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Concrete pavements are subjected to many traffic-load repetitions prior to 

achievement of their full design strength.  The effect of early opening to traffic on the 

life of portland cement concrete pavement systems was evaluated using experiments and 

mathematical model. 

To quantify the loss of life due to early opening of a rigid pavement system, an 

appropriate fatigue equation is fundamentally required.  A series of laboratory fatigue 

tests was performed on simply supported beams to develop appropriate fatigue 

relationships for typical, normal strength Texas paving concrete mixture designs.  After 
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completion of the laboratory testing, accelerated fatigue tests on full-scale concrete slabs 

were performed under constant cyclic loading. 

The concept of equivalent fatigue life was applied to correct the effect of the 

different stress ratios between field and laboratory testing.  The laboratory beams and 

full-scale field slabs showed an almost identical fatigue relationship after the correction 

for the variance of stress ratio. 

On the basis of Miner’s hypothesis of linear accumulated damage, an analytical 

model for the numerical simulation for the prediction of the loss of life of a portland 

cement concrete pavement due to early opening was developed.  The numerical 

simulations were performed for the various assumptions and considerations for field 

conditions.  The current opening criteria used by the Texas Department of 

Transportation appear to be reasonable based on the sensitivity analysis results. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 BACKGROUND 

The interstate highway system, the one of the greatest engineering project of the 

twentieth century, is nearly 45,000 mile long [NAE, 2000].  The portland cement 

concrete (PCC) pavement systems are normally used on heavy-duty pavements including 

the interstate highway system.  About 60% of the interstate system is built with PCC.  

The common life span of a PCC pavement system is 20 to 30 years without requiring 

major repairs, while flexible pavement system generally requires significant repair 

including resurfacing within 8 to 10 years [PCA, 2002]. 

There are generally various levels of need for expediting construction and 

opening to traffic as early as possible.  The general intended life of a portland cement 

concrete pavement (PCCP) is at least twenty years; but the early damage due to early 

opening to traffic significantly reduces the pavement’s intended design life.  After the 

portland cement concrete pavement (PCCP) is placed, it requires a period of time to gain 

strength.  The PCCP should not be opened to traffic until it has achieved adequate 

strength. 

Various criteria have been applied regarding the opening to traffic [Cole and 

Okamoto, 1995; Okamoto et al., 1993].  In general, early opening criteria are based on 
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either a required minimum curing time or a required minimum concrete strength.  In 

some cases, a combination of time and strength is used.  The PCC pavements are 

designed based on a 28-day strength.  The current Texas Department of Transportation 

(TxDOT) concrete pavement thickness design is based on a 28-day third-point loading 

flexural strength of 680 psi, however, Item 360 of the TxDOT specification requires the 

minimum opening flexural strength of 450 psi or a compressive strength of 2,800 psi 

[TxDOT, 2004].  Therefore, when a PCC pavement is opened to traffic before 28-days, 

the question arises how much damage is done to pavement, or even how much potential 

life is lost by early opening to traffic.  Intuitively, it may be postulated and theoretical 

exercises have demonstrated that a loss of pavement service life is to be expected with an 

opening to truck traffic prior to the development of design strength.  Unfortunately, 

there is an absence of laboratory or field data that quantifies this loss. 

 

1.2 OBJECTIVES OF RESEARCH PROGRAM 

This research proposed to evaluate the early opening criteria of PCC pavements to 

traffic such that these criteria become implemented into TxDOT acceptance criteria for 

concrete construction projects.  The following list briefly itemizes the main objectives 

of this research program: 

1) Establishment of the fatigue relationship of typical paving mixture with normal 

strength concrete from by laboratory flexural fatigue testing; 
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2) Verification of provided fatigue relationship from the laboratory testing by the 

comparison with the data from the super-accelerated full-scale slabs fatigue 

testing; 

3) Development of mathematical model which can quantify the loss of life due to 

early opening based on the fatigue equations from experiments; and  

4) Evaluation of the current specification requirements for implementation. 

