed could last long with negligible maintenance 

during design life. Although, initial construction cost are high but life cycle cost are low 

[133].  

 On the basis of structural behavior, the pavements are generally classified into two 

categories:  

1. Flexible pavements  

2. Rigid pavements.  

3.1.1 Flexible Pavements 

 These pavements have negligible flexural strength. The deformation of the lower layer 

reflects on to the surface of layers. Thus if the lower layer of the pavements or soil subgrade is 

undulated, the flexible pavement surface also gets undulated. The flexible pavements layer 

transmits the vertical or compressive stresses to the lower layers by grain to grain transfer 
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through the points of contact in granular structure. A well compacted layer will transmit the 

load through a wider area and thus forms a good flexible layer.  

3.1.2 Rigid Pavements 

 These pavements have significant flexural strength depending on the strength of 

concrete used for the pavements. The rigid pavement has the slab action and is capable of 

transmitting the load stresses through a wider area below. The main point of difference in the 

structural behaviour of rigid pavement as compared to flexible pavement is that the critical 

condition of stresses in rigid pavement are the maximum flexural stresses occurring in the slab 

due to wheel load and the temperature changes whereas in the flexible pavement, it is the 

distribution of compressive stresses. Due to bending of the slab under wheel load and 

temperature variation, the tensile stresses are developed in cement concrete pavement. Thus 

the types of stresses developed in cement concrete pavement are quite different as compared 

to the flexible pavement. The rigid pavement does not get deform to the shape of the lower 

surface as it can bridge over the minor variations of lower layer.  

3.2 HEAVY VEHICLES  

 In India, mainly three types of vehicles having rear axle load of 10.2 tonnes, 19.0 

tonnes and 24.0 tones are used. Up to a load of 10.2 tonnes, normal truck having four wheel in 

the rear axle, between load 10.2 to 19 tonnes, 2 axle of four wheel each either in single or 

tandem combination and beyond the load 19.0 tonnes and up to 24.0 tonnes load, there are 

three single axle or one single one tandem or one tridem axles are used. These are  shown in 

Figure 3.1 . Beyond 24.0 tonnes load various combinations of single, tandem and tridem axles 

are used.  

 Front axle     Rear axle       Front axle     Rear axle  

 

Rear single axle of 10.2 tonnes 

 

 

Rear tridemaxle of 24 tonnes  
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Front axle     Rear axle Front axle     Rear axle 

 

Rear tandem axle of 19 tonnes 

 

 

Rear one single axle of 10.2 tonnes and 

Tandem axle of 19  tonnes 

Front axle    Rear axle Front axle     Rear axle 

 

Rear two single axle of 10.2 tonnes each 

 

Rear three single axle of 10.2 tonnes each  

Fig. 3.1:  Details of Types of Heavy Vehicles  

Flexible pavements are designed for total numbers of equivalent standard axle loads of 80 kN 

for their design period. But due to commercial activities, the heavy vehicles are also using the 

existing flexible pavement system. Because of these heavy vehicles, the pavement will 

achieve earlier total numbers of equivalent standard axle loads and pavement will fail earlier.  

 Therefore, while designing the flexible pavements, the considerations should be given 

to these heavy vehicles. To consider the effect of heavy vehicles average daily traffic data 

should be collected for different types of vehicles. Axles weight distribution and configuration 

data are also collected. Then these heavy vehicles of any axle configuration and weight are 

converted to equivalent standard axle of loads 80 kN by using load equivalency factors 

suggested by AASHTO (1993). During design period, the total numbers of design ESALs is 

calculated due to heavy and normal vehicles. These total numbers of ESALs are used in the 

design of flexible pavement.  
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 Considering the case of 4500 heavy vehicles having composition of traffic as type-I 

vehicles 2000, type-II vehicles 1500 and type-III vehicles 1000 as shown in Figure 3.2. The 

VDF would be calculated as given in Table 3.1. 

 

1. Type – I:  Rear  standard axle with dual wheel of 10.2 tonnes 

   Front axle            Rear axle 

 

                Axle load         6.0 tonnes      10.2 tonnes  

 Total number of vehicles  = 2000  

 Weight of vehicle  = 16.2 tonnes    

 

2. Type – II:   Rear tandem axles of 19 tonnes 

Front axle    Rear axle 

 

               Axle load     6.0 tonnes         19.0 tonnes   

 Total number of vehicles  = 1500  

 Weight of vehicle  = 25.0 tonnes  

 Types-II vehicle in terms of type-I standard vehicle = (25 / 16.2) = 1.543  
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3. Type – III:  Rear tridem axle of 24 tonnes 

Front axle    Rear axle 

    

             Axle load               6.0 tonnes   24.0 tonnes  

Total number of vehicles  = 1000  

 Total weight    = 30.0 tonnes  

Types-III vehicle in terms of type-I standard vehicle = (30 / 16.2) = 1.852 

Fig. 3.2Different Axle Configurations of Heavy Vehicles 
 

Total number of vehicles in terms of type-I standard vehicles would be equal to the sum of 

type-I, type-II and type-III.  

Type-II vehicles =1.543×1500 = 2315 Type-I vehicles 

Type-IIIvehicles =1.852×1000 = 1852 Type-I vehicles 

Thus total number of vehicles in terms of Type-I vehicles = 2000 + 2315 + 1852 

                                                                 = 6167. 

Vehicle damage factor of 10.2 tonne axle in terms of 8.2 tonne axle = (10.2 / 8.2)4 

          = 2.394 
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Table 3.1: Calculationof VDFfor Heavy Vehicles 

 

Sl. 

No. 

Vehicle details Heavy vehicles types 

Type-I Type-II Type- III 

Standard axle of 

10.2 tonnes  

Tandem axle of 

19.0 tonnes  

Tridem axle of 

24.0 tonnes  

1. Number of vehicles 2000 1500 1000 

2. Numbers of vehicles in terms 

of standard axles of 10.2 

tonnes  

 

2000 

 

2315 

 

1852 

 

3. Actual VDF values in terms 

of 10.2 tonnes vehicle 

 

1 

 

1.543 

 

1.852 

4. Combined VDF value in 

terms of 8.2 tonnes  

 

 

2.394  

(Veeraragavan et al., www.h-a-d.hr/pubfile.php?id.709) 

   

Total ESLAs during design (N) life 15 years would be calculated as  

   F x D x 
r

}1r)  {(1A x  x 365
  N

n 
      

Where, 

 N = cumulative number of standard axles during the design period  

 A = initial number of axles per day in the year when the road is operational  

 r = annual rate of growth of commercial traffic  

 n = design period in years.  

 D = lane distribution factor.  

 F = vehicle damage factor  

 

 

 

For 4500 heavy vehicles, total number of equivalent standard axles during the design period 

would be 



49 
 

   2.394 x 0.75 x 
0.075

)}10.075){(1 1676 x 365
  N

15 
     

       = 105.6 msa 

  Say          = 106 msa 

 

Now for total ESALs, for 15 years design period, 106 msa traffic corresponding to 4500 heavy 

vehicles, the total design pavement thickness would be found out using IRC-37 method for 

given CBR value of subgrade.   
 

3.3 DESIGN OF FLEXIBLE PAVEMENTS 

3.3.1 General Principle  

 Flexible pavement generally consists of number of elastic layers. Each layer consists 

of material characterized by modulus of elasticity, the resilient modulus and poisson’s ratio. 

Soil subgrade is assumed infinite in both directions i.e. horizontally and vertically and layers 

are finite in vertical direction and infinite in horizontal direction. During design, it is to be 

ensured that under application of load none of the layer is over stressed. This means that at 

any instance no section of the pavement structure is subjected to excessive deformation to 

form a localized depression or settlement. The maximum intensity of stresses occurs in the top 

layer of the pavement. The magnitude of load stresses reduces at lower layer. Hence the high 

quality materials are used in top layers of flexible pavements.  

 For design of flexible pavements, yet it has not been possible to have a rational design 

methods wherein design process and service behaviour of pavement can be expressed or 

predicted by mathematical laws. Accordingly, the flexible pavement design methods are 

empirical, semi empirical and theoretical. There are numerous design methods of flexible 

pavements. Some of the methods are as given below:  

(1) Group Index Method   

(2) Triaxial Test Method          

(3) McLeod Method   

(4) Burmister Method   

(5) Indian Road Congress Method (IRC-37) 
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(6) Road Note Number 29 Method 

3.3.2 IRC: 37 Method   

As per IRC: 37, “Guidelines for the Design of Flexible Pavements”, using the following input 

parameters, appropriate design thicknesses could be chosen from the plates for the given 

traffic and soil strength: 

(i) Design traffic in terms of cumulative number of standard axles and  

(ii) CBR value of soil subgrade.  

The procedure for estimating design traffic and assessing the CBR value of subgrade 

soil is described below [59, 60]. 

3.3.2.1 Design traffic 

 IRC-37 method considers design traffic in terms of cumulative number of standard 

axles (80 kN) to be carried by pavement during the design life. Following information is 

needed for estimating design traffic. 

 Assessment of the present day average traffic should be based on seven days 24 hour 

count made in accordance with IRC: 9-1972 “Traffic Census on Non-Urban Roads”. Only the 

number of commercial vehicles having gross vehicle weight of 30 kN or more and their axle-

loading is considered for the purpose of design of pavement. Traffic growth rate during the 

design life in percentage should be analyzed by the study. If the data for the annual growth 

rate of commercial vehicles is not available, a growth rate of 7.5 percent should be used as per 

IRC: SP: 84-2009 [64, 65].  

3.3.2.2Design life 

The design life is defined in terms of cumulative number of standard axles in msa that 

can be carried by a pavement before a major strengthening, rehabilitation, or capacity 

augmentation of the pavement is necessary.  

A minimum design life for national highway and state highway is 15 years. 

Expressways and Urban Roads may be designed for a longer life of 20 years or higher using 

innovative design adopting high fatigue bituminous mixes. For other categories of roads, a 

design life of 10 to 15 years may be adopted.  
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3.3.2.3  Vehicle damage factor (VDF) 

 The Vehicle Damage Factor (VDF) is a multiplier to convert the number of 

commercial vehicles of different axle loads and axle configurations into the number of 

repetitions of standard axle load of magnitude 80 kN. It is defined as equivalent number of 

standard axles per commercial vehicle. The VDF varies with the vehicle axle configuration 

and axle loading.  

 Since the VDF values in AASHTO Road Test for flexible and rigid pavement are not 

much different, for heavy duty pavements, the computed VDF values are assumed to be same 

for bituminous pavements with cemented and granular bases. The equations for computing 

equivalency factors for single, tandem and tridem axles are given below should be used for 

converting different axle load repetitions into equivalent standard axle load repetitions.  

 Single axle with single wheel on either side =

4

65

kNin  load Axle









  (3.1)

 

 Single axle with dual wheels on either side = 

4

80

kNin  load Axle









  (3.2)

 

 Tandem axle with dual wheels on either side = 

4

148

kNin  load Axle









  (3.3)

 

Tridem axles with dual wheels on either side = 

4

224

kNin  load Axle









  (3.4)

 

 Axle load survey should be carried out without any bias, for loaded or unloaded 

vehicles. On some sections, there may be significant difference in axle loading in two 

directions of traffic. In such situations VDF should be evaluated direction wise. VDF should 

be arrived at carefully by carrying out specific axle load survey on the existing roads.  

3.3.2.4 Distribution of commercial traffic over the carriageway  

 Distribution of commercial traffic in each direction and in each lane is required for 

determining the total equivalent standard axle load applications to be considered in the design 

[136]. In the absence of adequate and conclusive data, the following distribution may be 

assumed until more reliable data on placement of commercial vehicles on the carriageway 

lanes are available: 
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(i) Single-lane Roads 

Traffic tends to be more channelized on single-lane roads than two-lane roads and to 

allow for this concentration of wheel load repetitions, the design should be based on 

total number of commercial vehicles in both directions.  

(ii) Two-lane single carriageway roads  

The design should be based on 75 percent of the total number of commercial vehicles 

in both directions. If vehicle damage factor in one direction is higher then the traffic in 

the direction of higher VDF is recommended for design.  

(iii)Four-lane single carriageway roads  

The design should be based on 40 percent of the total number of commercial vehicles 

in both directions.  

(iv) Dual carriageway roads  

The design of dual two-lane carriageway roads should be based on 75 percent of the 

number of commercial vehicles in each direction. For dual three-lane carriageways and 

dual four lane-carriageways, the distribution factor will be 60 percent and 45 percent 

respectively.  

 Where there is no significant difference between traffic in each of the two directions, 

the design traffic for each direction may be assumed as half of the sum of traffic in both 

directions. Where significant difference between the two streams exists, pavement thickness in 

each direction can be different and designed accordingly.  

 For two way two lane roads, pavement thickness should be same for both the lanes 

even if VDF values are different in different directions and designed for higher VDF. For 

divided carriageways, each direction may have different thickness of pavementlayer if the axle 

load patterns are significantly different.  

 

 

3.3.2.5Subgrade 
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 The top 500 mm of subgrade should be well compacted to limit the scope of rutting in 

pavement due to additional densification during the service life of the pavement. Subgrade 

shall be compacted to a minimum of 97 percent of laboratory dry density achieved with heavy 

compaction as per IS:2720 (Part 8) for Expressways, National Highways, State Highways, 

Major District Roads and other heavily trafficked roads [73].  

 For high category roads, like Expressways, National Highways and State Highways, 

the material used for subgrade construction should have the dry density of not less than 1.75 

gm/cc.  

 For design, the subgrade strength is assessed in terms of the CBR of the subgrade soil 

in both fill and cut sections at the most critical moisture conditions likely to ocur in-situ. As a 

general practice, the worst field moisture is simulated by soaking the specimens in water for 

four days. 

 For determining the CBR value, the standard test procedure should be strictly adhered 

to. IS: 2720 (Part-16) “Methods of Test for Soils; Laboratory Determination of CBR” should 

be used. The test must always be performed on remoulded samples of soils in laboratory. 

Wherever possible the test specimens should be prepared by static compaction but if not so 

possible, dynamic method may be used as an alternative [74].  

3.3.2.6Pavement design catalogues 

 In IRC-37, different combinations of traffic and material properties have been 

considered for which pavement compositions have been suggested in the form of design charts 

presented in plates 1 and 2. The design thicknesses have been proposed in these plates. In 

present study,the combination of Granular Base and Granular Subbase has been used [60]. 

 As per IRC-37, the design thickness for different traffic and CBR value is given in Fig. 

3.3. 
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Fig. 3.3: Pavement Thickness Design Chart for Traffic 10-150 msa 

 

3.4 DESIGN CALCULATIONS OF FLEXIBLE PAVEMENTS USING IRC-37 

METHOD  

 In India, the design of flexible pavements isdone by IRC-37 method. The design 

thickness of flexible pavements depends on CBR values of soil subgrade. Lower the CBR 

value, higher the thickness of flexible pavement. The total pavement thicknesses with three 

cases of traffic volumeswith different CBR are given in following Table 3.2.   

Table 3.2: Total Design Thicknesses for Different Traffic for Different CBR 

Values  
 

Sl. No.  CBR value (percent) Total pavement thickness for traffic (mm) 

  5 msa 50 msa 150 mas 

1 2 795 925 975 

2 6 535 660 700 

3 10 475 585 625 

 

 From Table 3.2, it is evident that for the same CBR value, the total pavement thickness 

increases as the traffic increases. But from 50 msa traffic to 150 msa traffic the increase in 

total pavement thickness is very less.  
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 For experimentally obtained 6% CBR, traffic growth rate 7.5% and design life 15 

years, the following three cases have been considered for the design of two lane single 

carriage way flexible pavements.  

(i) For 200 heavy vehicles and vehicle damage factor (VDF) 3.5, the cumulative 

number of standard axles to be carried for two lane single carriage way during the 

design life is 5 msa.  

(ii) For 1550 heavy vehicles and VDF 4.5, the cumulative number of standard axles to 

be carried for two lane single carriage way during  the design life is 50 msa.  

(iii) For 4500 heavy vehicles and VDF 4.5,  the cumulative number of standard axles to 

be carried for two lane single carriage way during  the design life is 150 msa.  

The composition of design thicknesses for 5 msa, 50 msa and 150 msa traffic and for 

CBR 6% is given in Table 3.3. 

Table 3.3Composition of Design Thicknesses for 5 msa, 50 msa and 150 msa for 6% CBR 

Sl. 

No. 

Traffic 

msa 

Total pavement 

thickness  

(mm) 

Composition of Pavement Thickness  

Wearing 

course (mm) 

Binder 

course (mm) 

Base  

(mm) 

Sub-base 

(mm) 

1 5 535 SDBC = 25 DBM = 50 WMM = 250 GSB = 210 

2 50 660 BC = 40 DBM = 110 WMM = 250 GSB = 260 

3 150 700 BC = 50 DBM = 140 WMM = 250 GSB = 260 

 

 As the numbers of heavy vehicle increase, the cumulative numbers of standard axles to 

be carried during design life will exceed the limit of 150 msa. Considering the case 6000 

heavy vehicles and VDF 4.5 for two lane single carriage way, the cumulative numbers of 

standard axles come out as 193 msa for design period 15 years, traffic growth rate 7.5%. For 

6000 heavy vehicles, CBR 6%, traffic growth rate 7.5% and vehicle damage factor (VDF) 4.5, 

the composition of flexible pavements thicknesses for different design periods 5, 10 and 13 

years are given in the following Table 3.4.  
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Table 3.4: The Design of Flexible Pavement for 6000 Heavy Vehicles and 6% CBR for 

Different Design Life 

Sl. 

No. 

Design 

Life 

Traffic 

msa 

Composition of pavement thicknesses  

Wearing 

course 

(mm) 

Binder 

course 

(mm) 

Base 

(mm) 

Sub base 

(mm) 

Total 

pavement 

thickness 

(mm) 

1 5 43 40 108 250 260 658 

2 10 105 50 127 250 260 687 

3 13 150 50 140 250 260 700 

 

 From the above Table 3.4, it is clear that for 6000 heavy vehicles, as the design life 13 

years is attained, the maximum numbers of cumulative standard axles i.e. 150 msa the 

maximum limit prescribed by IRC-37 is achieved. If the same flexible pavement thickness is 

used for 15 years design period, for which cumulative numbers of standard axles is 193 msa, 

which exceeds 150 msa, in such case the pavement will fail earlier and require early 

rehabilitation. IRC - 37 does not recommend design thickness beyond 150 msa.  

 In such case, the options are either the design period should be reduced to 

corresponding to 150 msa traffic or design curves for more than 150 msa traffic should be 

developed.  

3.5 FACTORS GOVERNING THE DESIGN OF RIGID PAVEMENTS 

 The main design parameters which govern the design of concrete pavements are 

design period, design commercial traffic volume, composition of commercial traffic in terms 

of single, tandem, tridem and multi-axles, axle load spectrum, tyre pressure of commercial 

vehicles, lateral placement characteristics of commercial vehicles, directional distribution of 

commercial vehicles, composition and strength of foundation and climatic considerations [62, 

63].  

3.5.1 Axle Load Characteristics and Tyre Pressure  

 Legal axle load limits in India are 10.2 tonnes (100 kN) for single axle, 19 tonnes (186 

kN) for tandem, and 24 tonnes (235 kN) for tridem axles. But the actual axle loads operating 



57 
 

on highways in India are much higher than the prescribed limits due to lack of enforcement of 

laws. It is essential to collect the data of axle load spectrum of commercial vehicles i.e. single, 

tandem and tridem axles in each direction during the design period. Minimum percentage of 

commercial vehicles to be weighed should be 10 percent for volume of commercial vehicles 

per day (CVPD) exceeding 6000, 15 percent for CVPD for 3000 to 6000 and 20 percent for 

CVPD less than 3000. Axle load survey should be conducted for a continuously 48 hour 

period. To avoid biasness, the vehicles surveyed should be randomly selected. If the spacing 

of the consecutive axles is more than 2.4 m, each axle may be considered as a single axle.  

 Generally, tyre inflation pressure of heavy commercial vehicles may range from about 

0.7 MPa to 1.0 MPa. It has been noticed that for the slabs of thickness 200 mm or more, the 

variation in tyre inflation pressure has little effect on flexural stress in pavement slabs.  

3.5.2 Design Period  

 Generally cement concrete roads are designed for a life span of 30 years or more. 

However, the design engineer should use his judgment about design period taking into various 

considerations such as uncertainty of traffic growth rate, traffic volume, the capacity of roads 

and the possibility of augmentation of capacity by widening.  

3.5.3 Design Traffic  

 The lane carrying the maximum number of heavy commercial vehicles is termed as 

design lane. Each lane of a two-way two-lane highway and the outer lane of multi-lane 

highways are generally considered as design lanes.  

 Assessment of average traffic should normally be based on seven days 24-hour count 

made in accordance with IRC: 9 “Traffic Census on Non-Urban Roads” [64]. The actual value 

of growth rate ‘r’ of heavy commercial vehicles should be determined. However, if actual data 

is not available an average annual growth rate of 7.5% may be adopted. The wheels of 

commercial vehicles travelling along the edge or tangentially of the outer lane, cause critical 

stress condition. A very low percentage of vehicles meet this condition for both two-way two-

lane and four-lane divided highways. As per some research, 25 percent of the total two-lane 

two-way commercial vehicles are considered as design traffic. For four-lane and multi-lane 
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divided highways, 25 percent of the total traffic in the predominant direction is considered as 

design traffic. In case of new highway, where no traffic data is available, data from roads of 

similar classification and importance may be used to predict the design traffic. The above 

mentioned percentage of design traffic is very conservative estimate. Portland Cement 

Association considers only 6% of the traffic for thickness design. The cumulative number of 

repetitions of axles during the design period may be computed from the following formula:  

 F x DA x 
r

}1r)  {(1 x  365
  N

n




       (3.5)
  

Where, 

 N = cumulative number of axles during the design period  

 A = initial number of axles per day in the year when the road is operational  

 r = annual rate of growth of commercial traffic  

 n = design period in years 

 D = lane distribution factor 

 F = vehicle damage factor (VDF). 

 

3.5.4   Temperature Considerations  

3.5.4.1 Westergaard’s concept for temperature stresses  

 Temperature stresses are developed in cement concrete pavements due to variation in 

slab temperature. The variation in temperature across the depth of slab is caused by daily 

variation, which produces warping stresses whereas frictional stresses are caused by an overall 

increase or decrease in slab temperature is caused by seasonal variation in temperature.  