 

1.3 APPROACH AND SCOPE OF RESEARCH 

The work plan for this study consists of the following four tasks: 

1) State-of-the-art literature review to gather the latest information regarding the 

early opening criteria, fatigue characteristics of concrete materials, and the 

prediction of in-place strength using maturity concept; 

2) Laboratory testing program to ascertain the effects of early-age loading on the 

fatigue life of concrete pavements.  To quantify the life prediction of a rigid 

pavement system, an appropriate fatigue equation is fundamentally required.  A 

series of laboratory fatigue testing was performed on simply supported beams to 

develop appropriate fatigue relationships for typical, normal strength Texas 

paving concrete mixture designs; 

3) Super-accelerated pavement testing on full-scale concrete slabs using the 

Stationary Dynamic Deflectometer (SDD).  The purpose of this testing were: (1) 
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to determine the fatigue resistance of full-scale concrete slabs in the field and (2) 

to compare these results with laboratory beam fatigue test results for a given 

concrete mixture design.  A reasonable fatigue relationship between laboratory 

specimens and field slabs would help to solve the size effect problem.  Another 

goal of this testing was to evaluate the feasibility of the super-accelerated 

pavement testing technique using the Stationary Dynamic Deflectometer (SDD) 

for fatigue loading of full-scale rigid pavements in a real field setting.  The 

establishment of a practicable accelerated pavement testing technique would help 

to solve the time limitation factor of fatigue testing on full-scale pavement 

systems; 

4) Development of a numerical model to evaluate the loss of life of a normal 

strength concrete pavement when it is opened to traffic prior to the design 

strength.  The loss of life due to early opening of a PCCP was quantified based 

on the results from the previous tasks. 

 

1.4 DISSERTATION ORGANIZATION 

The work presented herein is divided into five additional chapters.  Chapter Two 

is devoted to review the literature with respect to the early opening of PCCP, flexural 

fatigue strength of concrete material, and maturity concept for the prediction of in-place 

strength of concrete.  Chapter Three describes the laboratory testing program including 

both static and fatigue testing which containing the description of constituent materials, 
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testing procedures and results.  Chapter Four provides detailed information about the 

Super-accelerated pavement testing on full-scale concrete slabs using the Stationary 

Dynamic Deflectometer (SDD).  Chapter Five presents the developed mathematical 

model and the analysis results based on the findings in Chapters Three and Four.  

Finally, Chapter Six provides overall conclusions and recommendations of this study.  

Several appendices are included that contain in-depth material properties and 

miscellaneous test results obtained during the experimental program. 
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1 FLEXURAL FATIGUE OF CONCRETE 

2.1.1 Overview 

When a material is subjected to repeated loads smaller than the ultimate static 

strength, a fatigue failure may occur, especially for large loads and/or a large number of 

load applications.  Concrete pavements are subjected to many repetitions of traffic loads 

during their service lives; therefore, fatigue in concrete pavement is an important design 

consideration. 

Fatigue of concrete is one of the major distress mechanisms in a rigid pavement 

system.  Fatigue failure of concrete may be caused by flexural stress or a combination of 

flexural and compressive stress.  The fatigue of concrete is defined as “the progress of 

progressive localized permanent structural change occurring in the material subjected to 

conditions which produce fluctuating stresses and strains at some point which may 

culminate in cracks or complete fracture after sufficient number of fluctuations” [Mills, 

1928].  Concrete pavements are subject to fatigue loading and concrete has been shown 

to exhibit fatigue behavior.  Fatigue loading is qualified as “repeated applications of a 

load at a level below the ultimate strength capacity of the concrete.”  Under these 
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conditions, concrete will eventually fail.  Pavements are subjected to numerous load 

cycles, which are below the ultimate capacity of the pavement [Klieger et al, 1994].  