Thus due to variation in temperature, two types of stresses are developed:  

(1) Warping Stresses  

(2) Frictional Stresses  
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3.5.4.1.1 Warping stresses 

 Whenever the top and bottom surfaces of a concrete pavement simultaneously posses 

different temperatures, the slab tend to warp downwards or upwards inducing warping 

stresses. Warping stresses are caused due to variation in daily temperature.  

 If surface temperature is t1 degree and the bottom temperature is t2degree, the 

difference of temperature between top and bottom surfaces is equal to (t1 – t2) = t degrees.  

 Assuming straight line variations of temperature across the pavement depth, the 

average temperature of the slab would be (t1 + t2) / 2.  

 If the slab has no restraint, then unit elongation of the top fibres and also unit 

contraction of the bottom fibres due to relative temperature condition, each would be equal to 

Eet/2, where ‘e’ is the thermal coefficient of concrete. Westergaard worked out the stresses, 

due to warping of concrete slab. Later, introducing the effect of poison’sratio,Bradberry 

developed a chart to find out the warping stresses at critical locations i.e.Edge,Corner and 

Centre [92].  

3.5.4.1.2 Frictional stresses 

 Due to uniform temperature rise and fall in the cement concrete slab, there is an 

overall expansion and contraction of the slab. Since the slab is in contact with the soil sub-

grade or sub-base, the slab movements are restrained due to the friction between the bottom 

layer of pavement and soil layer. This frictional resistance therefore tends to prevent the 

movements, thereby, inducing the frictional stress in bottom fibres of the cement concrete 

pavement. Stresses in the slabs, resulting due to this phenomenon, vary with slab length. In 

short slab, stresses induced due to this is negligibly small whereas in long slabs, which would 

undergo movements of more than 0.15 cm, the higher amount of frictional stresses are 

developed.  

 IRC guidelines use Bradbury’s equations which are based on assumptions such as (i) 

linear temperature variation through the depth of slab (ii) slab resting on winkler foundation 

(iii) full contact between the pavement slab and the subgrade.  

 The difference of temperature between top and bottom fibres of concrete pavements 

causes the concrete slab to curl, giving rise to stresses. The temperature differential is a 
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function of solar radiation received by the pavement surface, wind velocity, thermal 

diffusivity of concrete, latitude, longitude and elevation of the place and is thus affected by the 

geographical features of the pavement location. As far as possible, values of actually 

anticipated temperature differentials at the location of the pavement should be adopted for 

pavement design. In the absence of any local data, the maximum temperature differential 

values given in IRC-58-2012 may be adopted for pavement design.  

3.5.4.2 Thomlinson’s temperature stress analysis 

 J. Thomlison in 1940 provided an analytical approach for temperature stress 

computations. From actual measurement of temperature in cement concrete pavements using 

thermocouples, it has been observed that the temperature gradient across the slab thickness is 

curvilinear as against the assumption of straight line variation by Westergaard. 

Thomlinsondeveloped an analysis which yields results closer to the experimental data and 

lower than Westergaard’s equations [33, 34, 120, and 165].  

3.6 CHARACTERISTICS OF SUBGRADE AND SUBBASE  

3.6.1 Subgrade  

 The main function of the subgrade is to provide adequate support to the pavement 

from beneath. For this, the subgrade should possess sufficient stability under adverse climate 

and loading conditions. The formation of waves, corrugations, rutting and showing in black 

top pavements and the phenomenon of pumping, blowing and consequent cracking of cement 

concrete pavements are generally attributed due to the poor subgrade conditions. Therefore, 

soil should possess adequate stability or resistance to permanent deformation under loads and 

should possess resistance to weathering, thus retaining the desired subgrade support. 

Minimum variation in volume will ensure minimum variation in differential expansion and 

strength values. Good drainage is essential to avoid excessive moisture retention and to 

reducethe potential frost action. Ease of compaction ensures higher dry density and strength 

under particular type and amount of compaction [92].  

 The strength of subgrade is expressed in terms of modulus of subgrade reaction K, 

which is defined as pressure per unit deflection of the foundation as determined by Plate 

Bearing Test. The deflection level is taken 0.125 cm. If p is the pressure sustained in kg/cm2by 
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the rigid plate of diameter 75 cm at a deflection ( ) = 0.125 cm, the modulus of subgrade 

reaction ‘K’ is given by  

 
3cm / kg 

0.125

P

Δ

P
K         (3.6) 

3.6.2 Subbase 

The main purpose of the subbase is to provide a uniform, stable and permanent support 

to the concrete slab laid over it. It must have sufficient strength so that it is not subjected to 

disintegration and erosion under heavy traffic and adverse environmental conditions such as 

excessive moisture, freezing and thawing. Therefore, to meet these requirements, subbase of 

Dry Lean Concrete (DLC) having 7days average compressive strength of 10 MPa should be 

used. This should be determined as per IRC-SP: 49. Minimum recommended thickness of 

DLC for major highways is 150 mm [62, 63].  

3.7 CHARACTERISTICS OF CONCRETE   

3.7.1  Design Strength  

 Concrete pavement design is based on flexural strength, since concrete pavements fail 

due to bending stress. For the pavement construction, the concrete mix should be designed as 

per the specified flexural strength.Flexural strength should be determined by modulus of 

rupture test under third point loading. The test should be conducted as per IS: 516 [77].  

 Alternatively, the flexural strength can be derived from the characteristic compressive 

strength of concrete as per IS: 456-2000 using the following relationship:  

   f 0.7  F ckcr          (3.7)
 

 Fcr = flexural strength (modulus of rupture),MPa. 

 fck = characteristic compressive strength of concrete, MPa.  

 The Elastic Modulus (E) increases with increase in strength and Poisson’s Ratio (µ) 

decreases with increase in modulus of elasticity. These values should be determined 
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experimentally since these depend on concrete mix. A 25 percent variation in E and µ values 

does not have any significant effect on the flexural stresses in the concrete pavement.  

As per IS: 456-2000, the modulus of elasticity is determined by the following relation: 

   f 5000  E ck
        (3.8) 

E   = short term static modulus of elasticity in N/mm2 

fck = characteristic compressive strength in MPa.  

3.7.2  Fatigue Behavior of Cement Concrete  

 Due to repeated applications of flexural stresses by the traffic loads, the progressive 

fatigue damage take place due to development of micro-cracks especially when ratio between 

the applied flexural stress and the flexural strength of concrete is high. This ratio is termed as 

stress ratio (SR). If the SR is less than 0.45, the concrete is expected to sustain infinite number 

of repetitions. As the stress ratio increases the number of load repetitions required to cause 

cracking decreases. The relation between fatigue life (N)and stress ratio (SR) is given as  

 

 N = unlimited for SR < 0.45                                                                     (3.9)   

 0.55    SR   0.45hen           w
0.4325SR

4.2577
   N

3.268













   (3.10)

 

 0.55   SRfor         
0828.0

SR - 0.9718
  Nlog   10 

     (3.11) 

 

Use of fatigue criteria is made on the basis of Miner’s hypothesis. Fatigue resistance not 

consumed by repetitions of one load is available for repetitions of other loads.  

3.8 DIFFERENT THEORIES FOR THE ANALYSIS OF STRESSES IN RIGID 

PAVEMENTS 

 Westergaards formulae is being used for the analysis and design of cement concrete 

pavements, wherein the foundation is Winkler type [182, 183] or the stress analysis advanced 

by Westergaard, Picket, Hall and Hogg [54, 56 , 125 ], in which subgrade is treated as elastic 

continum. The design based on elastic theory, is based on working stresses [27, 28, 29], 
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Mayerhof’s and Ghosh’s [48, 101] analysis is based on ultimate strength or yield line theory. 

The stresses in rigid pavements are very close to the flexural strength, therefore Ghosh 

suggested that rigid pavement should be designed based on breaking load reduced by a 

suitable load factor. In India, highway pavements are designed in accordance with IRC-58 

ʻGuideLines for the Design of Plain Jointed Rigid Pavements for Highways’. The load 

stresses in critical edge region may be obtained as per Westergaard analysis, modified by 

Teller and Sutherland [161, 162]. The load stresses in the corner region may be obtained as 

per Westergaard’s analysis, modified by Kelly [89].  

 Cement concrete pavements represent the group of rigid pavement. There are many 

theories for the analysis of stresses in rigid pavements. Some of these are:  

(i) Westergaard’s Analysis 

(ii) Mayerhof’sAnalysis 

(iii)Ghosh’sAnalysis 

(iv) IRC-58 Method.  

Pavement could be designed more rationally by using analytical method like Finite Element 

Method (FEM).  

3.8.1 Westergaard’s Analysis 

 Load carrying capacity of cement concrete pavements is due to high rigidity and high 

modulus of elasticity of concrete slab i.e. slabaction. In 1926, H.M. Westergaard provided the 

rational formulae for calculations of stresses in concrete pavements. Westergaard used 

classical bending theory for the analysis of stresses. The following assumptions are made in 

the analysis:  

(i)  Concrete slab is thin elastic plate of uniform thickness.  

(ii) Subgrade soil is like an elastic dense liquid and upward reaction is proportional to the 

deflection. 

(iii)The wheel load is uniformly distributed over a circular contact area.  

(iv) The slab is fully in contact with subgrade. 

(v) The load at the edge of the slab is distributed uniformly over semi-circular contact 

area, the diameter of semi-circle being along the edge of slab.  
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3.8.1.1 Modulus of subgrade reaction (K) 

 Since subgrade is elastic dense liquid, the vertical upward reaction (p) is proportional 

to the deflection (). 

           P = K∆   where K is modulus of subgrade reaction. 

 



p

 K 
      

 

Where ∆ = 0.125 cm  

 p = pressure sustained in kg/cm2 by the rigid plate of diameter 75 cm.  

 
3cm

Kg
  

125.0

p
 K 

        (3.12)
 

 

3.8.1.2 Relativestiffness of slab to subgrade (l)  

 Deflection of the slab depends upon the stiffness or pressure deformation properties of 

the subgrade material and also its flexural strength. The resultant deflection of the slab is a 

direct measure of subgrade pressure. The pressure deformation characteristics of rigid 

pavement are thus a function of relative stiffness of slab to that of subgrade. Westergaard 

defined this term as radius of relative stiffness ( l ):  

 

4/1

2

3

)μ - (112K 
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  








l         (3.13) 

Where, 

 l  = radius of relative stiffness, cm  

 E = modulus of elasticity of cement concrete, kg/cm2 

 µ = poisson’s ratio for concrete  

 h = slab thickness in cm. 

 K = subgrade modulus or modulus of subgrade reaction, kg/cm3. 

3.8.1.3 Critical load condition  

 Since pavement slab has finite length and width, the maximum stress induced by the 

application of load is dependent on the location on pavement surface. Three critical loading 

locations are interior, edge and corner. At these locations different conditions of slab 

continuity exist.  
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3.8.1.4 Equivalent radius of resisting section  

 According to Westergaard, the equivalent radius of resisting section is approximated in 

terms of radius of load distribution and slab thickness, 

 𝑏 =  √1.6 𝑎2 + ℎ2 - 0.675 h       (3.14) 

 

b = equivalent radius of resisting section, cm, when a < 1.724 h. 

a = radius of wheel load distribution, cm  

h = slab thickness, cm  

when a > 1.724 h, then b = a. 

 

3.8.1.5   Westergaard’s stress analysis for wheel loads  

 The critical stresses Si, Se and Sc at interior, edge and corner region of cement concrete 

pavement slab are given as 

 
2i

h

P 0.316
  S  [4 log10 ( l /b) + 1.069]      (3.15) 
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       (3.17) 

Si,Se, Sc = maximum stress at interior, edge and corner loading respectively,  

  kg/cm2 

h  = slab thickness, cm  

P  = wheel load, kg  

a  = radius of wheel load distribution, cm  

l  = radius of relative stiffness, cm  

b  = radius of resisting section, cm. 
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3.8.2 Mayerhof’s Theory  

 Rankine yield condition is being used by Mayerhof to evaluate the ultimate load 

carrying capacity of rigid pavement slabs for centre, edge and corner positions. According to 

Mayerhof, as the load increases, the flexural stress directly below the point of loading 

increases and become equal to the flexural strength of concrete used for casting the slab. The 

slab begins to yield, leading to the formation of radial tensile cracks in the bottom of the slab 

and with an increasing load the radial cracks increase in length until the flexural stress at the 

top of the slab becomes equal to the flexural strength of concrete mass, which is known as the 

Rankine yield condition at this stage. A circumferential crack appears on the slab surface and 

the slab fails completely under breaking load. The following equations are used to evaluate the 

collapse loads at different positions. 

3.8.2.1 Centralloading  
  

 

Collapse loads are computed from the following equations: 

 oo M 2π  = P for a = 0         (3.18) 
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l        (3.19)

 

 Po= ultimate load in kg  

 Mo = maximum elastic or yield moment of resistance of slab per unit length  

       = b
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 l = radius of relative stiffness  
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 b  = flexural strength of concrete, kg / cm2 

 h    = thickness of slab, cm 

 a    = the contact radius, cm 

 E = modulus of elasticity of concrete, kg/cm2 

    = poisson’s ratio of concrete 

 K   = modulus of subgrade reaction, kg/cm3 
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3.8.2.2 Edgeloading  

 Collapse loads are computed from the following equations 

 oo M  
2

π
  2  P 







   for a = 0     (3.20) 
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 All notations are having the same meaning as in central loading. 
 

3.8.2.3 Cornerloading  

 Collapse load are computed from the following equations:  
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l

l        (3.22)

 

 Po = 2 Mo      for a = 0 

 All notations are having the same meaning as in central loading.  

 

3.8.3 Ghosh’s Analysis 

 Ghoshand Dinkaran(1970) presented analysis to determine the breaking load of 

pavement slab taking the effect of both load (centrally placed) and temperature independently 

and assuming transverse yield line under the load to devote the failure. Here the effect of 

temperature is not considered. Effect of wheel load is calculatedonly.  

 

 According to Ghoshand Dinkaran(1970)  the yield line of slab at breaking under wheel 

load may be predicted by considering that as the slab passes strength beyond the elastic limit, 

an elasto-plastic region is formed and the rigidity of slab changes resulting in redistribution of 

the foundation reaction and the moment set-up in the slab. For the slab of large dimensions 

subjected to a concentrated load, the failure is most probably through formation of a circular 

and cone like plastic hinge. In case of slabs of limited width, as are normally used in 

pavement, the yield is more likely to occur along a line hinge over the width of the slab. The 

assumption of a line plastic hinge ratherthan a circular one at breaking load appears to be 
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more rational. This is also borne out from field experience; structural cracks near the centre or 

edge of slab are mostly in the transverse direction (i.e. along the width of the slab).  

 

 The breaking load is calculated from the following equation 
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a
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

         (3.23)

 

 Po = breaking load,kg 

 a = radius of the equivalent circle of the load contact, cm 

 Mo = maximum elastic or yield moment of resistance of the slab per unit  

 length, kg-cm 

 =      
6

h
b

2

  

 b= flexural strength of concrete (kg / cm2). 

3.8.4 IRC-58 Method 

 The stresses for critical positions i.e. for edge position and corner position are obtained 

as below:  

3.8.4.1 For edge position  

 The stresses may be obtained as per Weteraard analysis modified by Teller and 

Sutherland from the following equation. 
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where

 

 

e  = load stress in edge region, kg/cm2 

 P = design wheel load, kg  

  = half of single axle load.  

  = one-fourth of the tandem axle load. 

 h = pavement thickness, cm  

   = poisson’s ratio for concrete. 

 K = modulus of subgrade reaction, kg/cm3 
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 l  = radius of relative stiffness in cm  

 b = radius of equivalent resisting section, cm  

 a = radius of load contact area, assumed circular, cm. 

3.8.4.2 For Corner position 

 Stress may be obtained by Wetergaard’s analysis, modified by Kelly from the 

following equation:  
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Where 

Sc = stress in corner region, other notations remaining the same as in the case of  

edge load stress formula, kg/cm2 

P = wheel load in kg  

a = radius of equivalent circular contact area in cm. 

The temperature stress in corner region is negligible, as the corners are relatively free to warp 

and, therefore, may be ignored.  

3.8.5 Finite Element Method (FEM) Analysis  

 Engineers, Physicists and Mathematicians have developed finite element method 

independently. In 1943 Courant made an effort to use piecewise continuous functions defined 

over triangular domain.  

 After that it took nearly a decade to use this distribution idea. In fifties renewed 

interest in this field was shown by various researchers. They introduced the concept of 

applying energy principles to the formation of structural analysis problem in 1960. In the same 

year Clough introduced the word ‘Finite Element Method. [21]. 

This is a numerical technique. This analysis gives approximate results. The problem 

having varying shapes, boundary conditions and complex loading conditions could be solved 
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rationally. Due to slash in cost of computer, these techniques becoming more popular, being 

the computerbasic need for this techniques.  

The methods discussed so far are being used in the analysis of rigid pavements. To 

simplify the analysis, these methods are based on some assumptions and restrictions. These 

methods are not applicable under all circumstances. Basic need of structural design of rigid 

pavement is that no parts of pavement should be over stressed under the traffic load. For this, 

there is need of analysis for stresses, deflections and strains for the layered pavement systems 

having different characteristic properties of materials in the layers under complex loading and 

varying boundary conditions. To solve such problem with actual boundary conditions, 

material characteristics such as modulus of elasticity, poisson’s ratio, the finite element is a 

powerful technique. In the present study ABAQUS, finite element software, has been used to 

find out stresses, strains and deflections for edge position. While the finite element analysis 

can also be used for central, corner and with discontinuities like joints and cracks for the 

analysis of stresses, strains and deflections. During the analysis, the foundation has been 

assumed elastic. A3-D finite element analysis for edge position has been done for concrete 

pavement [40]. 

The general procedure for obtaining the critical stresses are as: 

1. The global nodal displacements {}G are obtained by solving the governing equations. 

[K] is the global stiffness matrix. The global nodal force vector is {F}. 

  [K] {}G = {F}       (3.26) 

2. The local element displacement vector {}e can be selected from {}G. The 

displacement [U] at any point in the element can be determined by assumed shape 

function [N]. 
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  [U] = [N]{}e        (3.27) 

3. Strains [] are calculated by the linear geometrical equations in the theory of elasticity.  

  

}{  [B]   ][           (3.28) 

[B] is the strain displacement matrix.  

4. Stresses []are calculated by Hooks law. [D] is the stress-strain matrix.  

 

}{  [D]   ][          (3.29) 

3.8.5.1  Shape functions of the 3-D eight linear noded brick element  

3-D Eight nodedlinear brick element and its local coordinates are shown in Figure-3.4. 

Whole pavement system i.e. pavement and soil has been divided into many such elements. 

These shape functions represent the variation of deflections within an element. Discritisation 

of the pavement model is shown in Figures  3.5 to 3.7.  

 

 

Fig. 3.43-D Eight Noded Linear Brick Element 
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In general  

c

z
   ; 

b

y
   ; 

a

x
    andthe natural coordinate range from [-1, 1] for the element.  

 The stiffness matrix [K]e of the element with respect to nodal displacement {} is 

evaluated from the principle of virtual work by equalizing the internal virtual work done to the 

external work associated with the virtual displacements.  

 [K]e = vol [B]T [D] [B].dv       (3.38) 

The stiffness matrix [K]e is evaluated by numerical integration with the help of Gaussian 

Quadrature formula.  

3.9 PROBLEM FORMULATION 

The accuracy of FEM analysis depends on the selection of element and discritisation 

of the structure. As the number of nodes and order of element increases, the accuracy of 
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results increases. The same is true, if finer discritisation of the structure is done. For the 

present analysis, 3-D eight noded linear brick element has been considered for the analysis. A 

quadratic brick elements i.e. twentynoded has also been tried but the results obtained are 

approximately same as that for eightnoded linear brick element. This was verified by analysis 

done for 100 kN load at edge position. At 100 kN load, the deflection was 4.13 mm by 

twentynoded quadratic brick element as compared to the deflection 4.10 mm obtaionedby 

considering eight noded linear brick element. Also, the computation time was also high for 20 

noded quadratic brick element. Therefore, it was decided to carry out analysis considering 

eight noded linear brick element.  

Amrit Singh (1976) has shown in his analysis that effect of load in vertical direction 

i.e. depth wise beyond the eight times of the radius of loaded area is negligible and in the 

horizontal direction beyond four times the radius of loaded area is negligible. This criteria of 

analysis has also been used by Vasan, goyal and Kacharoo [52, 83, 177]. On this basis, the 

depth of soil is taken as 2.0 m and horizontal length 6.0 m, which are more than the above 

mentioned criteria. The model is shown in Figures 3.5 to 3.7. During the analysis by FEM, the 

half of the slab, line passing through the centre of test plate has been considered due to 

symmetry. This lead to significant reduction of computation time. 

By using FEM analysis, the performance of HSHPC pavements of any  thicknesses 

can be carried out. 
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Fig. 3.5Discritisation of the Slab - 3-D Eight Noded Linear Brick Element  

 

 

Fig. 3.6Discritisation of the Soil - 3-D Eight Noded Linear Brick Element  
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Fig. 3.7Discritisation of the Slab and Soil Together - 3-D Eight Noded Linear Brick 

Element   

 

3.10 FACTOR OF SAFETY (F.O.S)  

 According to Mayerhof, the collapse load under central loading condition for large 

plain concrete slab is roughly twice the load at which yielding begins or first crack is formed. 

For edge load also, the collapse load is roughly twice the corresponding yield load and is 

somewhat greater than one half of that of a central loading condition. For corner loading 

condition, the collapse load is of the same order as the yield load. The collapse load is 

somewhat greater than one quarter of that of a centrally loaded large slab and somewhat 

greater than one half of that of an edge loaded slab. 

 It is applied to the nominal flexural strength to avoid cracking. Factor of safety (FOS) 

is determined by dividing the modulus of rupture by a working stress at designed wheel load. 

It generally varies between 1.3 to 2.0 for the theoretical yield load depending upon the design 

methods. The FOS is low for the structures designed on the basis of limit state of 
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serviceability and is high for the structures designed on the basis of Limit State of Collapse. 

According to Frank, the safety factor applied to the collapse load should be greater than that 

applied to yield load and suggested a value of 2 to 3. Concrete pavement designed on the basis 

of IRC-58 orWestergaard method, a factor of safety of the order of 1.1 to 1.2 is adequate.  