Concrete pavement thickness procedures are generally designed using 

mechanistic-empirical procedures. Mechanistic methods are first utilized to compute an 

analytical response such as concrete stress (strain) or slab deflections.  Transfer 

functions are used relating pavement response to the number of allowable load 

repetitions. Mechanistic models are calibrated with empirical performance data since slab 

performance cannot be precisely modeled using mechanistic methods.  Performance 

criteria often include fatigue cracking, joint deflections (pumping or faulting), joint 

spalling, or serviceability.  Several of the design procedures for pavements have been 

developed under the assumption that excessive deformation of the subgrade and shear of 

one of the paving components are the major causes of pavement failure.  This is 

especially true for portland cement concrete pavements (PCCP), since the theoretical 

stress analysis is predicated upon the assumption that the pavement is fully supported.  

Fatigue failures resulting from repeated load, however, may be equally significant 

[Yoder, 1965]. 

 

2.1.2 Factors Affecting Flexural Fatigue Testing 

Performance studies have shown that one of the main reasons for failure of 

concrete pavement by cracking is the repeated application of flexural stresses 

[Yimperasert and McCullough, 1973].  Because concrete is much stronger in 
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compression than in flexure, the flexural fatigue characteristics of concrete are a primary 

concern for the understanding of fatigue failure of concrete pavements. 

Most fatigue studies incorporate the use a stress level concept. Use of a stress 

level, which is defined by the ratio of applied flexural stress to modulus of rupture of 

concrete, the number of load repetitions (normally in a logarithm scale) to fatigue failure 

is used for the characterization.  The number of applied load repetitions to failure is 

decreased with the increase of the stress level.  This stress level concept assumes that 

fatigue life is independent of concrete age, water-cementitious ratio, cement content, 

aggregate type, curing history, air entrainment, load frequency, flexural strength 

magnitude and flexural stress magnitude. 

The earliest reported flexural fatigue tests were conducted in the late 1800s and 

early 1900s [Ioannides, 1997; Nordby, 1958].  Plain concrete fatigue studies were first 

reported in the early 1920s.  The Illinois Division of Highways postulated that pavement 

slab comers are the least resistant parts of a slab and act as cantilevers.  Cantilever tests 

indicated that concrete beams exhibit fatigue behavior under repeated loads showing that 

as the applied stress decreased the number of load applications increased (40 cycles per 

minute, no rest periods).  The concrete flexural endurance limit was reported as 51 to 54 

percent [Clemmer, 1922].  Stress reversal cantilever tests on mortar beams conducted at 

Purdue University in the 1920s indicated a fatigue endurance limit of 50 to 55 percent.  

Short rest periods did not seem to affect the endurance limit.  Studies did suggest that 

the duration of rest periods and prior loading history could affect the fatigue behavior 

[Creeps, 1923; Hatt, 1924; Mills, 1927].  Tests conducted in the 1940s on lightweight 



 9

aggregate concrete beams indicated no endurance limit through approximately 500,000 

load repetitions [Williams, 1943].  Fatigue tests on concrete beams conducted in the 

1950s at the University of Illinois also concluded there was no endurance limit through 

10 million cycles.  The fatigue strength is approximately 0.55 at 10 million load 

repetitions [Kesler, 1953]. 

Other tests later conducted at The University of Illinois indicated that the range of 

minimum and maximum stress applied during beam fatigue testing affects the fatigue 

strength.  As the difference between minimum and maximum load decreases (decreasing 

range), the fatigue strength increases [Murdock, 1959].  Studies also verified earlier 

research that fatigue behavior is affected by loading history and rest periods [Hillsdorf, 

1960; 1966].  The fatigue strength also increases as the rest periods increase to 5 

minutes.  Rest periods greater than 5 minutes did not significantly increase the fatigue 

strength.  The use of Miner’s hypothesis of linear accumulation of fatigue damage does 

not fit the experimental data. If stress levels are increased during fatigue loading, the 

earlier fatigue loadings at the lower stress level can reduce the fatigue life.  If stress 

levels are decreased during fatigue loading, the earlier fatigue loadings at the high stress 

level can increase the fatigue life. 