3.11 SUMMARY  

 In this chapter, various theories for the design of flexible pavements and rigid 

pavements have been discussed. Design factors for flexible and rigid pavements have also 

been discussed. There are various methods for design of flexible pavements, but IRC-37 

methods have been described in detail. Using existing IRC-37 method, the design of flexible 

pavements have been done for heavy vehicles. To design HSHPC pavements, the methods for 

design of rigid pavement, Westergaard analysis, Mayerhof analysis, Ghosh analysis and IRC-

58 method have been described. Analytical method i.e. Finite Element Method (FEM) has 

also been described. Formulation of the problem has also been discussed.  

 On the basis of these theories for the design of flexible and HSHPC pavements, the 

various experiments have been planned, which has been discussed in Chapter-4.
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CHAPTER – 4 

EXPERIMENTAL PROGRAMME 

 

 

4.1 GENERAL 

 The present experimental study on high strength high performance concrete (HSHPC) 

pavement has been carried out with the objective whether the existing theoretical methods of 

analysis could be used or there is need to develop a suitable design approach for the analysis 

of stresses and deflections in HSHPC pavements. 

 To date there is no information regarding the structural behavior of HSHPC pavements 

under different loading positions i.e. central, edge and corner loading. Various researchers 

through their investigations have established that the load carrying capacity, the flexural 

strength, the flexural impact and the toughness and the fatigue properties of HSHPC are much 

superior to the normal strength concrete. Also the crack arrest property of HSHPC is much 

superior to the normal strength concrete. All these properties are of much significant for the 

rigid pavements. It is, therefore, important to investigate the load carrying capacity of HSHPC 

pavement, their cracking behavior and crack patterns. Therefore, following test programme 

had been planned to evaluate the different properties of materials in the design of pavements 

and the structural behaviour of HSHPC pavements: 

(1) Laboratory testing of materials to be used in high strength high performance concrete 

mix design. 
 

(2) Design of high strength high performance concrete mix of grade M60 using fly ash. 

(3) Laboratory testing for the evaluation of strength characteristics of high strength high 

performance concrete mix i.e. compressive strength, flexural strength and modulus of 

elasticity. 

(4) Plate load test on soil subgrade for the evaluation of modulus of subgrade reaction. 

(5) Laying of different thicknesses of high strength high performance concrete (HSHPC) 

pavements in pavement testing hall for testing under different loading positions. 
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4.2 MATERIALS  

 The characteristics of the different materials used in the present investigations i.e. 

cement, coarse aggregate, fine aggregate, water, fly ash and super plasticizer are as follows:  

4.2.1 Coarse Aggregate  

 Locally available crushed stone coarse aggregate of maximum size 20 mm confirming 

to IS: 383-1970 was used. The gradation of coarse aggregate used and other properties are 

given in Table 4.1. The fineness modulus of coarse aggregate in the study was 6.7 [72, 75].  

Table 4.1: Grading and other Physical Properties of Coarse Aggregate 

1.   Sieve Analysis  

IS.   Sieve Size Weight retained 

in gm. 

Percentage 

weight retained 

Cumulative 

percentage 

weight retained 

Percentage 

passing 

20 mm 126 2.52 2.52 97.48 

10 mm 3224 64.48 67.00 23.00 

4.75 mm 1572 31.44 98.44 1.56 

2.36 mm 78 1.56 100.00 0 

1.18 mm 0 0 100.00 0 

600 µ 0 0 100.00 0 

300 µ 0 0 100.00 0 

150 µ 0 0 100.00 0 

Total   667.96 - 

        Fineness Modulus 6.70 

2.     Specific Gravity 2.656 

3.     Aggregate crushing value in % 10.81 

4.     Soundness Test  in Na2SO4 saturated solution  Negligible loss of weight 

5.     Water absorption in % 0.20 

6.     Unit weight in kg/m3 1631.72 

 

 



79 
 

4.2.2 Fine Aggregate  

 Locally available fine aggregate confirming to IS: 383-1970 was used. The fineness 

modulus of the aggregate in the study used was 2.89. The gradation of the aggregate and other 

properties are given in Table 4.2 [75]. 

Table 4.2: Grading and other Physical Properties of Coarse Sand 

1.    Sieve Analysis 

IS Sieve Size 

 

Weight 

retained in 

gm. 

Percentage 

weight retained 

Cumulative 

percentage 

weight retained 

Percentage 

passing  

4.75 mm 310 15.50 15.50 84.50 

2.36 mm 106 5.30 20.80 79.20 

1.18 mm 199 9.95 30.75 69.25 

600 µ 228 11.40 42.15 57.85 

300 µ 841 42.05 84.20 15.80 

150 µ 226 11.30 95.50 4.50 

Total   288.90 - 

     Fineness Modulus 2.89 

2.   Specific Gravity 2.69 

3.   Moisture content in % 2.30 

4.   Unit weight in kg/m3 1834.24  

 

4.2.3 Cement  

 Ordinary Portland Cement, Grade-43, confirming to IS: 8112-1989 was used 

throughout the investigations. The cement used in the experiment has the following properties 

as given in Table 4.3 [68]. 
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          Table 4.3: Tests for Physical Properties of Cement 

Type and Brand - OPC- 43 Grade, Jay Pee Cement 

Colour of Cement- Grey 

Sl. No. Name of tests Test Results Specified as per IS : 8112-1989 

1. Standard Consistency 

percentage mixing water by 

weight of cement  

 

30 

 

30% 

2. Fineness  

specific surface by blain’s air 

permeability method (M2/kg) 

 

290 

 

Not less than 225 M2/kg 

3. Soundness  

Expansion by Le-Chatelier 

method (mm) 

 

1.0  

 

Not more than 10 mm 

4. Specific Gravity 3.15 3.15 

5. Setting Time (minutes)   

 (a) Initial 65 Not less than 30 minutes 

 (b) Final 158 Not more than 600 minutes 

6. Compressive Strength (MPa)   

 (a)  72 ± 1 hour (3 days) 28.3 Not less than 23 MPa 

 (b) 168 ± 2 hour (7 days) 35.5 Not less than 33 MPa 

 (c) 672 ± 4 hour (28 days) 43.8 Not less than 43 MPa 

 

4.2.4 Fly Ash 

  Fly ash is the finely divided residue that results from the combustion of pulverized 

coal and is transported from the combustion chamber by exhaust gases.  

India has ninety six coal based thermal power stations producing in excess of 100 

million tones of fly ash annually. Generally, the fly ash produced at all the   thermal power 

stations is of low calcium fly ash with calcium content less than 5% in most of the cases. For 

the present study, fly ash was procured from Delhi region (Dadri), the nearest thermal power 
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station. The calcium content of the fly ash was found to be 0.49% only. The physical and 

chemical properties are given in Table 4.4 [67]. 

Table 4.4: Properties of Fly Ash 

Sl. No. Properties  Values 

1. Fineness, cm2/gm 3500 

2. Specific gravity 2.24 

3. Percentage coarser than 45 µm 5.60 

4. Average particle size, µm 10.10 

5. Silicon dioxide, SiO2, percent by mass 57.50 

6. Al2O3 + Fe2O3, percent by mass 33.50 

7 Loss on ignition, percent by mass 0.57 

 

4.2.5 Super Plasticizer 

 Super plasticizer used in this study was Sikament-170. It is modified naphthalene 

formaldehyde sulphonate type. It is dark in brown and specific gravity is around 1.16 to 1.20. 

It complies with IS: 9103, ASTMC 494 Type-F and BS: 5075 Part-3.  

4.2.6 Water 

 Water used for mixing and curing should be free from injurious and deleterious 

materials. Throughout the investigations potable water was used.  

4.3 DESIGN OF HIGH STRENGTH HIGH PERFORMANCE CONCRETE MIX 

 Mix design can be defined as the process of selecting suitable ingredients of concrete 

and determining their relative proportions with the objective of producing concrete of certain 

minimum strength and durability as economically as possible. The purpose of designing mix 

is two-fold. The first objective is to achieve the stipulated minimum strength and durability. 

The second objective is to make the concrete in the most economical manner. Since main cost 

governing material is cement, therefore, much attention is given to the use of cement as little 

as possible consistent with strength and durability.  
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 Concrete is generally classified as Normal Strength Concrete (NSC), High Strength 

Concrete (HSC) and Ultra High Strength Concrete (UHSC). Indian Standard recommends that 

concrete having strength 60 MPa or more are high strength concrete [147]. 

Typically, these mixtures are composed of high cement content viz. 450-500 kg/m3 

Portland or blended Port land cement containing relatively small amount of silica fume and fly 

ash or slag, a low water/cement ratio of the order of 0.3 (with the help of super plasticizer 

admixture) and an air entraining agent when it is necessary to protect the concrete from cycles 

of freezing and thawing [134]. 

 According to Aitcin (1993) et al., high strength concrete differs from normal strength 

concrete in that it invariably contains a high range water reducer (or super plasticizer), while 

normal strength concrete contains it only sometimes. All the other basic ingredients are the 

same namely, Portland cement, aggregate, water and admixture. As far as other ingredients are 

concerned such as retarders, fly ash, blast furnace slag and silica fume, they may or may not 

be present in either type of concrete [12]. 

 From the above statement, it is evident that ingredients are same for production of high 

strength concrete as that for production of normal strength concrete except that quality of 

materials being used for production of high strength concrete should be high. Therefore, there 

is need of great skill in selection of ingredients. To achieve high strength concretes, optimum 

proportions must be selected, considering the cement and fly ash characteristics, aggregate 

quality, admixture type and dosage rate and mixing [5,6,7,61,71,78,96,187]. 

4.3.1 Coarse Aggregate 

 Since aggregates occupy largest volume in the concrete and affect the strength and 

other properties, therefore in selection of aggregate need special attention. The important 

parameters of coarse aggregate shape, texture and maximum size affect the performance of 

concrete to great extent. Generally, aggregate strength is stronger than paste, therefore it is not 

a major factor for normal strength concrete. But in case of high strength concrete, the strength 

of aggregate and bond between paste and aggregate are of great concern. Crushed stone 

produces higher strength than rounded stone. This may be due to formation of stronger 

mechanical bond between cement paste and aggregate surface. It is observed that for the given 
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strength, there is optimum size of aggregate that will yield maximum compressive strength. 

Yaqub (2006) found through their investigation that 9.5 mm to 12.5 mm aggregate produce 

optimum strength [186]. 

 As per ACI 363R-10 and ACI 211.4R-93 and Aitcin (1998) et al., general guidelines 

for the selection of materials to be used in high strength concrete are that the higher the 

targeted compressive strength, the smaller the maximum size of coarse aggregate. Up to 70 

MPa compressive strength can be produced with good coarse aggregate of maximum size 

ranging from 20 to 28 mm. [5, 6, 10, 31, 90, 134].  

 In present investigation, the maximum size of coarse aggregate 20 mm has been used.  

4.3.2 Fine Aggregate  

 Less mixing water is required for rounded and smooth textured fine aggregate.  Aitcin 

(1998) recommends the use of fine aggregate with higher fineness modulus around 3.0. His 

reasoning’s are (a) high strength concrete mixtures already have large amount of small 

particles of cement and pozzolana, therefore fine particles of aggregate will not improve the 

workability of the mix (b) use of coarser fine aggregates require less water to obtain the same 

workability (c) during the mixing process, the coarser fine aggregates will generate higher 

shearing stresses that can help in preventing the flocculation of the cement paste [10]. 

 For concrete strength of 70 MPa or greater fineness modulus (F.M.) should be in the 

range 2.8 and 3.2 and should not vary by more than 0.1 from the F.M. selected for the duration 

of the project. Sand having F.M. between 2.5 and 2.7 may produce mix with lower strength 

and sticky mixtures [31].  

 In the present investigation, the fine aggregate of FM 2.89 has been used.  

4.3.3 Cement 

 Physical and chemical characteristics of cement plays very vital role in development of 

compressive strength and rheology of concrete. Fineness of cement is very important 

parameter. Finer cement leads to early development of strength but may leads to rheological 

deficiency. Studies have shown that cement containing low C3A should be preferred because 

it is easy to control rheology. Higher content of C3A causes rapid loss of flow in fresh 

concrete and also create problem for cement-super plasticizer compatibility [2].  
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 For the present investigation, OPC- 43 grade cement of Jay Pee Brand with normal 

consistency of 30% and fineness 290 M2/kg has been used throughout the study.  

4.3.4 Chemical Admixture 

 According to Mehta and Aitcin (1990) in production of high strength concrete, the use 

of chemical admixture is essential. Low water cementitious material ratio is possible by the 

use of high range water reducer or super plasticizer chemical admixture. They improve the 

workability of concrete requiring less amount of water. Different types of chemical admixture 

are plasticizer, super plasticizer, retarder and air entraining agent [105]. Plasticizer and super 

plasticizer lower the water cementitious ratio, retarder slows down the loss of slump i.e. it 

retains the workability for longer time. Workability and resistance to deterioration can be 

enhanced by introducing air entraining agent [10, 31, and 90]. 

 In present investigation, chemical admixture Sikament -170 1.6% by weight of cement 

has been used.  

4.3.5 Mineral Admixture 

 Commonly used mineral admixtures in production of high strength concrete are fly 

ash, silica fume and blast furnace slag. The use of supplementary cementitious materials such 

as blast furnace slag, fly ash and natural pozzolana reduce the production cost of concrete and 

also maintain the slump for long time.   

 The optimum substitution level of mineral admixture is often determined by the loss in 

12 or 24 hour strength, for given climatic conditions or the minimum strength required. 

Generally silica fume is not necessary for compressive strength less than 70 MPa. Generally 

high strength concrete mix contains it. The gain in strength by the use of mineral admixture 

cannot be attained by using additional cement alone. These supplementary cementitious 

materials are added at dosage rate of 5% to 20% or higher by mass of cementing material [ 5, 

6, 10, 31and 90]. 

 In the present investigation fly ash has been used as mineral admixture at dosage level 

of approximately 11% by weight of cement. 
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4.3.6 Mixing Water 

 If potable water is used during production of concrete then there is no need of testing 

the water, otherwise water should be tested for suitability in accordance with IS: 456-2000. 

 In present investigation potable water has been used for concrete mix and water 

cementitious material ratio adopted is 0.29. 

4.3.7 Trial Mix 

 The trial mixture approach is the best for selecting proportions for the development of 

high strength concrete. Low water to cementitious material ratio and high cement content is 

essential for the production of high strength concrete. For the given size of coarse aggregate, 

the water requirement increases as the fine aggregate content is increased. Since the 

cementitious material content is high, therefore the content of fine aggregate should be kept 

low.  

 For the present study, the concrete of grade M60 has been developed using fly ash. 

The target strength of the mix was 68.25 MPa. The mix has been proportioned on the basis of 

trial mix. The batching of ingredients of aggregate and cement was done by weight mix ratio 

[31, 134]. The FM of coarse aggregate and fine aggregate was 6.7 and 2.89 respectively. The 

trial mixes are shown in the Table 4.5.  

Table: 4.5: Results of Trial Mixes 

Sl. 

No. 

Mix ratio Water 

cementitious  

ratio 

Super 

plasticizer 

(percent) 

Percent 

of fly 

ash 

Slump 

(mm)  

7 days 

average 

compressive 

strength of 

five cubes 

(MPa) 

7-days 

target 

strength 

(MPa) 

1 1:1.2 : 2.3 0.295 2 7 30 32.00 
44.36 

  0.301 2 7 35 29.08 

2. 1:1.1 : 1.9 0.29 2 11 80 48.82 

 

44.36 

  0.30 2 11 130 42.57 

  0.31 2 11 180 38.81 

  0.29 1.6 11 35 48.24 

  0.30 1.6 11 90 43.84 

  0.31 1.6 11 150 40.20 
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4.4 MIX PROPORTION 

Finally, trial mix having mix proportion 1:1·1:1·9 was adopted with water 

cementitious ratio 0·29. Fly ash was used 11% and 1.6% high range water reducer was used 

by weight of cement. 

4.5 MIXING 

 A small amount of water mixed with super plasticizer was fed first followed by all 

solid materials simultaneously into the mixer i.e. the fine aggregate first then part of coarse 

aggregate, cement and water and then finally the remaining coarse aggregate was fed into the 

machine so as to break up any modules of mortar. Mixing was done for 1 to 2 minutes. 

Photograph - 4.1 shows the mixing process of HSHPC mix. 

 

Photograph 4.1 Mixing Process of HSHPC Mix 

4.6 TESTINGS OF WORKABILITY AND STRENGTH PARAMETERS OF  

HSHPC MIX 

4.6.1 Workability 

 As per ACI 211.4R-93 the workability is the property of fresh concrete that determines 

the ease with which it can be mixed, placed, consolidated and finished without segregation 

[5]. The addition of fly ash enhances the workability and reduces the water demand due to its 
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lubricating effect. There are various methods for measuring workability like as Slump Test, 

Flow Test, Vee-Bee Consistometer Test, Compacting Factor Test and Kelly Ball Test. Slump 

Test is commonly used to measure the consistency of concrete. In present investigation Slump 

Test has been used to measure the workability. The variability in slump measurement is 

attributed mainly due to variation in mix proportions. As per ACI 211.4R-93, State of the Art 

Report (1998), Shetty (2008), this is a very good test for quality control because it easily 

detects the change in composition of concrete due to change in slump. IS: 456-2000 also 

recommends slump value to determine the workability. The slump tests were carried out in 

accordance with IS: 1199-1959. Slump values are shown in Tables 4.5 to 4.7 [2, 5, 76, and 

147]. 

4.6.2 Strength Tests for Concrete 

 The concrete mix containing 11% fly ash and 1.6% super plasticizer were tested for 

compressive strength, flexural strength and modulus of elasticity.  

The test specimens were prepared in standard size i.e. 150 mm x 150 mm x 150 mm 

cube for compressive strength in cast iron mould.  The specimens for flexural strength test of 

standard size 100 mm x 100 mm x 500 mm were prepared in cast iron mould. The cylindrical 

specimen of standard size 150 mm diameter and 300 mm height were prepared in cast iron 

mould for modulus of elasticity test as per Indian Standard Code of Practices. The specimens 

were vibrated on a vibration table at a speed range of 12000 ± 400 rpm and amplitude of 0.055 

mm for about a minute. The cast specimens were kept under standard moist conditions of at 

least 90% relative humidity and at a temperature of (27±2)0 C for the first 24 hours and then 

taken out from the mould and cured in water for 28 days. After 28 days curing, the specimens 

were taken out of water and kept for half an hour in air for dry. Then samples were tested 

according to IS: 516-1959 [76, 77].  

Photograph 4.2 shows the testing of specimen for compressive strength and 

Photograph 4.3 shows the broken specimen during the testing for compressive strength. 

Photograph 4.4 shows the testing of specimen for flexural strength and Photograph 4.5 shows 

the broken specimen during the testing for flexural strength. Photograph 4.6 shows the testing 



88 
 

of specimen for modulus of elasticity and Photograph 4.7 shows the broken specimen during 

the testing for modulus of elasticity. 

 

Photograph 4.2  Testing of Specimen for Compressive Strength 

 

 

 

Photograph 4.3  The Broken Specimen of Compressive Strength Test 
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Photograph 4.4  Testing of Specimen for Flexural Strength 

 

 

 

Photograph 4.5  Broken Specimen of Flexural Strength Test 
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Photograph 4.6   Testing of Specimen for Modulus of Elasticity Test 

 

 

 

Photograph 4.7   Broken Specimen of Modulus of Elasticity Test 
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4.6.2.1 Test results 

 The objective of compressive, flexural and modulus of elasticity tests are to assess the 

suitability of HSHPC for laying the concrete pavement. The strength characteristics of 

HSHPC containing approximately 11% fly ash and 1.6% super plasticizer are shown in Tables 

4.6 & 4.7. According to IRC-15-2002, the slump of paving concrete mix compacted by 

vibration should be in the range of 30 ± 15 mm and that in manual construction using needle 

vibrators for compaction, the slump shall not be more than 40 mm [58]. 

Table 4.6: Results of High Strength High Performance Concrete Design Mix  

Sl. No. Design 

mix ratio 

Compressive strength 

(MPa) 

Flexural strength 

(MPa) 

Modulus of 

elasticity 

(GPa) 

Slump 

(mm) 

7 days 28 days 7 days 28 days 

1.  

C:FA:CA 

 

 

1:1.1:1.9 

48.81 

44.25 

45.60 

46.04 

46.02 

72.0 

69.0 

70.5 

71.0 

69.5 

4.06 

5.50 

4.90 

- 

- 

6.9 

6.1 

6.3 

6.3 

- 

40.1 

42.2 

42.2 

43.8 

40.0 

30 

35 

30 

- 

- 

 Average 46.14 70.4 4.82 6.4 41.7 31.67 
 

Table 4.7: Results of High Strength High Performance Concrete Mix Prepared during 

the Laying of Different Pavements Sections 

Sl. No. Design 

mix ratio 

Compressive strength 

(MPa) 

Flexural strength 

(MPa) 

Modulus of 

elasticity 

(GPa) 

Slump 

(mm) 

7 days 28 days 7 days 28 days 

1. Results for HSHPC mix casted during laying of 160 mm thick pavement  

 C:FA:CA 

 

1:1.1:1.9 

41.40 

42.20 

43.81 

67.26 

61.04 

62.62 

4.30 

4.60 

5.56 

6.1 

6.6 

6.5 

40.49 

40.81 

43.80 

28 

30 

32 

 Average 42.47 63.5 4.82 6.4 41.7 30 

2. Results for HSHPC mix casted during laying of 200 mm thick pavement  

 C:FA:CA - 62.80 - 6.5 - 33 
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1:1.1:1.9 

- 

- 

68.00 

63.33 

- 

- 

7.0 

7.3 

- 

- 

30 

29 

 Average   64.71  6.93  30.67 

3. Results for HSHPC mix casted during laying of 240 mm thick pavement 

 C:FA:CA 

 

1:1.1:1.9 

- 

- 

- 

67.26 

61.95 

64.17 

- 

- 

- 

6.7 

7.1 

7.3 

- 

- 

- 

30 

32 

31 

 Average  64.46  7.03  31 

 

As evident from above Table 4.7, it is clear that 7 days and 28 days compressive 

strength obtained are 42.47 MPa and 63.50 MPa respectively. 7 days and 28 days flexural 

strength are 4.82 MPa and 6.4 MPa respectively. 28 days modulus of elasticity is 41.7 GPa 

and average measured slump is 30 mm for HSHPC mix casted during laying of 160 mm thick 

pavement. These values have been used in the analysis. Poisson’s ratio 0.2 of HSHPC has 

been taken for the entire analysis.  

Considering all samples the mean and standard deviations had been calculated. The 

mean value of compressive strength was 66.46 MPa and standard deviation was 3.72. For 

flexural strength the mean value was 6.67 MPa and standard deviation was 0.42. The mean 

value of modulus of elasticity was 41.68 GPa and standard deviation was 1.56. The mean 

value of slump was 30.83 mm and standard deviation was 1.9.  

4.7 TESTINGS OF SUBGRADE AND SUBGRADE SOIL  

 IRC: 58-2011 recommends plate load test for the determination of strength of 

foundation in terms of modulus of subgrade reaction (K). Modulus of subgrade reaction is 

defined as pressure per unit deflection of the foundation.  

4.7.1 Testing of Soil Subgrade 

Roorkee soil has been used throughout the experiment. Soil and subgrade were tested 

for type of soil, optimum moisture content, dry density, plate load test and CBR as per IRC 

Standard Code of practices. The Roorkee soil was classified as A-3 as per U.S.P.R.A soil 

classification which is sandy soil. Modified proctor or modified AASHO compaction or IS 
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heavy compaction test was used to find out OMC. OMC has been found approximately 11% 

and dry unit weight 1.92 g/cm3. Testing had been done as per IS: 2720. Four days Soaked 

CBR test was done on remolded soil at OMC using 1S heavy compaction or modified proctor 

test. The CBR had been found 6% for Roorkee soil [73, 74].The results are shown in         

Table 4.8. 

4.7.2   Plate Load Test 

 The plate load test was done as per IS: 9214-1979. The plate load test was done on 

subgrade using 750 mm diameter mild steel plate. Initially a seating load of 6.2 kN was first 

applied for one minute and then released to ensure seating of the plate on the subgrade. The 

reading of all dial gauges was done at zero at this stage. The load was then applied in 

increments for an average settlement of 0.25 mm. The K value was determined for the limiting 

design deflection of 1.25 mm adopted for concrete pavements. Results are shown in Tables 

4.9 to 4.11.The CBR and plate load test are shown in Photographs 4.8 & 4.9 [70]. 

Table 4.8: Properties of Soil Subgrade 

Sl. 

No. 

Test at 

different 

location in pit 

Type of soil K value for 

subgrade 

(kg/cm3) 

CBR 

(percent) 

OMC 

(percent) 

Dry unit 

weight 

(g/cm3) 

1 

2 

3 

1st 

2nd 

3rd 

Sandy soil A-3 as 

per U.S.P.R.A. 

soil classification 

4.20 

4.96 

4.72 

 

 

6 

 

 

11 

 

 

1.92 

4.  Average  4.63 6 11 1.92 
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Photograph 4.8  CBR Test for Soil Subgrade  

 

Photograph 4.9  Plate Load Test for Soil Subgrade  
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Table 4.9 Plate Load Test on Subgrade Soil at Location-1 

Plate size = 750 mm    Seating Load = 6.2 kN (620 kg) 

Least count of dial gauge = 0.01 mm,  Proving ring, 4 div = 10 kN,   

Moisture content = 3.63% 
 

Sl. 

No. 

Proving  

dial guage 

reading in 

no. of div. 

Load 

  

(kN) 

Stress  

 

(MPa) 

Dial gauge readings Average 

dial 

gauge 

reading 

in no. of 

div. 

Average 

dial 

gauge 

reading 

(mm) 

DG1 

in no. 

of div. 

DG2 

in no. 

of div. 

DG3 

In no. 

of div. 

1. 2 5  0.0113 25 15 22 20.67 0.21 

2 3 7.5  0.017 50 27 48 41.67 0.42 

3 5 12.5 0.0283 75 42 60 59.0 0.59 

4 7 17.5  0.0396 100 55 80 78.33 0.78 

5 9 22.5  0.0510 125 70 105 100.0 1.00 

6 10 25.0  0.0566 150 85 125 120.0 1.20 

7 12 30.0  0.0679 175 105 150 143.33 1.43 

8 13 32.5  0.0736 200 115 170 161.67 1.62 

9 15 37.5  0.0850 225 130 195 183.33 1.83 

10 16 40.0  0.0905 250 140 210 200.00 2.00 

DG=Dial Gauge 
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Table 4.10: Plate Load Test on Subgrade Soil at Location-2 

Plate size = 750 mm      Seating Load = 6.2 kN (620 kg)  

Least count of dial gauge = 0.01 mm,  Proving ring, 4 div = 10 kN,   

Moisture content = 6.03% 
 

Sl. 

No. 

Proving 

dial 

guage 

reading 

in no. 

div. 

Load 

 

 (kN) 

Stress  

 

(MPa) 

Deal gauge reading  Average 

dial 

gauge 

reading 

in no. of 

div.   

Average 

dial 

gauge 

reading 

(mm)   

 

DG1 

in no. 

of div.    

DG2 

in no. of 

div.    

DG3 

in no. of 

div.    

1. 5.5 13.75 0.0311 25 35 40 33.33 0.33 

2 7 17.50 0.0396 50 70 70 63.33 0.63 

3 8 20.00 0.0453 75 104 100 93.00 0.93 

4 9 22.50 0.0510 100 135 130 121.67 1.22 

5 10 25.00 0.0566 125 150 150 141.67 1.42 

6 11 27.50 0.0622 150 205 190 181.67 1.82 

7 11.5 28.75 0.0651 175 230 220 208.33 2.08 

DG=Dial Gauge 
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Table 4.11: Plate Load Test on Subgrade Soil at Location-3 

Plate size = 750 mm,      Seating Load = 6.2 kN (620 kg)  

Least count of dial gauge = 0.01 mm,  Proving ring, 4 div = 10 kN,   

Moisture content = 5.43% 
 

Sl. 

No. 

Proving 

dial guage 

reading in 

no. div. 

Load  

 

(kN) 

Stress  

 

(MPa) 

Dial gauge reading  Average 

dial 

gauge 

reading 

in no. of 

Div. 

Average 

dial 

gauge 

reading   

(mm) 

DG1 

in no. 

of div.    

DG2 

in no. 

of div.    

DG3 

in no. 

of div.    

1. 3 7.5 0.017 25 50 50 41.67 0.42 

2 6.5 16.25 0.037 50 95 95 80.00 0.80 

3 9 22.50 0.051 75 140 130 115.00 1.15 

4 12 30.00 0.068 100 185 170 151.67 1.52 

5 14.5 36.25 0.082 125 228 210 187.67 1.88 

6 17.0 42.50 0.096 150 270 240 220.00 2.2 

7 20.0 50.00 0.113 175 315 280 256.67 2.57 

DG=Dial Gauge 

4.7.3   Poisson’s Ratio of Soil 

 The poisson’s ratio is defined as ratio of lateral strain to axial strain. Theoretically its 

value is 0.25 for isotropic elastic materials. For sandy soil, its value range from 0.15 to 0.25 

and for sand between 0.30 and 0.35. Poisson’s ratio of Roorkee soil is 0.305 and modulus of 

elasticity is 20.96 MPa. These values were used for calculations of stresses, strains and 

deflections of pavement.  

4.8 PREPARATION OF SUBGRADE 

The subgrade was prepared according to IRC: 15-2011 [58]. This is shown in 

Photograph 4.10. The top 150 mm layer of subgrade soil was sieved and organic matter and 

other deleterious substances were removed. The soil was compacted at optimum moisture 
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content and dry density. The surface was then leveled and the irregularities, if any, were 

rectified and the surface rolled till a firm, leveled surface was achieved. The subgrade was 

compacted with a plate vibrator for pavement size 1800 mm x 1800 mm. All the pavements 

slab were compacted with plate vibrator. Since all the pavement slabs were cast in the 

transportation engineering laboratory and pavement testing hall, the moisture content and 

temperature in shade remained practically the same or did not show any significant change.  

 

Photograph 4.10  Preparation of Soil Subgrade for Laying of HSHPC Pavements 

4.9 LAYING OF PAVEMENTS FOR TESTINGS 

 By using high strength high performance concrete mix developed in the lab of grade 

M60 having fly ash 11% and super plasticizer 1.6%, three concrete pavements of size 1800 

mm x 1800 mm had been cast with varying thicknesses viz. 160 mm, 200 mm and 240 mm. 

All the pavements with different thicknesses were cast directly over the compacted subgrade. 

From strength considerations, concrete pavements may be directly laid over subgrade. From 

economical considerations also an increase in the subgrade reaction due to provision of a base 

course may be negligible. In the present study, therefore, all the pavement sections were 

directly laid over a compacted subgrade.  

 The clean and dry aggregate were weighed and stored in gunny bag nearby the 

location of pavement laying site according to design mix. The uniform mixing of the concrete 
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ingredient was done in rotating drum mixer. After 2 minutes, the uniform mix was poured on 

floor and then being taken to the pavement laying site by pan. The form work with steel girder 

and brick was prepared for laying of HSHPC pavements. Laying of HSHPC mix is shown in 

Photograph 4.11. After laying, the concrete was compacted with a plate vibrator. The placing 

of concrete was done in two layer. The finishing of the surface was done with trowel and float. 

Finished surface of HSHPC pavements are shown in Photograph 4.12. After laying of 

concrete pavement, the initial curing was done for 24 hours under standard moisture condition 

and with wet gunny bags. Then water was filled for 14 days on the surface of pavement by 

making the raised longitudinal and transverse dykes with sand. The curing of HSHPC 

pavement is shown in Photograph 4.13. All the three HSHPC pavements cast for 

investigations are shown in Photograph 4.14. The surface was made ready for testing after 28 

days.  

 

 

Photograph 4.11  Laying of HSHPC Mix for Pavements 
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Photograph 4.12  Finished Surface of HSHPC Pavements 

 

 

 

Photograph 4.13  Curing of HSHPC Pavement   
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Photograph 4.14 Three HSHPC Pavements Cast for Investigations 

 

4.10 LOADING ARRANGEMENT  

 The loading arrangement for applying a static load to the pavement consisted of a 250 

kN capacity reaction frame fabricated with steel portal frame and steel girders. The reaction 

loading frame was mobile for carrying out the plate load test at any position along or across 

the test pit 2000 mm x 8000 mm in size. The testing was done in test hall of transportation 

engineering group. An arrangement for providing mobility to the loading device was 

developed by fabricating a mechanical device consisting of chain and pulley block 

arrangement with wire ropes was developed. With the help of this device, loading 

arrangement can be moved forward and backward. The pulley blocks were fixed to vertical 

column support consisting of steel channel section firmly embedded in cement concrete. The 

loading of the mobile loading device was done by drums, gunny bags filled with soil and 

tested pavement blocks. With the help of mechanical device, It was possible to move the 250 

kN loading device to any desired position conveniently for carrying out the plate load test on 

the subgrade or pavement slabs at any loading position up to a static load of 250 kN. 
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4.11 INSTRUMENTATION  

4.11.1 Strains Measurement 

 To determine the stresses in pavement, the surface strains have been measured by 

Huggenberger mechanical deformeter. Preparation is being shown in photograph 4.15 for 

pasting studs on surface to measure strains. For measuring the strains on surface, the studs 

have been fixed with araldite on cleaned pavement surface. The arrangements of studs have 

been shown in photograph 4.16 and Figs 4.1 to 4.3. In photograph 4.19 surface strains is being 

measured during the testing.  

4.11.2 Deflections Measurement 

 To measure the deflections of pavement surface due to loading, eight mechanical dial 

gauges with least count 0.01 mm were used. The dial gauges were fixed to the datum frame 

with the help of magnetic bases. The arrangement showing position of dial gauges on the 

pavement slab under different loading positions i.e. central, edge and corner loading is shown 

in Photographs 4.17 to 4.20 and in Figures 4.1 to 4.3 respectively. For measurement of 

deflections of pavement slab under the loading plate, the dial gauges were fixed with their 

spindles.  

 

1,2,3 . . . . .   8  Positions of Dial Gauges 

A, B, C  . . . . . L   Position of Strain Gauges 

Fig. 4.1: Position of Dial Gauges, Studs and Strain Gauges under Central Loading  
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1, 2, 3 . . . . . . .   8 Positions of Dial Gauges 

A, B, C  . . . . . L   Position of Strain Gauges 

 

Fig. 4.2: Position of Dial Gauges, Studs and Strain Gauges under Edge Loading  
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1, 2, 3 . . . . . . .   8 Positions of Dial Gauges 

    A, B, C  . . . . . L   Position of Strain Gauges 

Fig. 4.3: Position of Dial Gauges, Studs and Strain Gauges under Corner Loading   

4.12 TESTING OF CONCRETE PAVEMENTS 

 All HSHPC pavement slabs were tested for corner, edge and central loading positions. 

Before carrying out tests for different positions, the pavement surface was cleaned, white 

washed and preparation was made for pasting studs. This is shown in Photograph 4.15. Studs 

were pasted with araldite. Studs on surface of HSHPC pavement are shown in Photograph 

4.16. The dial gauges and studs were numbered for each position of testing. The surface was 

leveled by spreading fine sand and 300 mm diameter plate was seated over it. Initially a 

seating load 5 kN was applied for 2 minutes to ensure proper seating. A proving ring and 

hydraulic jack of capacity 50 tonnes was used. The initial strains and deflections were 

recorded. The load was applied in increment and retained for 40 to 60 seconds. The readings 

of deflections and strains were recorded for incremental load. The load was applied upto the 

capacity of loading frame (23 tonnes).    
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Photograph 4.15  Preparation for Pasting the Studs 

 

 

 

Photograph 4.16  Studs on Surface of HSHPC Pavements 
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Photograph 4.17  Testing of HSHPC Pavement for Central Position Showing Loading 

Arrangement and Dial Gauges 

 

 

 

 

Photograph 4.18  Testing of HSHPC Pavement for Edge Position Showing Loading 

Arrangement and Dial Gauges 
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Photograph 4.19  Surface Strains Reading is being Taken during the Testing of HSHPC 

Pavement for Edge Position  

 

 

 

 

Photograph 4.20  Testing Of HSHPC Pavement for Corner Position Showing Loading 

Arrangement and Dial Gauges 
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Photograph 4.21  Testing of HSHPC Pavement for Corner Position Showing Lifting 

from Opposite Corner 

 

4.13 STATIC PLATE  LOAD TEST ON HSHPC PAVEMENTS 

 Three HSHPC pavements of thicknesses 160 mm, 200 mm and 240 mm have been cast 

directly on compacted subgrade using M60 grade high strength high performance concrete 

mix in pavement testing hall. Dimensions of all pavements are 1800 mm x 1800 mm. Each 

HSHPC pavement had been tested for different positions i.e. central, edge and corner.  

4.13.1 Testing of 160 mm Thick HSHPC Pavement 

 First, the pavement was tested for corner position. The arrangement for corner testing 

is shown in Photograph 4.20 and Figure 4.3. The load was applied in increment of 10 kN. As 

the load reached 80 kN, the opposite corner started lifting. This is shown in Photograph 4.21. 

For each incremental loading, the deflections and strains were measured. As the load reached 

130 kN, it had been observed that opposite corner had lifted by 65 mm which was too high. At 

this point the maximum deflection was 11.45 mm and maximum strain was 320.3 x10-6. 

Therefore, further loading was stopped. Up to this loading, any types of cracks even hair line 

crack was not observed and upto this load pavement did not fail.  



109 
 

Secondly, the test was conducted for edge position. Arrangement is shown in 

Photograph 4.18 and Figure 4.2. The load was applied in increment of 10 kN. The deflections 

and strains were measured for each incremental loading. At 210 kN load, the maximum 

measured deflection was 10.07 mm and maximum strain was 418 x10-6. As the load reached 

220 kN, the pavement suddenly broke into two approximately equal parts. This is shown in 

Photograph 4.22. Before failure, there were no signs of any types of cracks. The crack pattern 

was straight line and which divided pavement into two approximately equal parts passing 

through under the testing plate centrally. There was no any sign of prior failure. Failure took 

place suddenly. The crack width in loaded condition was 1.86 mm.  This is shown in Figure 

4.4.  

 Due to failure at edge position the pavement could not tested for central position. 

Deflections and strains corresponding to different loadings are shown in Tables 4.12 and 4.13. 

 

 

 

Photograph 4.22: Failure of 160 mm Thick HSHPC Pavement at Edge during Testing 
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Fig. 4.4: Position of Failure Line when 160 mm Thick HSHPC Pavement Failed at Edge 

Position  

Table 4.12: Deflections at Different Load for 160 mm Thick Pavement for Corner and 

Edge Positions 

Sl. No. Loads (kN) Deflections at corner  

(mm) 

Deflections at edge  

(mm) 

1 10 1.55 1.12 

2 20 2.23 1.83 

3 30 3.00 2.47  

4 40 3.85 2.97 

5 50 4.33 3.47 

6 60 4.97 3.87 

7 70 5.45 4.29 

8 80 6.78 4.70 

9 90 7.40 5.07 

10 100 8.25 5.53 

11 110 9.22 6.00 
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12 120 9.88 6.50 

13 130 11.45 6.90 

14 140 - 7.35 

15 150 - 7.65 

16 160 - 7.75 

17 170 - 8.10 

18 180 - 8.40 

19 190 - 8.77 

20 200 - 9.23 

21 210 - 10.07 

 

Table 4.13: Strains at Different Loads for 160 mm Thick Pavement at Corner and Edge 

Positions 

Sl. 

No. 

Loads 

(kN) 

Strains at corner x 10-6 Strains at edge x 10-6 

  LD TD LD TD 

1 10 26.52 6.12 24.06 4.10 

2 20 57.51 12.10 45.12 7.14 

3 30 84.91 17.00 74.18 12.23 

4 40 115.12 22.62 95.34 17.0 

5 50 142.60 28.00 120.30 21.70 

6 60 170.81 32.12 150.24 25.20 

7 70 201.12 36.56 178.60 29.30 

8 80 227.69 40.81 200.60 32.40 

9 90 259.12 44.12 231.00 37.00 

10 100 287.40 48.00 255.14 40.3 

11 110 295.81 53.62 260.20 44.00 

12 120 307.61 60.12 265.00 48.00 

13 130 320.30 65.00 290.40 51.00 

14 140 - - 307.30 54.00 
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15 150 - - 331.14 57.30 

16 160 - - 336.40 61.12 

17 170 - - 340.30 66.20 

18 180 - - 355.24 72.50 

19 190 - - 380.40 76.80 

20 200 - - 398.09 82.30 

21 210 - - 418.00 90.5 

         LD = Longitudinal direction, TD = Transverse direction  

4.13.2 Testing of 200 mm Thick HSHPC Pavement  

 First, the pavement was tested for corner position. Arrangement for corner testing is 

shown in Photograph 4.20 and Fig. 4.3. The load was applied in increment of 10 kN and 

corresponding deflections and strains were noted. As the load continuously increased, it had 

been observed that the opposite corner started lifting. Lifting of opposite corner started at 90 

kN load and it reached 55 mm at 210 kN, which is sufficiently high. This is shown in 

Photograph 4.21. At this time the maximum deflection was observed 18.53 mm and maximum 

strain was observed 375.2 x10-6 respectively. Therefore further loading was stopped beyond 

210 kN. Upto this load even hair line crack was not observed and also pavement did not fail.  

 Secondly, the pavement was tested for edge position. Arrangement is shown in 

Photograph 4.18 and Fig. 4.2. At this position also, load has been applied in increment of 10 

kN and corresponding to each load deflections and strains were measured. Load was applied 

upto 230 kN. The maximum deflection and strain was observed as 10.73 mm and 312.8 x10-6 

respectively at 230 kN. At this load i.e. 230 kN, there was no hair line crack was observed and 

pavement did not fail upto this load.   

 Thirdly, the pavement was tested for central position. The arrangement for testing is 

shown in Photograph 4.17 and Fig. 4.1. Load was applied in the same manner as in edge and 

corner position testing. The deflections and stains were measured for each incremental 

loading. The load had been increased up to 230 kN. At this load it had been noticed that there 

were no cracks in the pavement and pavement did not fail up to this load. The maximum 
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deflection was recorded as 4.78 mm and strain was recorded as 275.3 x10-6. Deflections and 

strains corresponding to the loads are shown in Tables 4.14 and Table 4.15. 

Table 4.14: Deflections at Different Loads at Corner, Edge and Central 

Positions for 200 mm Thick Pavement. 

Sl. No. Loads  

(kN) 

Deflections at 

corner (mm) 

Deflections at 

edge (mm) 

Deflections at 

central  (mm) 

1 10 0.91 0.70 0.32 

2 20 1.49 1.00 0.67 

3 30 2.21 1.55 1.22 

4 40 2.49 1.94 1.44 

5 50 3.22 2.27 1.90 

6 60 3.90 2.76 2.17 

7 70 4.75 3.08 2.28 

8 80 5.37 3.51 2.38 

9 90 6.03 4.01 2.55 

10 100 6.63 4.43 2.92 

11 110 7.65 4.78 3.17 

12 120 8.65 5.68 3.33 

13 130 9.65 6.00 3.52 

14 140 10.40 6.70 3.72 

15 150 11.33 7.03 3.73 

16 160 12.50 7.27 3.88 

17 170 13.47 7.65 4.08 

18 180 14.53 8.23 4.17 

19 190 15.97 8.70 4.32 

20 200 17.13 9.17 4.43 

21 210 18.53 9.60 4.55 

22 220 - 10.12 4.67 

23 230 - 10.73 4.78 
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Table 4.15: Strains at Different Loads at Corner, Edge and Central Positions for 200 

mm Thick Pavement. 

Sl. No. 