Fatigue tests on beams have indicated that loading rates between 70 and 1200 

cycles per minute (1.16 Hz and 20 Hz) do not have a statistical effect on fatigue life 

[Kesler, 1953].  While flexural strength is affected by moisture conditions, the 

relationship between stress ratio and number of repetitions is not affected by moisture 
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conditions.  Increases in modulus of rupture with time do not significantly affect fatigue 

strength (expressed as a function of stress ratio) [Raithby, 1974]. 

McCall [1958] investigated a relationship between applied stress level, number of 

load repetition to failure, and probability of failure.  This was the first statistical 

approach to derive a relationship between the probability of failure and the number of 

load applications.  Several studies were performed recently to develop probabilistic 

models instead of deterministic functions [Oh, 1986; Koyanagawa et al., 1993; Shi et al., 

1993]. 

 

2.1.3 Fatigue Studies 

Fatigue studies can be categorized into three groups: 1) laboratory flexural fatigue 

testing on simply supported beams, 2) fatigue studies basted on test track performance, 

and 3) testing on fully supported slabs [Okamoto, 1999]. 

 

2.1.3.1 Laboratory Beam Testing 

The first category of fatigue studies previously performed is based on testing 

simply supported beams in flexural fatigue.  Cyclic loads at constant magnitudes are 

applied and the failure is discrete. 

The largest beam testing studies were Zero-Maintenance fatigue function, which 

were performed at The University of Illinois in the 1950s and 1960s [Kesler, 1953; 
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Murdock and Kesler, 1959; Hilsdorf and Kesler, 1960].  The Zero-Maintenance fatigue 

function was developed from three separate studies of laboratory beam fatigue testing 

performed by Kesler [1953], and Ballinger [1971], Raithby and Galloway [1974]].   

One aggregate source (river gravel) was used for the studies, and specimens were 

divided into two groups having either an average 28-day cylinder compressive strength of 

3600 psi or 4600 psi.  The number of specimens was approximately equally divided 

between the two ranges in strength and three loading speeds.  The modulus of rupture 

was determined from tests on beam remnants after fatigue failure.  The Ballinger data 

tended to have greater fatigue strengths than the Kesler data.  

The fatigue function was determined from a least-squares linear regression of the 

variable on semi-log scale as follows: 

log N = 17.61 - 17.61S (2.1) 

where,  

 N = number of load repetitions to fatigue cracking failure, and  

S = stress level. 

The function in Equation (2.1) is based on a probability of failure of 50%.  For 

design, more conservative fatigue function with a probability of 24% was recommended 

as follows: 

log N = 16.61 - 17.61S (2.2) 



where,  

 N = number of load repetitions to fatigue cracking failure, and  

S = stress level. 

The advantage of beam testing fatigue data is that a relatively large number of 

loads can be quickly applied with a large range in stress ratios [Okamoto, 1999].  

However, the effects of temperature/moisture changes and the contact of base/subbase 

couldn’t be considered, since the specimens were tested in laboratory conditions. 

Conservatively based on fatigue testing results by Hilsdorf and Kesler [1960; 

1961] the Portland Cement Association (PCA) fatigue function was derived for the PCA 

thickness design procedure [Packard, 1984; Packard and Tayabji, 1985] for concrete 

highway, street, and airport pavements.  The PCA fatigue equation is as follows: 

Stress level (S) Number of load repetition to failure (N)    (2.3) 

S > 0.55   0828.0/)97187.0(10 SN −=

0.45<S<0.55  628.3)
43248.0

2577.4(
−

=
S

N  

S<0.45   N = unlimited 

where,  

 N = number of load repetitions to fatigue cracking failure, and  

S = stress level. 
 12



 

2.1.3.2 Test Track Data 

The second form of the fatigue equation is a power formula that has been used by 

many pavement researchers.  The equations were developed from the concrete pavement 

slab sections developed cracking in the American Association of State Highway Officials 

(AASHO) Road Test.  The general form of fatigue equation for this category is as 

follows: 

BB MRA
S

AN )()1(
maxσ

==          (2.4) 

 where,  

N = number of load repetition to failure, 

  S = stress level, 

  A, B = regression coefficients, 

  MR  = modulus of rupture, and  

  σmax = maximum flexural stress. 