 

Loads   

(kN) 

Strains at  

corner x 10-6 

Strains at  

edge x 10-6 

 

Strains at  

centre x 10-6 

LD TD LD TD LD TD 

1 10 20.30 3.00 18.25 2.00 13.10 0 

2 20 38.16 7.14 30.72 4.50 25.12 0 

3 30 57.18 10.68 52.50 7.12 36.81 0 

4 40 77.79 15.10 70.62 10.50 49.12 2.00 

5 50 98.50 18.50 85.74 13.20 62.45 3.50 

6 60 117.71 22.21 95.67 15.12 73.12 5.71 

7 70 138.72 28.10 113.25 17.54 83.82 7.91 

8 80 156.68 30.61 134.53 18.12 96.12 10.21 

9 90 176.32 35.12 149.00 20.00 106.24 13.61 

10 100 195.25 40.20 165.56 21.40 117.30 15.60 

11 110 214.21 42.10 175.66 22.50 128.50 17.81 

12 120 233.81 44.56 190.26 24.60 137.91 19.21 

13 130 254.21 46.10 202.36 28.30 148.21 21.50 

14 140 272.81 47.91 218.25 30.50 157.95 23.11 

15 150 292.50 50.4 235.93 32.50 167.40 25.40 

16 160 307.12 55.16 247.31 35.00 184.91 28.81 

17 170 318.81 60.26 258.26 38.40 200.85 30.11 

18 180 333.61 65.34 274.65 41.46 219.61 33.61 

19 190 347.11 70.12 290.82 44.25 237.80 34.91 

20 200 360.60 76.50 307.45 47.30 255.60 38.50 

21 210 375.20 80.30 309.52 52.50 262.31 41.11 

22 220 - - 311.24 56.35 268.82 43.81 

23 230 - - 312.80 60.20 275.30 45.70 

LD = Longitudinal direction, TD = Transverse direction  
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4.13.3 Testing of 240 mm Thick HSHPC Pavement  

 Firstly, the pavement was tested for corner loading. The arrangement is shown in 

Photograph 4.20 and Fig. 4.3. The load was applied up to 200 kN in increment of 10 kN. 

Corresponding to the each load the deflections and strains were noted. As the load was 

increased, it had been noticed that opposite corner started lifting as shown in Photograph 4.21. 

The lifting of opposite corner was noticed at 100 kN load. At 200 kN load, the lifting was 

observed 45 mm. it is too high. Therefore, further loading was stopped at 200 kN. No crack 

was observed in pavement and also pavement did not fail. At 200 kN load the maximum 

deflection and strain was 12.35 mm and 240.3 x 10-6respectively.  

 Secondly, the pavement was tested for edge position. Arrangement is shown in 

Photograph 4.18 and Fig. 4.2. The load was applied in the same manner as in previous testing. 

The load was applied up to 230 kN. The deflections and strains were noted corresponding to 

each loading. At 230 kN load the maximum deflection was 8.22 mm and maximum strain was 

207.36 x 10-6. Upto this loading, any types of cracks had not been observed. Still the 

pavement was in capable of carrying more loads.   

 Thirdly, the pavement was tested for central position. Arrangement for testing is 

shown in Photograph 4.17 and Fig. 4.1. Load was being continuously applied to the pavement 

up to 230 kN. For different loadings, the deflections and strains were noted. Upto this load, 

any types of crack in pavement surface had not been noticed and also the pavement did not 

fail. The maximum deflection and strain was noticed as 2.67 mm and 182.5 x 10-6 

respectively. Pavement was still in condition of carrying more loads. Deflections and strains 

corresponding to the loads are shown in Tables 4.16 and 1.17 respectively. 
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Table 4.16: Deflections at Different Loads for 240 mm Thick Pavement for Corner, Edge 

and Central Positions 

Sl. No. Loads  

(kN) 

Deflections at 

corner (mm) 

Deflections at 

edge(mm) 

Deflections at 

corner (mm) 

1 10 0.60 0.53 0.13 

2 20 1.13 0.92 0.27 

3 30 1.56 1.32 0.45 

4 40 1.94 1.72 0.57 

5 50 2.85 2.03 0.70 

6 60 3.14 2.35 0.82 

7 70 3.46 2.63 0.97 

8 80 4.18 3.02 1.05 

9 90 4.50 3.63 1.17 

10 100 4.81 4.07 1.28 

11 110 5.37 4.27 1.42 

12 120 5.81 4.57 1.52 

13 130 6.45 4.93 1.65 

14 140 6.99 5.65 1.77 

15 150 7.51 5.90 1.87 

16 160 8.43 6.13 2.08 

17 170 9.10 6.43 2.17 

18 180 10.16 6.70 2.27 

19 190 11.07 6.97 2.38 

20 200 12.35 7.23 2.48 

21 210 - 7.60 2.53 

22 220 - 7.90 2.58 

23 230 - 8.22 2.67 
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Table 4.17: Strains at Different Loads for 240 mm Thick Pavement for Corner, Edge 

and Central Positions 

Sl. 

No. 

Loads   

(kN) 

Strains at  

corner x 10-6 

Strains at  

edge x 10-6 

Strains at  

centre x 10-6 

  LD TD LD TD LD TD 

1 10 13.50 2.56 10.5 0 10.15 0 

2 20 25.64 4.31 25.5 0 19.50 0 

3 30 40.64 6.15 30.68 3.50 26.50 2.00 

4 40 56.84 8.24 42.56 4.60 38.12 2.00 

5 50 70.25 10.50 55.10 5.14 45.30 3.20 

6 60 84.50 12.56 62.31 7.50 53.50 4.56 

7 70 100.70 14.14 70.62 8.50 61.12 5.80 

8 80 114.23 17.50 82.56 9.50 69.50 6.90 

9 90 124.14 19.23 92.34 11.00 75.12 8.91 

10 100 135.40 22.50 101.85 13.40 85.25 10.20 

11 110 147.50 23.00 104.35 14.65 91.27 11.56 

12 120 158.25 25.02 112.36 16.50 97.85 13.12 

13 130 170.50 26.13 121.34 17.56 104.31 14.56 

14 140 181.25 27.12 126.89 18.45 111.57 15.61 

15 150 193.30 28.30 138.99 20.50 120.90 16.40 

16 160 201.50 30.50 142.35 22.34 129.50 16.40 

17 170 211.65 32.12 152.35 24.10 137.61 18.50 

18 180 222.70 35.13 160.39 26.63 143.12 19.00 

19 190 232.65 37.12 167.34 28.40 152.17 19.00 

20 200 240.30 40.50 176.98 29.30 162.70 20.50 

21 210 - - 190.25 32.00 167.56 22.61 

22 220 - - 200.69 36.50 176.12 24.61 

23 230 - - 207.36 38.30 182.50 28.30 

  LD = Longitudinal direction, TD = Transverse direction  
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4.14 SUMMARY  

 In this chapter, the experiments have been done to test the soil subgrade, modulus of 

subgrade reaction, CBR, to develop the HSHPC mix and to assess the suitability of HSHPC 

mix. For which cubes of size 150 mm , cylinders 150 mm diameter and 300 mm height and 

beams of size 100 mm x 100 mm x 500 mm were cast to find out compressive strength, 

modulus of elasticity and flexural strength. HSHPC pavements were cast on compacted 

subgrade of semi full scale size 1800 mm x 1800 mm with different thicknesses i.e. 160 mm, 

200 mm and 240 mm. The HSHPC pavements were tested for edge, corner and central 

positions for stresses and deflections. The experimental observations were noted and shown in 

Tables 4.12 to 4.17. Analysis and discussions of the results have been made in Chapter – 5.  
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CHAPTER - 5 

ANALYSIS AND DISCUSSION OF RESULTS  

 

5.1 GENERAL 

 The laboratory study on HSHPC shows that it has significant flexural strength which is 

key parameter for designing the rigid pavement. Therefore, it is expected that the load 

carrying capacity would be high. Various investigators have also established through their 

experiments that concrete containing fly ash have high durability, resistance to chloride 

penetration, resistance to abrasion, resistance to freeze-thaw etc. Being high durability the 

pavement could be designed for more design life. In present investigation, the objective was to 

study the possibility of laying HSHPC pavement with varying thicknesses using 

conventionally mixed materials using chemical admixture and fly ash. For which, the various 

experiments had been conducted. Also the load carrying capacity of pavement of different 

thicknesses had been assessed in the lab.  

 To understand the behavior of HSHPC pavements, the crack formation, the crack 

patterns, the crack widths and the crack propagation had also been studied. The loads had been 

applied to the pavements at various positions i.e. central, edge and corner up to failure at a 

interval of 10 kN and strains and deflections had been measured. It was assumed that 

temperature remain constant since all experiments had been conducted in the pavement testing 

hall. Therefore, temperature has not been taken into account. Only load has been taken into 

account.  

 In this chapter, the properties of HSHPC mix and analysis of stresses, strains and 

deflections of pavements of different thicknesses have been presented under different loading 

positions. Analysis of stresses, strains and deflections by finite element analysis for edge 

position for different thicknesses have also been presented. The results of stresses, strains and 

deflections of experimental and theoretical analysis have been compared for different 

positions i.e. central, edge and corner at varying loads. Therefore, the analysis consists of 

computing the following:  
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1. Calculations of stresses by Westergaard, Mayerhof, IRC-58 methods for central, edge 

and corner positions for different thicknesses of pavement.  

2. Analysis of deflections, strains and stresses for edge position by finite element method 

for various thicknesses of pavement.  

3. Comparison of stresses calculated by theoretical methods with the observed and finite 

element method. 

4. Comparison of analytical and observed results of strains and deflections.  

5. Economic analysis of the pavements. 
 

 

 

5.2 CHARACTERISTICS OF MATERIALS  

5.2.1 Properties of Soil Subgrade 

Roorkee soil had been used throughout the experiment. It is A-3, sandy soil, as per 

U.S.P.R.A. soil classification system. Its 4 days soaked CBR value was found to be 6%. The 

optimum moisture content and dry unit weight of Roorkee soil was found to be 11% and 1.92 

g/cm3 respectively. The modulus of subgrade reaction on which the concrete pavement was 

directly laid in the pavement lab was found to be 4.63 kg/cm3. The properties of soil are given 

in Table 5.1.These values were used in analysis of pavement. Young’s modulus and poisson’s 

ratio of soil used was 20.93 MPa and 0.305 respectively.  

Table 5.1: Properties of Soil Subgrade 

Sl. 

No.  

Type of soil K value of 

subgrade 

(kg/cm3) 

CBR 

 

(%) 

OMC 

 

(%) 

Dry unit 

weight  

(g/cm3) 

 1 Sandy soil, A-3 as per 

U.P.S.R.A. soil classification 

 

4.63 

 

6 

 

11 

 

1.92 

 

5.2.2 Properties of HSHPC Design Mix 

The mix design has been explained in Chapter-4. The trial mix approach was adopted 

for finalization of mix. Finally, the mix ratio was found to be 1:1.1:1.9. Fly ash and super 

plasticizer was used 11% and 1.6% by weight of cement respectively in development of M60 

grade concrete mix. Its compressive strength was found to be 46.14 MPa at 7 days and 70.4 
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MPa at 28 days, flexural strength was found to be 4.82 MPa at 7 days and 6.4 MPa at 28 days 

and modulus of elasticity was found to be 41.7 GPa. Poisson’s ratio of HSHPC mix used in 

the analysis was 0.2. The slump of the mix was found to be 31.67 mm as shown in Table 5.2. 

IRC-15 states that slump of concrete mix for pavements compacted by vibration should be in 

range of 30  15 mm and that in manual construction using needle vibrators for compaction, 

the slump should not be more than 40 mm.  

Table 5.2: Properties of High Strength High Performance Concrete Design Mix 

Sl. No. Average compressive 

strength  

(MPa) 

Flexural strength  

 

(MPa) 

Modulus of 

elasticity 

(GPa) 

Slump  

 

(mm) 

 

1  

7 days 28 days 7 days 28 days 28 days  

46.14 70.40 4.82 6.40 41.70  31.67 
 

5.3 ANALYSIS OF STRESSES, STRAINS AND DEFLECTIONS BY FINITE 

ELEMENT METHOD 

 For different thicknesses of pavements the finite element analysis had been carried out 

at edge position to find out deflections, strains and stresses. For the FEM analysis, depth of the 

soil in vertical direction and length of the soil in horizontal direction had been taken as 2.0 m 

and 6.0 m respectively. The contact between soil and concrete had been assumed elastic 

during the analysis and elastic analysis had been carried out. The analysis had been carried out 

by considering 3-D eight noded linear brick elements as shown in Figures 5.1 to 5.9. The 

results are shown in Tables 5.3 to 5.5.  

Table 5.3: Stresses, Strains and Deflections for 160 mm Thick Pavement by Finite 

Element Analysis at Edge Position 

Sl. 

No. 
Loads 

(kN) 

Deflections   

(mm) 

Stresses 

(MPa) 

Strains in radial 

direction 

x 10-6 

1 0 0.00 0.00 0.00 

2 10 0.41 0.77 18.21 

3 20 0.82 1.54 36.43 

4 30 1.23 2.32 54.64 
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5 40 1.63 3.09 72.86 

6 50 2.04 3.86 91.07 

7 60 2.45 4.63 109.29 

8 70 2.86 5.40 127.50 

9 80 3.27 6.18 145.71 

10 90 3.68 6.95 163.93 

11 100 4.09 7.72 182.14 

12 110 4.49 8.49 200.36 

13 120 4.90 9.26 218.57 

14 130 5.31 10.03 236.79 

15 140 5.72 10.81 255.00 

16 150 6.13 11.58 273.21 

17 160 6.54 12.35 291.43 

18 170 6.95 13.12 309.64 

19 180 7.35 13.89 327.86 

20 190 7.76 14.67 346.07 

21 200 8.17 15.44 364.29 

22 210 8.58 16.21 382.50 

        *Stresses are under critical conditions 

 

Fig. 5.1: Strains by Finite Element Analysis for 160 mm Thick Pavement at Edge 

Position  
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Fig. 5.2: Stresses by Finite Element Analysis for 160 mm Thick Pavement at Edge 

Position  

 

 

Fig. 5.3: Deflections by Finite Element Analysis for 160 mm Thick Pavement at Edge 

Position  
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Table 5.4:  Stresses, Strains and Deflections for 200 mm Thick Pavement by Finite 

Element Analysis at Edge Position 

Sl. 

No. 
Loads  

(kN) 

Deflections 

(mm) 
Stresses (MPa) 

Strains in radial 

direction 

x 10-6 

1 0 0.00 0.00 0.00 

2 10 0.40 0.50 11.87 

3 20 0.80 1.01 23.75 

4 30 1.20 1.51 35.62 

5 40 1.60 2.02 47.50 

6 50 2.00 2.52 59.37 

7 60 2.40 3.02 71.24 

8 70 2.80 3.53 83.12 

9 80 3.20 4.03 94.99 

10 90 3.60 4.54 106.87 

11 100 4.00 5.04 118.74 

12 110 4.40 5.54 130.61 

13 120 4.81 6.05 142.49 

14 130 5.21 6.55 154.36 

15 140 5.61 7.05 166.23 

16 150 6.01 7.56 178.11 

17 160 6.41 8.06 189.98 

18 170 6.81 8.57 201.86 

19 180 7.21 9.07 213.73 

20 190 7.61 9.57 225.60 

21 200 8.01 10.08 237.48 

22 210 8.41 10.58 249.35 

23 220 8.81 11.09 261.23 

24 230 9.21 11.59 273.10 

       *Stresses are under critical conditions 
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Fig. 5.4: Strains by Finite Element Analysis for 200 mm Thick Pavement at Edge 

Position  

 

 

Fig. 5.5: Stresses by Finite Element Analysis for 200 mm Thick Pavement at Edge 

Position  
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Fig. 5.6: Deflections by Finite Element Analysis for 200 mm Thick Pavement at Edge 

Position  
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Table 5.5: Stresses, Strains and Deflections for 240 mm Thick Pavement by Finite 

Element Analysis at Edge Position 

Sl. No. Loads  

(kN) 

Deflections   

(mm) 

Stresses  

(MPa) 

Strains in radial direction 

x 10-6 

1 0 0.00 0.00 0.00 

2 10 0.40 0.35 8.37 

3 20 0.80 0.71 16.75 

4 30 1.19 1.06 25.12 

5 40 1.59 1.41 33.50 

6 50 1.99 1.76 41.87 

7 60 2.39 2.12 50.24 

8 70 2.79 2.47 58.62 

9 80 3.18 2.82 66.99 

10 90 3.58 3.18 75.37 

11 100 3.98 3.53 83.74 

12 110 4.38 3.88 92.11 

13 120 4.78 4.23 100.49 

14 130 5.18 4.59 108.86 

15 140 5.57 4.94 117.23 

16 150 5.97 5.29 125.61 

17 160 6.37 5.64 133.98 

18 170 6.77 6.00 142.36 

19 180 7.17 6.35 150.73 

20 190 7.56 6.70 159.10 

21 200 7.96 7.06 167.48 

22 210 8.36 7.41 175.85 

23 220 8.76 7.76 184.23 

24 230 9.16 8.11 192.60 

          *Stresses are under critical conditions 
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Fig. 5.7:  Strains by Finite Element Analysis for 240 mm Thick Pavement at Edge 

Position  

 

 

Fig. 5.8: Stresses by Finite Element Analysis for 240 mm Thick Pavement at Edge 

Position  
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Fig. 5.9: Deflections by Finite Element Analysis for 240 mm Thick Pavement at Edge 

Position  
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5.4 DEFLECTINOS IN HSHPC PAVEMENTS 

 The pavements were laid over subgrade having modulus of subgrade reaction 0.0463 

N/mm3 (4.63 kg/cm3). For 160 mm thick pavement, the maximum deflections were 11.45 mm 

at corner position and 10.07 mm at edge position at loads 130 kN and 210 kN respectively. 

The variation of deflections with loads for different positions is shown in Figure 5.10. The 

deflections for edge position are lower than corner position for the same load being higher 

flexural rigidity at edge than the corner position. The results are shown in Table 5.6.  

For 200 mm thick pavement, the maximum deflections observed were 18.53 mm at 

corner for 210 kN load and 10.73 mm at edge and 4.78 mm at central position for load 230 

kN. Figure 5.11 shows the variation of deflections with loads for different positions. From 

Figure 5.11, it could be observed that deflection is lowest for central position and highest for 

corner position for the same load being highest flexural rigidity at central and lowest at corner 

position. The results are shown in Table 5.7. 

For 240 mm thick pavement, the maximum deflections noticed were 12.35 mm at 

corner position for 200 kN, 8.22 mm at edge position and 2.67 mm at central position for load 

230 kN. The results are shown in Table 5.8. The variations of deflections with loads are 

shown in Figure 5.12 for different positions. For the same load, the deflection is lowest for 

central position and highest for corner position.  

 Comparisons of deflections for the same positions at same load with different 

thicknesses of pavements have been made i.e. central, edge and corner positions. The 

comparisons of deflections with load are shown in Figures 5.13 to 5.15. From Figures, it could 

be inferred that for each position, the deflections decrease with increasing thickness of the 

pavement due to increase in flexural rigidity. The results are shown in Tables 5.9 to 5.11. 
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Fig. 5.10 Variation of Deflections with Varying Loads for Different Positions 

for 160 mm Thick Pavement 

 

 

 

 

Fig. 5.11 Variation of Deflections with Varying Loads for Different Positions 

for 200 mm Thick Pavement 
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Fig. 5.12 Variation of Deflections with Varying Loads for Different Positions 

for 240 mm Thick Pavement 

 

 

 

 

Fig. 5.13 Variation of Deflections with Varying Loads for Different Thicknesses 

of Pavement at Central Position 
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Fig. 5.14 Variation of Deflections with Varying Loads for Different Thicknesses 

of Pavement at Edge Position 

 

 

 

 

 

Fig. 5.15 Variation of Deflections with Varying Loads for Different Thicknesses 

of Pavement at Corner Position 
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Table 5.6: Observed Deflections at Different Loading at Corner and Edge Positions for 

160 mm Thick Pavement 

Sl. No. Loads  

(kN) 

Deflections at corner 

(mm) 

Deflections at edge 

(mm) 

1 50 4.33 3.47 

2 100 8.25 5.53 

3 130 11.45 6.90 

4 150 - 7.65 

5 200 - 9.23 

6 210 - 10.07 

 

Table 5.7: Observed Deflections at Different Loading at Corner, Edge and Central 

Positions for 200 mm Thick Pavement 

Sl. No. Loads  

(kN) 

Deflections at 

corner (mm) 

Deflections at 

edge (mm) 

Deflections at 

centre (mm) 

1 50 3.22 2.27 1.90 

2 100 6.63 4.43 2.92 

3. 150 11.33 7.03 3.73 

4. 200 17.13 9.17 4.43 

5. 210 18.53 9.60 4.55 

6. 230 - 10.73 4.78 

 

Table 5.8: Observed Deflections at Different Loading at Corner, Edge and Central 

Positions for 240 mm Thick Pavement 

Sl. No. Loads  

(kN) 

Deflections at 

corner (mm) 

Deflections at 

edge (mm) 

Deflections at 

centre (mm) 

1 50 2.85 2.03 0.70 

2 100 4.81 4.07 1.28 

3. 150 7.51 5.90 1.87 

4. 200 12.35 7.23 2.48 

5. 230 - 8.22 2.67 
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Table 5.9: Comparison of Deflections in mm at Different Loading for Edge Position for 

Different Thicknesses of Pavements 

Sl. No. Loads  

(kN) 

Pavement thicknesses  

(mm) 

 

160 200 240 

1 50 3.47 2.27 2.03 

2 100 5.53 4.43 4.07 

3. 150 7.65 7.03 5.90 

4. 200 9.23 9.17 7.23 

5. 210 10.07 9.60 7.60 

6. 230 - 10.73 8.22 

 

 

Table 5.10: Comparison of Deflections in mm at Different Loading for Corner Position 

for Different Thicknesses of Pavements 

Sl. No. Loads  

(kN) 

Pavement thicknesses   

(mm)  

 

 160  200 240 

1 50 4.33 3.22 2.85 

2 100 8.25 6.63 4.81 

3. 130 11.45 9.65 6.45 

4. 150 - 11.33 7.51 

5. 200 - 17.13 12.35 

6. 210 - 18.53 - 
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Table 5.11: Comparison of Deflections in mm at Different Loading for Central Position 

for Different Thicknesses of Pavements 

Sl. No. Loads  

(kN) 

Pavement thicknesses  

(mm ) 

 

 160 200 240 

1 50 - 1.90 0.70 

2 100 - 2.92 1.28 

3. 150 - 3.73 1.87 

4. 200 - 4.43 2.48 

5. 230 - 4.78 2.67 

 

5.4.1 Comparison of Deflections Obtained through FEM Analysis and Experimental 

Values for Edge Position 

 Deflections for edge position for different thicknesses have been analyzed using FEM 

and the results are being shown in Tables 5.3 to 5.5. Comparison of results obtained through 

FEM and experimental values are being shown in Table 5.12. The ratio of observed to FEM 

values range from 1.13 to 1.70 for 160 mm thick pavement, 1.11 to 1.17 for 200 mm thick 

pavement and 0.90 to 1.02 for 240 mm thick pavement. These ratios represent that value 

calculated through FEM analysis is in good agreement with the observed values.  The 

analytical as well as observed deflections keep reducing with increasing thickness of 

pavement. This is because the flexural rigidity increases with increase in thickness. Observed 

and FEM values of deflections are plotted in Figures 5.16 to 5.18. At 210 kN load, the 

maximum deflection was 10.07 mm for edge position for 160 mm thick pavement. A wheel 

load of 230 kN produced the deflections 10.73 mm and 8.22 mm for 200 mm and 240 mm 

thick pavement respectively.  

 



137 
 

 

 

Fig. 5.16 Comparison of Observed Deflections with Analytical Deflections 

by FEM at Edge Position for 160 mm Thick Pavement 

 

 

 

Fig. 5.17 Comparison of Observed Deflections with Analytical Deflections 

by FEM at Edge Position for 200 mm Thick Pavement 
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Fig. 5.18 Comparison of Observed Deflections with Analytical Deflections 

by FEM at Edge Position for 240 mm Thick Pavement 

 

Table 5.12: Comparison of Deflections at Edge Position between Observed and through 

FEM Analysis at Different Loadings 

Sl. No. Pavement 

thicknesses  

(mm) 

Loads  

 

(kN) 

Observed 

deflections 

(mm) 

Deflections 

through 

FEM 

(mm) 

Ratio  

(observed / 

FEM) 

% 

variation  

 

 

1 

 

 

160 

50 3.47 2.04 1.70 41.21 

100 5.53 4.09 1.35 26.03 

150 7.65 6.13 1.25 19.86 

200 9.23 8.17 1.13 11.48 

210 10.07 8.58 1.17 14.80 

 

 

2 

 

 

200 

50 2.27 2.00 1.14 11.90 

100 4.43 4.00 1.11 9.70 

150 7.03 6.01 1.17 14.50 

200 9.17 8.01 1.14 12.60 

230 10.73 9.21 1.17 14.16 

 

 

3 

 

 

240 

50 2.03 1.99 1.02 1.97 

100 4.07 3.98 1.02 2.21 

150 5.90 5.97 0.99 -1.18 

200 7.23 7.96 0.91 -10.10 

230 8.22 9.16 0.90 -11.44 
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5.5 STRAINS IN HSHPC PAVEMENTS 

 The strains in pavements were measured in longitudinal direction i.e. radial direction 

and transverse direction. The strains in transverse direction are generally very low than the 

radial direction.  

For 160 mm thick pavement, strains were measured at corner and edge position for the 

varying load. Strains were measured 320.3 x 10-6 at 130 kN load for corner position and 418.0 

x 10-6 for edge position at 210 kN load. For the same load the strain at corner position was 

higher than the edge position. This is due to higher flexural rigidity at edge position than the 

corner position. The variations of strains with loads are shown in Figure 5.19 and results are 

shown in Table 5.13.  

For 200 mm thick pavement, at different positions i.e. central, edge and corner, the 

strains were measured for different loading. Strains were measured 375.2 x 10-6at 210 kN load 

for corner positions, 312.8 x 10-6 at 230 kN load for edge position and 275.3 x 10-6 at 230 kN 

for central position. It has been observed that, for the same loading, the strain is highest for 

corner position and lowest for central position. The variations of strains with loads are shown 

in Figure 5.20 and results are shown in Table 5.14.  

For 240 mm thick pavement, strains were measured for the varying loads at different 

positions i.e. central, edge and corner. The strains measured were 240.3 x 10-6 at 200 kN load 

for corner position, 207.36 x 10-6 at 230 kN for edge position and 182.5 x 10-6 at 230 kN for 

central position. It has been observed that for the same loading, the strain is highest for corner 

position and lowest for central position. The variations of strains with loads are shown in 

Figure 5.21 and results are shown in Table 5.15. 

 Strains are lowest at central position and highest at corner position being highest 

flexural rigidity in the central position and lowest in corner position.  

For the same position, the strains were compared for different thicknesses of 

pavements. Figures 5.22 to 5.24 show the variation of strains for the same positions with the 

different thicknesses of the pavement. It has been noticed that for each position, the strain 

decreases with increasing thickness of the pavement due to increase in flexural rigidity. The 

results are shown in Tables 5.16 to 5.18. 
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Fig. 5.19 Variation of Strains with Varying Loads for Different Positions 

for 160 mm Thick Pavement 

 

 

 

Fig. 5.20 Variation of Strains with Varying Loads for Different Positions 

for 200 mm Thick Pavement 
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Fig. 5.21 Variation of Strains with Varying Loads for Different Positions 

for 240 mm Thick Pavement 

 

 

 

Fig. 5.22 Variation of Strains with Varying Loads for Different Thicknesses 

of Pavement at Central Position 
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Fig. 5.23 Variation of Strains with Varying Loads for Different Thicknesses 

of Pavement at Edge Position 

 

 

 

 

 

Fig. 5.24 Variation of Strains with Varying Loads for Different Thicknesses 

of Pavement at Corner Position 
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Table 5.13: Longitudinal Strains at Different Loading for Corner and Edge Position for 

160 mm Thick Pavement 

Sl. No. Loads  

(kN) 

Strains at  

corner x 10-6 

Strains  

at edge x 10-6 

1 50 142.60 120.30 

2 100 287.40 255.14 

3 130 320.30  290.40 

4 150 - 331.14 

5 200 - 398.09 

6 210 - 418.00 
 

 

 

 

Table 5.14: Longitudinal Strains at Different Loading for Corner, Edge and Central 

Positions for 200 mm Thick Pavement 

 Sl. No. Loads in  

(kN) 

Strains at  

corner x 10-6 

Strains  

at edge x 10-6 

Strains  

at centre x 10-6 

1 50 98.50 85.74 62.45 

2 100 195.25 165.56 117.30 

3 150 292.50 235.93 167.40 

4 200 360.60 307.45 255.60 

5 210 375.20 309.52 262.31 

6 230 - 312.80 275.30 
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Table 5.15: Longitudinal Strains at Different Loading for Corner, Edge and Central 

Positions for 240 mm Thick Pavement 

Sl. No. Loads  

(kN) 

Strains at  

corner x 10-6 

Strains  

at edge x 10-6 

Strains  

at centre x 10-6 

1 50 70.25 55.10 45.30 

2 100 135.40 101.85 85.25 

3 150 193.30 138.99 120.90 

4 200 240.30 176.98 162.70 

5 230 - 207.36 182.50 

 

 

 

 

Table 5.16: Comparison of Longitudinal Strains at Edge Position for Different 

Thicknesses of Pavements 

Sl. No. Loads  

(kN) 

Strains (X 10-6) for different pavement thicknesses 

(mm) 

160 200 240 

1 50 120.30 85.74 55.10 

2 100 255.14 165.56 101.85 

3 150 331.14 235.93 138.99 

4 200 398.09 307.45 176.98 

5 210 418.00 309.52 190.25 

6 230 - 312.80 207.36 
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Table 5.17: Comparison of Longitudinal Strains at Corner Position for Different 

Thicknesses of Pavements 

Sl. No. Loads  

(kN) 

Strains ( X 10-6)  for different pavement thicknesses  

(mm) 

160 200 240 

1 50 142.60 98.50 70.25 

2 100 287.40 195.25 135.40 

3 130 320.30 254.21 170.50 

4 150 - 292.50 193.30 

5 200 - 360.60 240.30 

6 210 - 375.20 - 

 

 

 

 

Table 5.18: Comparison of Longitudinal Strains at Centre Position for Different 

Thicknesses of Pavement 

Sl. No. Loads  

(kN) 

Strains (X 10-6) for different pavement thicknesses 

(mm) 

160 200 240 

1 50 - 62.45 45.30 

2 100 - 117.30 85.25 

3 150 - 167.40 120.90 

4 200 - 255.60 162.70 

5 230 - 275.30 182.50 
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5.5.1 Comparison of Strains Obtained Through FEM Analysis and Experimental 

Values for Edge Position  

 Strains obtained through FEM analysis at edge position for different thickness are 

shown in Tables 5.3 to 5.5. Comparison of results obtained through FEM analysis and 

observed values are presented in Table 5.19. 

 Analysis of results shows that FEM and experimental values are in good agreement. 

The ratio of observed and FEM values range from 1.09 to 1.40 for 160 mm thick pavement, 

1.15 to 1.44 for 200 mm thick pavement and 1.06 to 1.32 for 240 mm thick pavement. The 

limiting strain measured at 210 kN for 160 mm thick pavement before failure was 418.0 x    

10-6. As the load reached 220 kN, the pavement suddenly broken into two approximately 

equal part. The limiting strains could not be measured for 200 mm and 240 mm thick 

pavement due to maximum capacity of loading frame being limited to 250 kN. From the 

observations, it is quite clear that pavement of thicknesses 200 mm and 240 mm still could 

carry more loads. Figures 5.25 to 5.27 show the comparison of strains obtained through FEM 

analysis and experimental observed values.  

 

Fig. 5.25  Comparison of Observed Strains with Analytical Strains 

by FEM at Edge Position for 160 mm Thick Pavement 
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Fig. 5.26  Comparison of Observed Strains with Analytical Strains 

by FEM at Edge Position for 200 mm Thick Pavement 

 

 

 

Fig. 5.27  Comparison of Observed Strains with Analytical Strains 

by FEM at Edge Position for 240 mm Thick Pavement 
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Table 5.19: Comparison of Strains at Edge Position Between Observed and Obtained 

Through FEM Analysis  

Sl. No. Pavement 

thickness 

(mm) 

Loads   

(kN) 

Observed 

strains  

x 10-6 

Strains 

through 

FEM x 10-6 

Ratio 

(observed / 

FEM) 

% 

variation  

 

 

1 

 

 

160 

50 120.30 91.07 1.32 24.3 

100 255.14 182.14 1.40 26.6 

150 331.14 273.21 1.21 17.5 

200 398.09 364.29 1.09 8.5 

210 418.00 382.50 109 8.5 

 

 

2 

 

 

200 

50 85.74 59.37 1.44 30.76 

100 165.56 118.74 1.39 28.28 

150 235.93 178.11 1.32 24.5 

200 307.45 237.48 1.29 22.76 

230 312.80 273.10 1.15 12.7 

 

 

3 

 

 

240 

50 55.10 41.87 1.32 24.0 

100 101.85 83.74 1.22 17.78 

150 138.99 125.61 1.11 9.63 

200 176.98 167.48 1.06 5.37 

230 207.36 192.60 1.08 7.11 

 

5.6 WHEEL LOAD STRESSES IN HSHPC PAVEMENTS 

 Wheel load stresses at different loads have been calculated by using Westergaard, 

Mayerhof, Ghosh and by Indian Road Congress (IRC) methods for different thicknesses of 

pavements. Wheel load stresses at varying loads for different positions for various thicknesses 

of pavements and variations of theoretical stresses with respect to observed values are shown 

in Tables 5.20 to 5.22.   
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Table 5.20: Wheel Load Stresses at Varying Loads through Different Theories for Slab Thickness 160 mm 

Dimension of the slab   = 1800 mm x 1800 mm,  Thickness of the slab, ‘h’ = 160 mm  

 Radius of loaded area, ‘a’   = 150 mm,    Equivalent radius of resisting section, ‘b’ = 140.2 mm  

 Modulus of subgrade reaction, ‘K’  = 0.0463 N/mm3   Modulus of elasticity of concrete ‘E’ = 4.17 x 104 N/mm2 

         (4.63 kg/cm3) 

 Poisson’s ratio of concrete, ‘µ’  = 0.2    Flexural strength of concrete, ‘ 'b = 6.4 N/mm2 

 Radius of relative stiffness, ‘l’  = 750 mm  

Sl. 

No

. 

Load

s (P) 

(kN) 

By Westergard Analysis (MPa) By Mayerhof’s analysis By IRC-58 Method of analysis (MPa) Experimentall

y observed 

values (MPa) 

  Se Sc Se Sc Se Sc Se Sc 

  Calculated % 

variation 

Calculated % 

variation 

Calcula

ted 

% 

variati

on 

Calculated % 

variati

on 

Calculated % 

variation 

Calculated % 

variatio

n 

  

1 50 3.65 27.3 3.11 47.73 1.42 71.7 2.34 60.67 4.19 16.5 4.57 23.19 5.02 5.95 

2 100 7.31 31.3 6.23 48.04 2.84 73.3 4.69 60.68 8.37 21.3 9.14 23.77 10.64 11.99 

3 130 9.50 21.6 8.09 39.45 3.70 69.4 6.09 54.42 10.88 10.16 1.88 11.07 12.11 13.36 

4 150 10.96 20.6 - -   4.27  69.1 - - 12.55 9,12 - - 13.81 - 

5 200 14.62 11.93 - - 5.69 65.7 - - 16.74 -0.84 - - 16.60 - 

6. 210 15.35 11.93 - - 5.97 65.7 - - 17.58 -0.86 - - 17.43 - 

*Thermal stress at edge region = 0.13 N/mm2 as calculated by as per Bradbury concept [62] 
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Table 5.21: Wheel Load Stresses at Varying Loads through Different Theories for Slab Thickness 200 mm 

Dimension of slab    = 1800 mm x 1800 mm,  Thickness of slab, ‘h’ = 200 mm  

 Radius of loaded area, ‘a’   = 150 mm,    Equivalent radius of resisting section, ‘b’ = 140.7 mm  

 Modulus of subgrade reaction, ‘K’  = 0.0463 N/mm3  Modulus of elasticity of concrete ‘E’ = 4.17 x 104 N/mm2- 

         (4.63 kg/cm3) 

 Poisson’s ratio of concrete, ‘µ’  = 0.2    Flexural strength of concrete, ‘ 'b = 6.4 N/mm2 

 Radius of relative stiffness, ‘l’  = 889.3 mm  

Sl. 

No 

Loads

, (P)  

(kN) 

By Westergaard analysis  

(MPa) 

By Mayerhoff 

analysis  

(MPa) 

By IRC-58 Method of analysis  

(MPa) 

Experimentally observed 

values  

(MPa) 

Si Se Sc Si Se Sc Se Sc Si Se Sc 

Calcul

ated 

% 

variati

on  

Calcul

ated 

% 

variati

on  

Calc

ulate

d 

% 

variati

on  

Calculat

ed 

% 

variat

ion  

Calculat

ed 

% 

variat

ion  

Calcu

lated 

% 

variati

on  

Calcul

ated 

% 

variati

on  

Calcul

ated 

% 

variati

on  

   

1 50 1.69 36.47 2.55 28.8 2.16 47.44 0.56 78.95 0.93 74.02 1.56 62.04 2.89 19.27 3.08 25.06 2.66 3.58 4.11 

2 100 3.37 31.08 5.09 26.23 4.33 46.81 1.13 76.89 1.86 73.04 3.12 61.67 5.78 16.23 6.16 24.32 4.89 6.90 8.14 

3 150 5.06 27.5 7.63 22.55 6.49 46.80 1.69 75.79 2.80 71.54 4.68 61.63 8.67 11.89 9.24 24.26 6.98 9.84 12.20 

4 200 6.75 36.68 10.19 20.51 8.65 42.49 2.25 78.89 3.73 70.90 6.23 58.58 11.56 9.8 12.31 18.15 10.66 12.82 15.04 

5 210 7.08 35.28 10.69 17.20 9.09 41.92 2.37 78.34 3.91 69.71 6.55 58.15 12.14 5.96 12.93 17.38 10.94 12.91 15.65 

6 230 7.76 32.40 11.71 10.20 - - 2.59 77.44 4.29 67.10 - - 13.29 -1.92 - - 11.48 13.04 - 

*Thermal stress at edge region = 0.11 N/mm2 as calculated by as per Bradbury concept [62] 
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Table 5.22: Wheel Load Stresses at Varying Loads through Different Theories for Slab Thickness 240 mm 

 Dimension of slab    = 1800 mm x 1800 mm,  Thickness of slab, ‘h’ = 240 mm  

 Radius of loaded area, ‘a’   = 150 mm,    Equivalent radius of resisting section, ‘b’ = 143.9 mm  

 Modulus of subgrade reaction, ‘K’  = 0.0463 N/mm3  Modulus of elasticity of concrete ‘E’ = 4.17 x 104 N/mm2 

         (4.63 kg/cm3) 

 Poisson’s ratio of concrete, ‘µ’ = 0.2    Flexural strength of concrete, ‘ 'b = 6.4 N/mm2 

 Radius of relative stiffness, ‘l’  = 1019.6 mm  

Sl. 

N

o 

Loads 

(P)  

(kN) 

By Westergaard analysis  

(MPa) 

By Mayerhoff 

analysis  

(MPa) 

By IRC-58 method of analysis  

(MPa) 

Experimentally observed 

values  

(MPa) 

Si Se Sc Si Se Sc Se Sc Si Se Sc 

Calc

ulate

d 

% 

variati

on  

Calcul

ated 

% 

variat

ion  

Calc

ulate

d 

% 

variat

ion  

Calc

ulate

d 

% 

variati

on  

Calcul

ated 

% 

variat

ion  

Calc

ulate

d 

% 

variati

on  

Calcul

ated 

% 

variati

on  

Calcul

ated 

% 

variat

ion  

   

1 50 1.23 34.92 1.87 18.7 1.59 45.73 0.39 79.37 0.66 71.3 1.11 62.12 2.11 8.26 2.21 24.57 1.89 2.30 2.93 

2 100 2.45 31.18 3.73 12.24 3.18 43.72 0.79 77.81 1.32 68.94 2.22 60.70 4.23 0.47 4.42 21.76 3.56 4.25 5.65 

3 150 3.68 26.98 5.60 3.45 4.77 40.82 1.18 76.59 1.97 66.03 3.33 58.68 6.34 -9.31 6.63 17.74 5.04 5.80 8.06 

4. 200 4.90 27.84 7.47 -1.22 6.36 36.53 1.58 76.73 2.63 64.36 4.44 55.69 8.45 -14.5 8.83 11.88 6.79 7.38 10.02 

5 230 5.64 25.89 8.59 0.69 - - 1.81 76.22 3.03 64.97 - - 9.72 -12.36 - - 7.61 8.65 - 

*Thermal stress at edge region = 0.096 N/mm2 as calculated by as per Bradbury concept [62] 
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5.6.1 Comparison of Wheel Load Stresses for Edge Position  

 A comparison of wheel load stresses calculated by analytical method i.e. FEM, 

theoretical methods i.e. Westergaard, Mayerhof, IRC-58 method with the observed values of 

stresses are shown in Table 5.23 and the results are plotted in Figures 5.28 to 5.33. 

 

 The ratios of observed to theoretical stresses are 1.37 by Westergaard method, 3.53 by 

Mayerhof method, 1.2 by IRC method and 1.3 by FEM analysis at 50 kN load for 160 mm 

thick pavement. For 200 mm thick pavement these ratios are 1.4 by Westergaard, 3.83 by 

Mayerhof, 1.24 by IRC and 1.42 by FEM analysis at 50 kN load. For 240 mm thick pavement, 

these ratios are 1.23 by Westergaard, 3.5 by Mayerhoff, 1.09 by IRC and 1.31 by FEM 

analysis at 50 kN load. Results of FEM analysis and Westergaard are in very good agreement 

with the observed values. Results obtained by Westergaard and FEM analysis are 

approximately equal. Results obtained by IRC method are more close to the observed values 

than Finite Element and Westergaard analysis, but there is no much difference in values.  

 

 Results obtained by Westergaard, IRC and FEM analysis are in good agreement with 

the observed values. For 200 kN load, the ratio of observed to Westergaard analysis are 1.14, 

1.26 and 0.99 for 160 mm, 200 mm and 240 mm thick pavements respectively. The 

corresponding results obtained by Mayerhof’s are 2.92, 3.44 and 2.8 for 160 mm, 200 mm and 

240 mm thick pavements respectively. The results computed by FEM are 1.08, 1.27 and 1.05 

much closer to observed values for 160 mm, 200 mm and 240 mm thick pavement 

respectively. By IRC method at 200 kN load the ratios are 0.99 for 160 mm, 1.11 for 200 mm 

and 0.87 for 240 mm thick pavements.  

 

 For 160 mm thick pavement at edge as the load was being applied beyond the 210 kN, 

the pavement suddenly broke into two approximately equal parts. At 210 kN load, the ratios 

are 1.14 by Westergaard, 2.92 by Mayerhof’s, 0.99 by IRC and 1.08 by FEM analysis. These 

results reflect that stresses computed by Westergaard, IRC and FEM analysis are very much 

close to the observed results. These also demonstrate that  
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Fig. 5.28  Comparison of Observed Stresses with Theoretical and Analytical (FEM) 

Stresses at Edge Position for 160 mm Thick Pavement 

 

 

 

 

Fig. 5.29  Comparison of Observed Stresses with Analytical Stresses 

          by FEM at Edge Position for 160 mm Thick Pavement 
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Fig. 5.30  Comparison of Observed Stresses with Theoretical and Analytical (FEM) 

Stresses at Edge Position for 200 mm Thick Pavement 

 

 

 

Fig. 5.31 Comparison of Observed Stresses with Analytical Stresses 

by FEM at Edge Position for 200 mm Thick Pavement 
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Fig. 5.32 Comparison of Observed Stresses with Theoretical and Analytical (FEM) 

Stresses at Edge Position for 240 mm Thick Pavement 

 

 

 

Fig. 5.33 Comparison of Observed Stresses with Analytical Stresses 

(FEM) at Edge Position for 240 mm Thick Pavement 
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200 mm and 240 mm thick HSHPC pavement was also subjected to maximum load of 230 

kN. Both the pavement did not fail. Also, there was no sign of prior failure. At this load i.e. 

230 kN the ratios are 1.11 by Westergaard, 3.04 by Mayerhof, 0.98 by IRC and 1.13 by FEM 

for 200 mm thick pavement. Results computed by Westergaard, IRC and FEM analysis are 

approximately equal to the observed values. 

 

 For 240 mm thick pavement the computed ratios are 1.01 by Westergaard, 2.85 by 

Mayerhof, 0.89 by IRC and 1.07 by FEM analysis. The results computed by Westergaard, IRC 

and FEM analysis are in good agreement with observed values.  

 

 It is of significance to note that at higher load i.e. 200 kN and above the observed 

stresses are lower than by the IRC method. Ratios range from 0.87 to 0.99, for each pavement 

i.e. 160 mm, 200 mm and 240 mm; while through FEM analysis, the results are in good 

agreement with the observed values and ratios varies from 1.05 to 1.27. The excellent 

structural behavior of HSHPC pavement at higher load may be attributed due to the absence of 

structural cracks and due to crack arrest properties of HSHPC mixes. Results for different 

thicknesses also demonstrate that HSHPC pavement can bear stresses significantly higher than 

the flexural strength of concrete mix.  