Vesic and Sexana [1969] has developed a fatigue equation for rigid pavements 

from the AASHO Road Test data at a serviceability index equal to 2.5 as the function of 

the strength of concrete and the induced stress in the concrete pavement.  They 
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developed a fatigue function utilizing Westergaard plate theory stresses in the anticipated 

average wheel path.  The Vesic’s equation is: 

 4)1(225000
S

N =           (2.5) 

 where, 

  N = number of load repetition to failure, and 

  S = stress level. 

Hudson and Scrivner [1962] also developed a fatigue equation from the AASHO 

Road Test data and presented the fatigue life of the pavement as a function of the edge 

stress where the axle load was applied at 17 to 22 inches from the pavement edge.  Their 

equation for single-axle load is 

 34.4

52.1610

c

N
σ

=            (2.6) 

 where,  

  N = number of load repetition to failure, and 

  σc = pavement edge stress with load applied 2 ft. from pavement edge 

 (psi). 

Yimprasert and McCullough [1973] modified Equation (2.6) to predict the fatigue 

life of the rigid pavement as the function of the edge stress and strength of concrete.  

 14



The purpose of this development is to introduce the strength of concrete into the original 

equation, so that the rational comparison can be made.  The modification was achieved 

by considering the strength of concrete to be 790 psi.  The modified equation is: 

34.4

max

34.4 )(750,8)1(750,8
σ
MR

S
N ==         (2.7) 

 where, 

  N = number of load repetition to failure, 

  S = stress level, 

  MR  = modulus of rupture (psi), and  

  σmax = maximum flexural stress (psi). 

The ARE model had developed by Treybig et al. [1977] based on the data 

exhibiting class 3 and 4 cracking.  Traffic loadings were converted to 18 kip equivalent 

single-axle loads (ESAL) using the AASHTO equivalency factors for a terminal 

serviceability of 2.5.  Using elastic layer theory, the maximum stresses for interior 

loading condition were calculated.  The ARE fatigue function is as follows: 

 21.3)1(440,23
S

N =           (2.8) 

 where,  

  N = number of load repetition to failure, and 
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  S = stress level. 

A nonlinear fatigue function was developed in the NCRHP 1-26 study on 

mechanistic structural analysis for pavements [Thompson and Barenberg, 1992].  The 

fatigue function was derived from Corps of Engineers (COE) test track data and AASHO 

Road Test data.  The 50% cracking failure criteria was used in this research.  The COE 

coverage data were converted to edge stress repetitions to account for more channelized 

traffic repetitions  The log of the number of coverage was taken proportional to the to 

the stress ratio between an edge stress and stress due to loads at a distance away from the 

edge. In addition, AASHO Road Test data for fatigue failure were incorporated.  To 

incorporate curling stresses into cracking performance data, curling restraint stresses 

were computed utilizing a weighted annual average slab temperature differential.  

Flexural strength was normalized to 28 days.  Stress levels greater than 1.0 were 

explained using plastic behavior of concrete slabs at high stress levels.  As increasing 

loads are applied at slab edges, the flexural stress increases until it equals the flexural 

strength.  As the load increases, the concrete yields increasing the slab maximum 

negative moment.  When yielding occurs at the point of maximum negative moment, the 

slab forms a complete hinge mechanism and cracks develop on the slab surface. The 

maximum theoretical cracking failure edge load is approximately 2.5 times the stress 

ratio.  Using 2.5 as a maximum stress level, the fatigue function developed from the 

COE and AASHO Road Test data is as follows: 

284.47136.1log += SN   for S > 1.25      (2.9) 
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.221.48127.2log += SN   for S < 1.25 

 where,  

  N = number of load repetition to failure, and  

  S = stress level. 