 

 Due to high flexural stress bearing capacity, the pavement may be expected to carry 

much higher number of load repetitions and appreciable longer life. The observed stresses 

were found to be 2.8 to 3.83 times the Mayerhof values. Therefore, an appropriate factor of 

safety should be incorporated while analyzing the HSHPC pavement by Mayerhof  theory. A 

factor of safety between 2 to 3 may be recommended for HSHPC pavement. The results 

obtained from FEM analysis are in good agreement with the observed values.  
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Table: 5.23: Comparison of Wheel loads stresses at Edge Position for Different Thicknesses of Pavements 

Sl. 

No. 

Thicknesses 

of 

pavements 

in mm 

Loads 

(P)  

(kN) 

Stress by 

Westergaard 

analysis in 

(MPa) 

Ratio % 

variation  

Stress by 

Mayerhof 

 analysis 

(MPa) 

Ratio % 

variation 

Stress 

by IRC-

58 

method 

of 

analysis 

(MPa) 

Ratio % 

variation 

Stress 

by FEM 

analysis 

(MPa) 

Ratio  % 

variation 

Experimentally 

observed stress 

values (MPa) 

1 160 50 

100 

150 

200 

210 

3.65 

7.31 

10.96 

14.62 

15.35 

1.37 

1.46 

1.26 

1.14 

1.14 

27.3 

31.3 

20.6 

11.93 

11.93 

1.42 

2.84 

4.27 

5.69 

5.97 

3.53 

3.74 

3.24 

2.92 

2.92 

71.7 

73.3 

69.1 

65.7 

65.7 

4.19 

8.37 

12.55 

16.74 

17.58 

1.20 

1.27 

1.10 

0.99 

0.99 

16.5 

21.3 

9.12 

-0.84 

-9.86 

3.86 

7.72 

11.58 

15.44 

16.21 

1.30 

1.38 

1.19 

1.08 

1.08 

23,08 

27.54 

15.97 

7.40 

7.40 

5.02 

10.64 

13.81 

16.60 

17.43 

2 200 50 

100 

150 

200 

230 

2.55 

5.09 

7.63 

10.19 

11.71 

1.40 

1.36 

1.29 

1.26 

1.11 

28.8 

26.23 

22.55 

20.51 

10.20 

0.93 

1.86 

2.80 

3.73 

4.29 

3.83 

3.70 

3.52 

3.44 

3.04 

74.02 

73.04 

71.54 

70.90 

67.10 

2.89 

5.78 

8.67 

11.56 

13.29 

1.24 

1.19 

1.13 

1.11 

0.98 

19.27 

16.23 

11.89 

9.8 

-1.92 

2.52 

5.04 

7.56 

10.08 

11.59 

1.42 

1.37 

1.3 

1.27 

1.13 

29.58 

27.01 

23.08 

21.26 

11.50 

3.58 

6.90 

9.84 

12.82 

13.04 

3 240 50 

100 

150 

200 

230 

1.87 

3.73 

5.60 

7.47 

8.59 

1.23 

1.14 

1.04 

0.99 

1.01 

18.7 

12.24 

3.45 

-1.22 

0.69 

0.66 

1.32 

1.97 

2.63 

3.03 

3.50 

3.23 

2.94 

2.80 

2.85 

71.3 

68.94 

66.03 

64.36 

64.97 

2.11 

4.23 

6.34 

8.45 

9.72 

1.09 

1.00 

0.91 

0.87 

0.89 

8.26 

0.47 

-9.31 

-14.5 

-12.36 

1.76 

3.53 

5.29 

7.06 

8.11 

1.31 

1.20 

1.10 

1.05 

1.07 

23.66 

16.67 

9.10 

4.76 

6.54 

2.30 

4.25  

5.80 

7.38 

8.65 
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5.6.2 Comparison of Wheel Load Stresses for Interior Position  

 Comparison of wheel load stresses calculated by theoretical methods with the 

experimentally observed values is shown in Table 5.24 and results are plotted in Figures 5.34 

and 5.35. 

 

 A study of results show that at 50 kN load, the observed stress is 1.54 times the stress 

computed by Westergaard and 4.62 times the stress computed by Mayerhof analysis for 200 

mm thick pavement. For 240 mm thick pavement, the observed stress is 1.54 times the 

Westergaard stress and 4.79 times the stress computed by Mayerhof analysis. It is evident that 

the experimental values of stresses are close to Westergaard stresses. A factory of safety 4 

should be applied when Mayerhof analysis is adopted.  

 

 At higher load i.e. at 200 kN load, the observed stress is 1.58 times the stress 

computed by Westergaard and 4.73 times the stress computed by Mayerhof analysis for 200 

mm thick pavement. For 240 mm thick pavement, the observed stress is 1.38 times the stress 

computed by Westergaard and 4.3 times the stress computed by Mayerhof analysis. When 

maximum load i.e. 230 kN was applied, the observed stresses were 1.48 times the stress 

computed by Westergaard and 4.43 times the stress computed by Mayerhof for 200 mm thick 

pavement. For 240 mm thick pavement, the observed stresses were 1.35 times the stress 

calculated by Westergaard and 4.20 times the stress calculated by Mayerhof analysis. But 

pavements did not fail up to the maximum load i.e. at 2.30 kN.  

 

 From the above discussion, it is quite clear that observed stresses are in good 

agreement to the stresses computed by Westergaard. A factor of safety of 4 should be applied, 

when the analysis is to be done by Mayerhof method. The significant outcome is that 

Westergaard analysis is applicable for HSHPC pavement. 
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Fig. 5.34  Variation of Stresses with Varying Loads by Different Theories 

at Central Position for 200 mm Thick Pavement 

 

 

 

 

Fig. 5.35  Variation of Stresses with Varying Loads by Different Theories 

at Central Position for 240 mm Thick Pavement 
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Table 5.24: Comparison of Wheel load Stresses at Interior Position for Different 

Thicknesses of Pavements 

Sl. 

No. 

Thicknesses 

of 

pavements 

(mm) 

Loads 

(P)   

 

(kN) 

Stress by 

Westergaard 

analysis 

(MPa) 

Ratio % 

variation 

Stress by 

Mayerhof 

analysis 

(MPa) 

Ratio % 

variation  

Experimentally 

observed 

stresses  

(MPa) 

1 160* - - -  - -  - 

2 200 50 

100 

150 

200 

230 

1.69 

3.37 

5.06 

6.75 

7.76 

1.54 

1.45 

1.38 

1.58 

1.48 

36.47 

31.08 

27.5 

36.68 

32.40 

0.56 

1.13 

1.69 

2.25 

2.59 

4.62 

4.34 

4.13 

4.73 

4.43 

78.95 

76.89 

75.79 

78.89 

77.44 

2.66 

4.89 

6.98 

10.66 

11.48 

3 240 50 

100 

150 

200 

230 

1.23 

2.45 

3.68 

4.90 

5.64 

1.54 

1.45 

1.37 

1.38 

1.35 

34.92 

31.18 

26.98 

27.84 

25.89 

0.39 

0.79 

1.18 

1.58 

1.81 

4.79 

4.51 

4.26 

4.30 

4.20 

79.37 

77.81 

76.59 

76.73 

76.22 

1.89 

3.56 

5.04 

6.79 

7.61 

*Slab having thickness 160 mm could not be tested at central position. 

5.6.3 Comparison of Wheel Load Stresses for Corner Position 

A comparison of corner load stresses observed experimentally and computed by 

different methods is given in Table 5.25 and variations of results are shown in Figures 5.36 to 

5.38. 

 

Results of stress analysis show that the ratios, observed stress to theoretical stress, are 

1.91 by Westergaard, 2.54 by Mayerhof and 1.3 by IRC methods for 160 mm thick pavement 

at 50 kN load. For 200 mm thick pavement, these ratios are 1.9, 2.63 and 1.33 by 

Westergaard, Mayerhof and IRC methods respectively. These ratios are 1.84, 2.64 and 1.33 by 

Westergaard, Mayershof and IRC methods respectively for 240 mm thick pavement.  

 

At 100 kN load, these ratios are 1.92, 2.56 and 1.31 for 160 mm thick pavement, for 

200 mm thick pavement, these ratios are 1.88, 2.61 and 1.32 and for 240 mm thick pavement 

these ratios are 1.78, 2.54 and 1.28 by Westergaard, Mayerhof and IRC methods respectively.  
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At 200 kN maximum load the ratios are 1.74, 2.41 and 1.22 for 200 mm thick 

pavement and for 240 mm thick pavement, these ratios are 1.58, 2.26 and 1.13 by 

Westergaard, Mayerhof and IRC methods respectively. All the pavements i.e. 160, 200 and 

240 mm did not fail at maximum loading.  

Analysis of results shows that stresses obtained by IRC method are closest to the 

observed stresses. All the time, the observed stresses are more than two times the stresses 

computed by Mayerhof analysis. This shows that a factor of safety of 2 needs to be applied 

while analysis is being carried out by Mayerhof method. Westergaard analysis gives much 

conservative results.  

 

 

 

 

Fig. 5.36 Variation of Stresses with Varying Loads by Different Theories 

at Corner Position for 160 mm Thick Pavement 
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Fig. 5.37 Variation of Stresses with Varying Loads by Different Theories 

at Corner Position for 200 mm Thick Pavement 

 

 

 

 

Fig. 5.38 Variation of Stresses with Varying Loads by Different Theories 

at Corner Position for 240 mm Thick Pavement 
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Table 5.25: Comparison of Wheel Load Stresses at Corner Position for Different Thicknesses of Pavements 

 
Sl. 

No. 

Thicknesses 

of 

pavements,  

(mm) 

Loads 

(P) 

(kN) 

Stress by 

Westergaard 

analysis 

(MPa) 

Ratio % 

variation 

Stress by 

Mayerhof 

analysis 

(MPa) 

Ratio % 

variation 

Stress by 

IRC 

method of 

analysis 

(MPa) 

Ratio % 

variation  

Experimentally 

observed 

stresses  

(MPa) 

 

1 

 

160 

50 

100 

130 

3.11 

6.23 

8.09 

1.91 

1.92 

1.65 

47.73 

48.04 

39.45 

2.34 

4.69 

6.09 

2.54 

2.56 

2.19 

62.67 

60.88 

54.42 

4.57 

9.14 

11.88 

1.30 

1.31 

1.12 

23.19 

23.77 

11.07 

5.95 

11.99 

13.36 

 

 

2 

 

 

200 

50 

100 

150 

200 

210 

2.16 

4.33 

6.49 

8.65 

9.09 

1.90 

1.88 

1.87 

1.74 

1.72 

47.44 

46.81 

46.80 

42.49 

41.92 

1.56 

3.12 

4.68 

6.23 

6.55 

2.63 

2.61 

2.60 

2.41 

2.39 

62.04 

61.67 

61.63 

58.58 

58.15 

3.08 

6.16 

9.24 

12.31 

12.93 

1.33 

1.32 

1.32 

1.22 

1.21 

25.06 

24.32 

24.26 

18.15 

17.38 

4.11 

8.14 

12.20 

15.04 

15.65 

 

 

3 

 

 

240 

50 

100 

150 

200 

1.59 

3.18 

4.77 

6.36 

1.84 

1.78 

1.69 

1.58 

45.73 

43.72 

40.82 

36.53 

1.11 

2.22 

3.33 

4.44 

2.64 

2.54 

2.42 

2.26 

62.12 

60.70 

58.68 

55.69 

2.21 

4.42 

6.63 

8.83 

1.33 

1.28 

1.22 

1.13 

24.57 

21.76 

17.74 

11.88 

2.93 

5.65 

8.06 

10.02 
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5.7 LOAD CARRYING CAPACITY OF HSHPC PAVEMENTS  

 Static plate load test results are shown in Table 4.12 for 160 mm thick pavement. For 

corner position, it had been observed that as the load was continuously increased, the 

pavement started lifting from opposite corner. As the load reached 130 kN, the lifting of 

opposite corner was observed 65 mm. Due to excessive lifting of opposite corner further 

application of load was stopped. There was no sign of failure at corner position at 130 kN 

load. At edge position up to 210 kN load, there was no sign of failure. As the load reached 220 

kN, the pavement failed suddenly. There was no prior sign of failure.  

For 200 mm thick pavement, static plate load test results are shown in Table 4.14 for 

each position i.e. central, edge and corner. At corner position, as the load was increased 

continuously, the pavement started lifting from opposite corner. This phenomenon was 

observed at 90 kN load and lifting was 55 mm at 210 kN load. Due to excessive lifting further 

application of load was stopped. At central and edge position load was applied up to the 

maximum capacity i.e. 230 kN. But there was no sign of failure for any positions i.e. central, 

edge and corner. Pavement was still in position to carry more loads. There was no sign of 

failure at load 210 kN for corner and 230 kN for edge and central position. 

 For 240 mm thick pavement, static plate load test results are shown in Table 4.16 for 

each position i.e. central, edge and corner. Load had been applied at different positions of 

pavement. At corner position, it had been observed that as the load was continuously 

increased, the opposite corner started lifting. This phenomenon was noticed at load 100 kN. 

Lifting was 45 mm at 200 kN load. Due to considerable lifting, further application of load was 

not permitted. Upto maximum capacity of reaction frame, the load was applied at central and 

edge position i.e. 230 kN. No sign of failure had been observed for any positions of pavement. 

The pavement still could carry more load at all positions. No sign of failure were observed for 

edge, corner and central positions. 

 The lifting of opposite corner of the pavement is shown in Photograph 4.21.  
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5.8 MAXIMUM LOAD CARRYING CAPACITY AT FLEXURAL STRENGTH  

 Comparison of maximum yield and ultimate load for central, edge and corner position, 

by Westergaard, IRC-58, Mayerhof and Ghosh are presented in Table 5.26. 

 

 The 160 mm thick pavement failed at 220 kN load for edge position. The pavement 

did not fail at 130 kN load for corner position. The yield loads evaluated by Westergaard 

method come out to be 130.24 kN, 87.52 kN and 102.79 kN for centre edge and corner 

position respectively. By IRC-58 method the yield load come out as 76.47 kN and 69.99 kN 

for edge and corner position respectively for 160 mm. The ultimate load computed by 

Mayerhof method are 367.66 kN, 225.02 kN and 136.53 kN for centre, edge and corner 

positions respectively. The yield load by Westergaard method is 39.78% and 34.76% by IRC 

of the experimental value and ultimate load by Mayerhof method is approximately 100% of 

the experimental value for edge position. The ultimate load calculated by Mayerhof is closest 

to the experimental value. The ultimate load analysed by Ghosh method is 354.98 kN for 

central position. The ultimate loads calculated by Mayerhof and Ghosh are nearly equal for 

central position. 

 

 The 200 mm thick pavement did not fail at any position i.e. central, edge and corner up 

to the maximum loading capacity of reaction frame. The maximum load of 230 kN was 

applied at centre and edge position and 210 kN load was applied at corner position. The yield 

loads evaluated by Westergaard method are 189.63 kN, 125.68 kN and 147.98 kN for centre, 

edge and corner positions respectively. By IRC-58 method the yield load come out as 110.75 

kN and 103.95 kN for edge and corner position respectively for 200 mm. These yield loads 

are sufficiently less than the experimentally applied loads respectively. The ultimate loads 

calculated by Mayerhof method are 568.11 kN, 343.31 kN and 205.29 kN for centre, edge and 

corner positions respectively. These computed ultimate loads are much higher than the 

experimentally applied loads respectively. The ultimate load calculated by Ghosh theory for 

central position is 551.67 kN, which is nearly equal to the ultimate load calculated by 

Mayerhof method for central position.  
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 Also, the 240 mm thick pavement did not fail at any position upto the maximum 

experimentally applied load 230 kN at centre and edge position and 200 kN load was applied 

at corner position. The yield loads calculated by Westergaard method are 260.95 kN, 171.38 

kN and 201.44 kN for centre, edge and corner positions respectively. The yield load at centre 

position is higher than the experimentally applied load and yield load at corner is nearly equal 

to the experimentally applied load. By IRC-58 method the yield load come out as 151.37 kN 

and 144.89 kN for edge and corner positions respectively for 240 mm. The ultimate loads 

calculated by Mayerhof method are 811.89 kN, 486.49 kN and 288.15 kN for centre, edge and 

corner positions respectively. The ultimate load calculated by Ghosh theory for central 

position is 791.48 kN, which is in close agreement with Mayerhof. The ultimate loads 

calculated by Mayerhof and Ghosh method are much higher than the experimentally applied 

load.  

 

 From the above discussion, it is quite clear that the maximum load carrying capacities 

of HSHPC pavements are exceptionally high. The maximum load carrying capacities 

continuously increase with increase in thickness for each position. This may be attributed due 

to increase in flexural rigidity of the pavement and absence of structural cracks. High load 

carrying capacities also reflect that HSHPC has high resistance to crack development and 

crack propagation.  
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Table 5.26: Comparison of Maximum Yield Load and Ultimate Load Carried by Pavements** 

 
Sl. 

No. 

Pavement 

thicknesses 

in mm 

Positions Maximum 

yield load 

by 

Westergaard 

‘kN’ 

% of 

experime-

ntally 

Applied 

Load 

Ultimate 

load by 

Mayerhof 

in kN 

% of 

experimentally 

applied Load 

Ultimate Load 

By Ghosh 

Method in kN 

% of 

experimentally 

applied load 

Maximum 

yield load 

by IRC  

‘kN’ 

% of 

experimentally 

applied load 

Experimentally 

applied load in kN 

1 160 Centre 

Edge 

Corner 

130.24 

87.52  

102.79 

- 

39.78 

- 

367.66  

225.02 

136.53  

- 

100 

- 

354.98  

- 

- 

- 

- 

- 

- 

76.47 

69.99 

- 

34.76 

- 

- 

220 

130  

2. 200 Centre 

Edge 

Corner 

189.63  

125.68  

147.98  

- 

- 

- 

568.11  

343.31  

205.29  

- 

- 

- 

551.67  

- 

- 

- 

- 

- 

- 

110.75 

103.95 

- 

- 

- 

230  

230  

210  

3. 240 Centre 

Edge 

Corner  

260.95  

171.38  

201.44  

- 

- 

- 

811.89  

486.49  

288.15  

- 

- 

- 

791.48 

- 

- 

- 

- 

- 

- 

151.37 

144.89 

- 

- 

- 

230  

230  

200 

*Pavement did not crack and failed up to 230 kN load.  

**At Flexural Strength 6.4 Mpa and Modulus of Subgrade Reaction (K) 0.0463 N/mm3 or 4.63 kg/cm3 
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5.9 OPTIMIZATION OF THE DESIGN THICKNESS OF HIGH STRENGTH 

HIGH PERFORMANCE CONCRETE PAVEMENTS  

 From the analysis for 200 mm thick pavement, it is quite clear that yield load carrying 

capacity by Westergaard and IRC method is 125.68 kN and 110.75 kN respectively for edge 

position at flexural strength, which is quite lower than the experimentally applied load. By 

Westergaard analysis, for central and corner position, the yield load carrying capacities are 

189.63 kN and 147.98 kN respectively at flexural strength. By IRC method the yield load at 

corner position is 103.95 kN. Corresponding to flexural strength, the ultimate load carrying 

capacities at different positions are 568.11 kN for central, 343.31 kN for edge and 205.29 kN 

for corner by Mayerhoof method. At 230 kN load, stresses calculated by different methods are 

by Westergaard 11.71 MPa, by IRC 13.29 MPa, by FEM 11.59 MPa and by Mayerhof 4.29 

MPa for edge position. These stresses are more than the flexural strength of the mix and closer 

to the observed values. From this it is clear that pavement can bear stresses beyond the 

flexural strength and could carry more load. At 230 kN load, the observed deflection and 

strain are 10.73 mm and 312.8 x 10-6. These values are quite lower.  

 From the above discussions, it is quite clear that the load carrying capacity of 200 mm 

thick pavement is sufficiently high and pavement did not fail at experimentally applied 

maximum load i.e. 230 kN. Therefore, 200 mm thick pavement is suitable in all conditions of 

traffic.  

 

5.10 CRACK PATTERNS AND CRACK WIDTH 

 The HSHPC pavements of size 1800 mm x 1800 mm with different thicknesses had 

been tested for edge, corner and central positions. Only 160 mm thick pavement failed under 

edge loading position. Rest of the pavements did not show any kind of failure at any positions 

i.e. central, corner and edge positions. For 160 mm thick pavement at edge position, the 

pattern of the crack was straight line passing through under the testing plate. The crack width 

was 1.86 mm under the loaded condition. There was sudden failure from bottom to top. Prior 

failure, there was no visible crack from sides and on surface. The pavement failed at 220 kN 

load at edge position. This is shown in Photograph 4.22 and Figure 4.4. 
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5.11 DISCUSSION OF FLEXIBLE PAVEMENTS DESIGN  

 From the analysis done in Chapter-3 for design of flexible pavements, it is evident that 

the existing IRC-37 method can be successfully used in the design of flexible pavements for 

heavy vehicles. Which are based on CBR value of sub-grade and cumulative numbers of 

standard axles to be carried during design period of 15 years. For 150 msa traffic, the 

maximum numbers of heavy vehicles are 4500 for two lane single carriageway flexible 

pavement. As the number of heavy vehicles exceeds, the limit of 150 msa is achieved earlier. 

For 6000 heavy vehicles per day and 6% CBR, as the design period is increased, the 

cumulative number of standard axles (msa) increase and also the design thickness of flexible 

pavements. For 5 year design period, the traffic is 43 msa and total pavement thickness is 668 

mm, for 10 year design period, the traffic is 105 msa and the total pavement thickness is 701 

mm and for 13 year design period, the traffic is 150 msa and total pavement thickness is 720 

mm. These are shown in Table 3.4. It is evident that 150 msa is achieved in 13 years. 

Therefore, the existing IRC-37 method can be used for design of flexible pavement for heavy 

vehicles with reduced design period to corresponding to 150 msa 

5.12 A COST ANALYSIS  

 India’s economy growth plan over 6 percent per annum will largely depend on an 

efficient roads infrastructure. Efficient road networks provide faster movement of people and 

goods with safety and economically. To achieve efficient road infrastructure networks, the 

Government of India has launched massive National Highways Development Programme and 

Pradhan Mantri Gram Sarak Yojana (PMGSY). 

 Pavements cost about 50% of the project cost, therefore, a careful alternative study is 

necessary in selection of type of pavement i.e. flexible pavements or rigid pavements. A 

rational decision will lead to lots of money saving.  