The major advantage of field fatigue functions from test track data was that an 

overall pavement response was evaluated including the warping stress due to moisture 

changes and frictional restraint stresses (subbase/subgrade friction) [Okamoto, 1999].  

Effects of channelized highway traffic were incorporated with the COE data.  Curling 

restraint stresses were calculated and added to load induced stresses. 

 

2.1.3.3 University of Illinois Fatigue Function 

Roesler and Barenberg [1998] conducted extensive fatigue testing at the 

University of Illinois to evaluate concrete fatigue characteristics using 16 simply 

supported beams (third-point loading), 16 fully supported beams (third-point loading), 

and 12 fully supported slab systems (square plate loading).  The fully supported beam 

and slab setups were constructed in a steel box.  The subgrade consisted of a clay layer 

with a subgrade reaction modulus (k) of 100 psi/in.  Slab dimensions were 48 in. by 48 

in. by 6 in.  Free edge loads were applied to slabs through a 8 by 8 in. plate.  Slabs 

were instrumented with strain gauges and LVDTs to measure strains and deflections 

during testing.  The flexural strength was determined by testing simply supported beams 
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sawed from slabs after fatigue testing.  The finite element program ILLI-SLAB was 

used to calculate applied stresses. 

The data from supported beam and fully supported beam were close to the Zero-

Maintenance fatigue function, which were separately performed in the previous studies 

[Kesler, 1953; Murdock and Kesler, 1959; Hilsdorf and Kesler, 1960].  The fully 

supported slab showed approximately 30 percent higher stress levels compared to those 

of beam testing at a given fatigue life.  Also, the slab stress levels computed using sawn 

beam flexural strengths were approximately 30 percent greater than those using beam 

specimens.  The greater fatigue resistance of slabs was attributed to plastic concrete 

deformations (post cracking behavior) in slabs, stress redistribution in slabs, and load 

resistance perpendicular to the free edge for slabs (two-way slab action) resulting in a 30 

percent higher flexural strength.  The fatigue equation using slab stresses and sawn 

beam flexural strengths is as follows: 

0307.02968.1 −= NS          (2.10) 

 where, 

  N = number of load repetition to failure, and  

  S = stress level. 

When the slab stress level was calculated using the slab flexural strength, rather 

than the flexural strength determined from sawn beams, fatigue curves for beams and 
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slabs are essentially the same.  The fatigue equation using slab stresses and slab flexural 

strengths is: 

0339.09781.0 −= NS          (2.11) 

 where,  

N = number of load repetition to failure, and  

  S = stress level. 

 

2.1.4 Comparison of Fatigue Relationships 

A number of fatigue curves that illustrate the difference between equations 

developed from laboratory and field testing data are presented in Figure 2.1.  Variability 

in modulus of rupture testing, stress calculation method, use of field or laboratory data, 

failure criteria, and source of data significantly affect the fatigue relationships.   

Fatigue curves developed from laboratory beams (Kesler and PCA) have similar 

slopes, although the PCA curve is slightly conservative.  At higher stress levels, the 

laboratory curves (Kesler and PCA) predict lower fatigue life than the field curves 

(Vesic, Yimprasert & McCullough, ARE, and Thompson & Barenberg), while the 

opposite cases are shown at lower stress levels. 
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Figure 2.1 Comparison of Fatigue Relationships 

Major differences between the laboratory beam curves and field curves may be 

due to a combination of following reasons [Taute et al, 1981; Okamoto, 1999]: 

• Crack Propagation 

At higher stress levels, the cracks caused by service load require some 

time to propagate to the surface of pavement.  In contrast, as soon as a macro-

crack developed in a laboratory beam, the specimen fails and the fatigue life has 

been reached. 

• Environmental Effects 

Temperature and moisture effects may result in significantly higher 

stresses in the pavement than predicted by analysis.  The field tests have the 

initial stresses produced by the fluctuation of moisture and temperature.  When 

 20
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the loads are applied, the addition stress due to load and environmental stresses 

will result.  The load applied stress is the only source for a laboratory test.  