 The selection criteria of the type of pavement should be based on the cost incurring on 

whole design life of the pavement not on initial cost of construction. This is called life cycle 

cost analysis. Life cycle cost analysis includes initial construction cost, maintenance / 

rehabilitation cost, vehicle operating and fuel saving cost over the design life of the pavement.  
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 In U.S.A., a study has demonstrated that there is fuel saving of 20% on concrete roads 

as compared to bituminous roads having same roughness index. A similar study was done by 

CRRI, New Delhi on Delhi-Agra National Highway (NH-2) and found that there is a fuel 

saving of 14% on concrete roads as compared to bituminous roads for commercial vehicles.  

 In present analysis, it has been assumed that vehicle operating cost and fuel saving cost 

is same for flexible and as well as rigid pavements. While it is established fact that vehicle 

operating cost is low for rigid pavements and fuel saving cost is high for concrete pavements 

than the bituminous roads.  

5.12.1  Cost of Flexible Pavements during Design Life 

5.12.1.1 Initial construction cost 

 Two lane Highway with single carriageway, flexible pavements has been designed for 

200 heavy vehicles per day having CBR value 6% and design period 15 years. The vehicle 

damage factor has been considered as 3.5. For 6% CBR and 5 msa traffic, the pavement 

compositions are GSB = 210 mm, WMM = 250 mm, DBM = 50 mm and BC = 25 mm as per 

IRC-37-2012. The initial construction cost per km for flexible pavements are given in Table 

5.27 for 200 heavy vehicles.  

Table 5.27: Details of Initial Construction Cost per km. for Flexible Pavement for 200 

Heavy Vehicles 

 

Sl. No. Pavement composition 

(mm) 

Quantity   

(m3 / km) 

Rate  

(Rs. per m3) 

Cost per km 

(lakhs) 

1 GSB = 210 1470 1518.10 22.32 

2 WMM = 250 1750 1768.30 30.95 

3 DBM = 50 350 10417.90 36.46 

4 BC/SDBC = 25 175 11579.70 20.26 

 Total 109.99 

Say  110.00 lakh/km 

        Source: PWD, S.O.R (Schedule of Rates) year 2013 
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As the number of heavy vehicles increased per day, the thickness of flexible 

pavements will increase. This will lead to reduction in margin of initial construction cost of 

rigid and flexible pavement. Considering the case of 4500 heavy vehicles, design life 15 years, 

vehicle damage factor 4.5 and traffic growth rate 7.5%, the cumulative number of axles to be 

carried during the design life would be 150 msa.  

For CBR 6% and 150 msa, the total flexible pavement thicknesses is 720 mm. the 

compositions are GSB = 260 mm, WMM = 250 mm, DBM = 140 mm and BC = 50 mm. The 

initial construction cost per km calculated for 4500 heavy vehicles is shown in Table 5.28.  

 

Table 5.28: Details of Initial Construction Cost per km. for Flexible Pavement for 4500 

Heavy Vehicles 

Sl. No. Pavement composition 

(mm) 

Quantity   

(m3 / km) 

Rate  

(Rs. per m3) 

Cost per km 

(lakhs) 

1 GSB = 260 1820 1518.10 27.63 

2 WMM = 250 1750 1768.30 30.95 

3 DBM = 140 980 10417.90 102.10 

4 BC = 50 350 11579.70 40.53 

 Total 201.21 

Say  202.00 

lakh/km 

        Source: PWD, S.O.R (Schedule of Rates) year 2013 

 

5.12.1.2 Maintenance cost of flexible pavement  

 Period of analysis has been considered as 30 years being design life of concrete 

pavement. As per government policy, 12% discount rate has been considered. There may be 

future rise in cost of materials. To account for it, a inflation rate of 5 percent has been 

considered.  

1) It is assumed that bituminous overlay will be laid on 10th, 20th and 30th year, after the 

construction of pavement having 50 mm DBM and 25 mm BC 

   = 7 x 1000 x 0.05 + 7 x 1000 x 0.025 
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Total quantity= 350 m3 x DBM + 175 m3 BC 

  = 350 x 10417.9 x (1.05)10 x 0.88 + 175 x 11579.7 x (1.05)10 x 0.88 

  Cost = 52.26 + 29.05 

   = 81.31 lacs 

2) Surface renewal of 25 mm BC to be done overall in five years as per MORTH 

guidelines  

 Quantity  = 7 x 1000 x 0.025 

   = 175 m3 

 Cost  = 175 x 11579.7 x (1.05)5 x 0.88 

   = 22.76 lacs 

3) Cost of ordinary repairs as per MORTH norms = Rs. 1.9 lakhs (L.S.) (Data taken from 

NH Division, P.W.D., Uttarakhand) 

 Maintenance cost in 10 years = 22.07 lakhs  

Life cycle construction / maintenance cost for 200 heavy vehicles = 110 + 81.31 + 22.76 

                                                                                                                       + 22.07 

                                = 236.14 lakhs/km 

Life cycle construction / maintenance cost for 4500 heavy vehicles = 202 + 81.31 + 22.76    

                                                                                                                        + 22.07                                                                                                                       

                                 = 328.14 lakhs/km 

5.12.2   Cost of Rigid Pavement during Design Life 

5.12.2.1 Initial construction cost  

 The design of rigid pavement depends upon the modulus of subgrade reaction and 

flexural strength of concrete mix. The design life of concrete pavements is generally 30 years. 

Our study is based on M60 grade concrete pavement having thicknesses 160, 200 and 240 

mm. Therefore, pavement costs have been calculated per km used in the study. For two lane 

highway, the pavement compositions are given in Table 5.29. 
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Table 5.29: Details of Initial Construction Cost per km. for Rigid Pavement 

Sl. No. Pavement composition  

(mm) 

Quantity   

(m3 / km) 

Rate  

(Rs. per m3) 

Cost per 

km 

(lakhs) 

Total cost 

(lakhs) 

1 GSB 150   1050 1510.10 15.86  

2 DLC (M10)  150   1050 4357.0 45.75 

3 PQC (M60) 

  160 

200 

240 

1120 

1400 

1680 

6711.40 75.17 

93.96  

112.75 

136.78 

155.57 

174.36 

   Source: PWD, S.O.R (Schedule of Rates) year 2013 

 

5.12.2.2 Maintenance cost of rigid pavement  

 The average annually maintenance cost of rigid pavement is approximately Rupees 1.5 

lakh/km to cover filling of sealing compound in joints, repairs of concrete spallings etc.  

Maintenance Cost  = 17.43 lakhs.  

 

The life cycle construction / maintenance cost for HSHPC pavements are given in 

Table 5.30. 

 

Table 5.30: Life Cycle construction / Maintenance Cost for HSHPC Pavements 

Sl. No. Pavement 

thickness (mm) 

Initial construction cost 

(lakhs) 

Life cycle construction / 

maintenance cost (lakhs) 

1 160 136.78 154.21 

2 200 155.57 173.0 

3 240 174.36 191.79 

 

The comparative life cycle construction / maintenance cost for HSHPC pavements and 

flexible pavements are given in Table 5.31 for 200 heavy vehicles.  
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Table 5.31: Life Cycle Construction / Maintenance Cost for HSHPC Pavements 

and Flexible Pavements for 200 Heavy Vehicles 

Sl. 

No. 

Pavement 

type 

Initial 

construction 

cost    

(lakhs) 

Life Cycle 

construction / 

maintenance 

cost (lakhs) 

Percent Higher 

initial construction 

cost of rigid 

pavement over 

flexible pavement  

Percent Lower Life cycle 

construction / 

maintenance cost of rigid 

pavement over flexible 

pavement   

1. Flexible  110 236.14 - - 

2. Rigid   

160 mm 

200 mm 

240 mm 

 

136.78 

155.57 

174.36 

 

154.21 

173.0 

191.79 

 

24.3 

41.4 

58.5 

 

34.8 

26.7 

18.78 

 

The comparative life cycle construction / maintenance cost for HSHPC pavements and 

flexible pavements are given in Table 5.32 for 4500 heavy vehicles.  

Table 5.32: Life Cycle Construction / Maintenance Cost for HSHPC Pavements 

and Flexible Pavements for 4500 Heavy Vehicles 

Sl. 

No. 

Pavement 

type 

Initial 

construction 

cost    

(lakhs) 

Life Cycle 

construction / 

maintenance 

cost (lakhs) 

Percent lower  

initial construction 

cost of rigid 

pavement over 

flexible pavement  

Percent Lower Life cycle 

construction / 

maintenance cost of rigid 

pavement over flexible 

pavement   

1. Flexible  202 328.14 - - 

2. Rigid   

160 mm 

200 mm 

240 mm 

 

136.78 

155.57 

174.36 

 

154.21 

173.0 

191.79 

 

32.99 

22.99 

13.68 

 

53.00 

47.30 

41.60 

 

From the above analysis the following conclusions may be drawn: 

(i) The initial construction cost of flexible pavement is 110.0 lakhs for 200 heavy 

vehicles and 202 lakh for 4500 heavy vehicles. The initial construction costs of 
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rigid pavements are 136.78 lakhs, 155.57 lakhs and 174.36 lakhs for 160, 200 and 

240 mm thick pavements respectively. The construction cost of concrete 

pavements are higher over flexible pavements by 24.3%, 41.4% and 58.5% for 

160, 200 and 240 mm thick pavements for 200 heavy vehicles and lower over 

flexible pavements by 32.99%, 22.99% and 13.68% for 160, 200 and 240 mm 

thick HSHPC pavements respectively for 4500 heavy vehicles.  

(ii) The life cycle construction / maintenance cost per km of flexible pavement is 

236.14 lakhs for 200 heavy vehicles and 328.14 lakhs for 4500 heavy vehicles. The 

life cycle construction / maintenance cost of concrete pavements are 154.21 lakhs, 

173.0 lakhs and 191.79 lakhs for 160, 200 and 240 mm pavements respectively. 

The life cycle construction / maintenance cost of concrete pavement over flexible 

pavements are less by 34.8%, 26.7% and 18.78% for 160, 200 and 240 mm 

pavements for 200 heavy vehicles and less by 53%, 47.3% and 41.6% for 4500 

heavy vehicles for 160, 200 and 240 mm thick HSHPC pavements respectively.  

(iii) As the number of heavy vehicles increase per day, the margin in initial 

construction cost between HSHPC pavements and flexible pavements reduces. For 

4500 heavy vehicles, the initial construction cost of HSHPC pavements are lower 

over flexible pavements by 32.99%, 22.99% and 13.68% for 160 mm, 200 mm and 

240 mm respectively.  
 

From the above results it is quite clear that the life cycle construction / maintenance 

cost of HSHPC pavements are lower over flexible pavements. Therefore, the choice of 

HSHPC pavements would be economical which will result in lots of saving of money in the 

interest of Nation.  

 

 

 

5.13 SUMMARY  

 In this chapter, properties of soil subgrade, properties of HSHPC concrete mix, 

analysis of stresses, strains and deflections by FEM has been discussed. Calculations of 

stresses in HSHPC pavements by various existing methods, Westergaard, Mayerhof, Ghosh 

and IRC-58 have been done. Then comparison of stresses calculated by various theoretical 

methods with the observed and analytical method (FEM) have been made and found that the 
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existing theoretical methods and analytical methods can be used successfully in designing of 

HSHPC pavements. The load carrying capacity at flexural strength is sufficiently high. The 

yield loads and ultimate loads are also quite high. This demonstrates that the HSHPC 

pavements can be used as heavy duty pavements. The deflections obtained through analytical 

method i.e. FEM are in close agreement with the observed values. The stresses, strains and 

deflections calculated through Finite Element Method are in close agreement with the 

observed values and the results obtained through existing theoretical methods. This 

demonstrates that FEM can be successfully use in designing of HSHPC pavements of any 

thicknesses which is based on characteristic properties of the soil and concrete.  

The existing IRC-37 method can be used in designing of flexible pavements for heavy 

vehicles but the design periods should be reduced to corresponding to 150 msa traffic. 

 Economic analysis has also been carried out assuming vehicle operating cost for both 

pavements i.e. flexible pavements and HSHPC pavements same and found that the life cycle / 

maintenance cost of flexible pavements are higher over the HSHPC pavements. Therefore, 

HSHPC pavements are right choice over flexible pavements.  

On the basis of above discussion, the conclusions have been drawn in Chapter-6. 
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CHAPTER-6 

CONCLUSIONS  

 

 6.1 GENERAL  

 High strength high performance concrete are being commonly used in the field of high 

rise buildings, long span bridges and fly overs.  In pavements, HSHPC are generally used in 

patch repair works and strengthening of bituminous or concrete pavements by a concrete 

overly. Due to early gain in strength, the pavement could be opened to the traffic earlier. Full 

depth HSHPC pavement has not been constructed in India so far.  

 In the present study an attempt has been made to assess the suitability of HSHPC in 

full depth pavements. During the investigations, it is observed that HSHPC has high flexural 

strength, high modulus of elasticity and superior load carrying capacity. Due to high strength, 

a thinner pavement is capable of carrying the same load than normal strength concrete 

pavement. Due to improved strength characteristics, resistance to cracks and high durability, 

the HSHPC is extremely useful for highways, overlays, bridge decks and other structures.  

6.2 CONCLUSIONS  

 The following conclusions have been drawn from the study. The results are valid for 

the materials characteristics used in the present investigation.  

1. The HSHPC mix of grade M60 was developed by using maximum size of coarse 

aggregate 20 mm having fineness modulus 6.7 and coarse sand having fineness 

modulus 2.89. The water cement ratio of the mix is 0.29 and the slump is 31.67 mm. 

The fly ash 11% and super plasticizer 1.6% by weight of cement have been used.   

2. Quantity per m3 of design mix are 508 kg cement, 56 kg fly ash, 1068 kg coarse 

aggregate in dry condition, 647 kg of coarse sand in dry condition, 8.13 L 

superplaticizer Sikament (Naphthalene formaldehyde sulphonate) and 163.56 L water.  

3. Design mix ratio is 1:1.1:1.9 (cement: coarse sand: coarse aggregate) having modulus 

of elasticity 41.7 GPa.  
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4. The average compressive strength at 7 days and 28 days are 46.14 MPa and 70.4 MPa 

and flexural strength are 4.82 MPa and 6.4 MPa respectively. The flexural strength at 

28 days is sufficiently high, which is key parameter in design of rigid pavement.  

5. Roorkee soil has been used in the investigations. Roorkee soil is of class A-3 as per 

U.S.P.R.A. soil classification which is sandy. The average value of modulus of 

subgrade reaction is 4.63 kg/cm3. 4 days soaked CBR value of Roorkee soil is 6% at 

optimum moisture content of 11% and dry unit weight of 1.92 g/cm3.   

6. The experience shows that a low slump HSHPC mix can be compacted and finished 

using conventional plate vibrator.  

7. The investigations show that HSHPC pavements of thicknesses 160 mm, 200 mm and 

240 mm carry significantly higher load on compacted subgrade. Only 160 mm thick 

HSHPC pavement was failed at 220 kN at edge position. At corner position, the 160 

mm HSHPC pavement did not fail at 130 kN experimentally applied load.  

The 200 mm and 240 mm thick HSHPC pavement did not fail for any position 

upto the experimentally applied load of 200 kN.   

8. The observed deflections are quite small as compared to commonly adopted 

deflection. The maximum observed deflection was found to be 18.53 mm at corner 

position at load 210 kN. From this result, it is evident that HSHPC pavement can take 

high deflection without failure on a load twice that of normal plying heavy vehicles.    

9. The analysis of deflections for edge position by FEM is in good agreement with the 

observed deflections. The variation in deflection varies from -11.44% to 41.21% with 

respect to observed values.  

10. The observed strains follow the same pattern as in case of deflections of pavement. 

The maximum observed strain was found to be 418.0 x 10-6 at edge of 160 mm thick 

pavement. The lowest strains in 240 mm thick HSHPC pavement show higher load 

carrying capacity. The transverse strains are not considered for analysis being very 

low.    

11. The analysis of strains for edge position by FEM method show good agreement with 

the observed values. The variation of strains vary from 5.37% to 30.76% with respect 

to observed values.  
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12. All the three HSHPC pavements laid over prepared subgrade in the pavement testing 

hall were subjected to the maximum experimental load. The load carrying capacity of 

HSHPC pavements are high. 200 and 240 mm thick HSHPC pavements were not 

failed for any positions i.e. central, edge and corner, up to the experimentally applied 

maximum load. There were no sign of prior failure for any positions at the 

experimentally applied maximum load.  At the load more than 210 kN the 160 mm 

slab suddenly failed. The crack propagated from bottom to top. The crack was straight 

line passing through under plate dividing the concrete pavement into approximately 

two equal parts. The crack width was 1.86 mm under loaded condition.  

13. Wheel load stresses calculated by Wastergaard for interior position show good 

agreement with the observed values of stresses with a factor of safety of 1.35 to 1.58. 

In case of Mayerhof analysis, the factor of safety was found to be 4.2 to 4.79.   

14.  For edge position, the wheel load stresses calculated by Westergaard are in  good 

agreement with the observed values with a factor of safety of 0.99 to 1.46.    

In case of Mayerhof, the factor of safety was found to be 2.8 to 3.83. In case of 

IRC, the factor of safety was found to be 0.87 to 1.27. The factor of safety in case of 

FEM analysis was found to be 1.05 to 1.43.   

15. At corner position, the wheel load stresses calculated by Westergaard show a factor of 

safety 1.58 to 1.92. In case of Mayerhof analysis a factory of safety was found to be 2.26 to 

2.64.  

In the case of IRC, the factor of safety was found to be 1.13 to 1.38.  

16. The maximum loads carried by the pavements at flexural strength 6.4 MPa by 

Westergaard is 87.52 kN for edge position for 160 mm thick HSHPC pavement. At 

edge the maximum yield load is 39.78% of the failure load by Westergaard method of 

analysis. The maximum loads carried by 200 mm thick HSHPC pavement, by 

Westergaard at flexural strength is 125.68 kN for edge position and for 240 mm thick 

HSHPC pavement is 171.38 kN for edge position. By IRC method, the maximum yield 

load carried by 160 mm thick HSHPC pavement is 76.47 kN for edge position, by 200 

mm thick HSHPC pavement is 110.75 kN for edge position and by 240 mm thick 
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HSHPC pavement is 151.37 kN for edge position. The maximum yield load increase 

with increase in thickness due to increase in flexural rigidity. The maximum yield load 

by IRC method at edge position for 160 mm thick HSHPC pavement is 34.76% of the 

failure load. The ultimate load at flexural strength by Mayerhof method for 160 mm 

pavement is 225.02 kN for edge position. At edge, the ultimate load is approximately 

equal to the collapse load at failure. The ultimate load by Mayerhof at flexural strength 

for 200 mm thick HSHPC pavement is 343.31 kN for edge position, and the ultimate 

loads for 240 mm thick HSHPC pavement is 486.49 kN for edge position.   

The maximum load carrying capacity at flexural strength of the HSHPC 

pavements is quite high even when the pavements are laid directly over compacted soil 

having modulus of subgrade reaction 4.63 kg/cm3.      

17.  From the stress analysis and maximum load carrying capacity, it could be concluded 

that a thinner HSHPC pavement could be laid for carrying the same load. This will 

result in lots of saving of natural aggregate putting less impact on environment. From 

the discussion, it is quite clear that 200 mm thick HSHPC pavement can carry high 

load at each position with low stresses.  

18. The pavement cost about 50% cost of the project. Therefore a careful choice should be 

made between flexible and rigid pavements. The selection of the type of the pavements 

depends upon the life cycle cost analysis. In this study, assuming vehicle operating and 

fuel saving cost same for two types of pavements, the life cycle construction / 

maintenance cost has been calculated. It has been found that all the time for 160 mm, 

200 mm and 240 mm thick HSHPC pavements, the life cycle construction / 

maintenance costs are lower by 34.8%, 26.7% and 18.78% respectively over flexible 

pavement for 200 heavy vehicles (5 msa traffic). But the initial construction costs of 

HSHPC pavements are higher over flexible pavements for 200 heavy vehicles (5 msa 

traffic) by 24.3%, 41.4% and 58.5% for 160 mm, 200 mm and 240 mm thick HSHPC 

pavements respectively. 
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For 4500 heavy vehicles (150 msa traffic), the life cycle construction / maintenance 

cost of 160 mm, 200 mm and 240 mm thick HSHPC pavements is less by 53%, 47.3% 

and 41.6% respectively. For 4500 heavy vehicles (150 msa traffic), the initial 

construction cost of 160 mm, 200 mm and 240 mm thick HSHPC pavements are lower 

over flexible pavements by 32.99%, 22.99% and 13.68% respectively.  

 

From the above discussion, it is quite clear that with the increase in heavy vehicles per 

day, the margin in initial construction cost between flexible and HSHPC pavement 

reduces and margin in life cycle construction / maintenance cost increases.  

However, during the life cycle cost analysis vehicle operating and fuel saving cost are 

assumed same for both the pavements but in real the vehicle operation cost is low and 

fuel saving cost is high for concrete pavements. From the discussion it is quite clear 

that concrete pavements are far superior to the flexible pavements. Saving of fuel will 

result in reduction of lots of CO2. Thus HSHPC pavements are eco-friendly.  

19. From the analysis and discussion, it is quite clear that existing methods Westergaard’s, 

Mayerhof’s, Ghosh’s and IRC-58 for analysis and design of HSHPC pavements can be 

successfully used for heavy vehicles. In case of Mayerhof’s analysis, a suitable factor 

of safety should be applied. Analytical method i.e. Finite Element Method (FEM) 

which is based on characteristics properties of soil subgrade, concrete properties and 

wheel load can be used in designing of HSHPC pavements for any thicknesses.  

20. Flexible pavements can be designed for heavy vehicles by using existing IRC-37 

method but the design period should be limited to corresponding to 150 msa traffic.  

6.3 RECOMMENDATIONS FOR FURTHER RESEARCH  

 The present investigations on structural behaviour of HSHPC pavements have been 

done in the laboratory. HSHPC have applications in pavements, overlay and patch repair 

works area. Further the following studies are recommended:  

1) Performance of HSHPC pavements should be studied in actual field conditions to 

assess the serviceability. Therefore, a long term study is necessary in respect of this.  
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2) To study the combined effect of wheel loads, temperature stresses and environmental 

conditions on HSHPC overlay over cracked pavements in the field.   

3) Effect of temperature and moisture on the performance of HSHPC pavement during 

day and night period should be studied.  
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