Therefore, the field test curves will allow lower fatigue life than laboratory test 

for a given stress levels.   

• Dynamic Loading 

Moving loads at high speed may create significant dynamic loads in the 

pavement at joints.  It is noted that the relative damage of tandem to single axles 

as measured by the equivalencies developed from the AASHO Road Test is 

greater on rigid pavements than flexible pavements [Taute et al, 1981].  This 

may be due to dynamic loading at discontinuities (joints and cracks). 

• Stress Redistribution 

Cracking in a concrete pavement layer results in stress reduction of 

concrete layer and redistribute the stress into the lower layers.  Increased stresses 

in the lower layers may result in significant deformation of these layers with a 

resultant increase of the stresses in the concrete layer. 

 

2.2 EARLY OPENING CRITERIA 

Traffic is the most researched load mechanism that is applied to a pavement.  

Although environmental loading contributes to distress development and a resultant 

reduction in performance, traffic is usually the principle cause of reduced serviceability.  
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Traffic induces stress in the pavement by applying a normal and shear force to the 

pavement surface.  Cracking, spalling, and punch-outs are distresses that result from 

stress conditions exceeding failure criteria such as tensile strength.  Surface distresses 

such as polishing and surface abrasions are a result of shear stress applied to the surface.  

Distresses normally show only after a period of time or a number of load repetitions.  

Fracture mechanics principles explain the phenomenon by fatigue; crack growth is 

initiated by a defect or weak spot, (that may occur during construction), where after 

repeated loading causes the crack or delamination to grow to the point where catastrophic 

or total failure occurs. 

Early opening of a pavement to traffic has traditionally been based on the age of 

the concrete.  In this case, time or age acts as a substitute for strength.  The ability of a 

pavement to carry traffic loads is a function of strength.  Using the principle of fatigue, 

anticipated loads, and the stress-to-strength ratio, it is possible to allow more flexible and 

less conservative specifications for early opening to traffic. 

Two studies regarding the early opening of pavements to traffic were consulted 

[Okamoto et al., 1993; Cole and Okamoto, 1995].  Both sources use flexural strength as 

the indicator and use similar approaches in determining the loss of life induced by early 

loads.  However, the second study [Cole and Okamoto, 1995] is more comprehensive 

and considers various magnitudes of loading and provides easy-to-use equations to 

calculate allowable strengths.  The following paragraphs summarize applicable excerpts 

from the second study. 
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The allowable number of early loads is calculated based on a percent of life 

consumed according to Miner’s principle [Miner, 1945].  Allowable loads to failure 

were calculated using PCA fatigue equation.  Early traffic loading is classified into three 

classes: saw-cutting equipment, construction traffic and public traffic.  Strength 

recommendations are based on assumptions for the traffic load as summarized in Table 

2.1.  Table 2.1 shows the assumed load magnitude, a minimum practical strength to 

allow traffic loading, and a maximum percent of life allowed to be consumed by loading.  

All loads were applied 2 ft from the pavement edge.  Stress analysis was done by a finite 

element computer program and took the effect of developing modulus of elasticity into 

account.  Equation (2.12) and (2.13) provide regression equations for the required 

concrete flexural strength before construction and public traffic loading can be allowed. 

log(MR) = -1.8425 log(D) - 0.0122 (k)0.5 + 0.0724 log(N) + 4.0870 

for construction traffic        (2.12) 

log(MR) = -0.0873 (D) - 0.2558 log(k) + 0.0635 log(N) + 3.5708 

for public traffic         (2.13) 

where, 

 MR = minimum required flexural strength (psi), 

 D = thickness (in), 

 k = modulus of subgrade/subbase reaction (pci), and  
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 N = number of load applications to failure. 

 
Table 2.1 Load analysis assumptions [Cole and Okamoto, 1995] 

Load Type 
Load 
(kips)

Minimum
Practical 
Flexural 
Strength 

(psi) 

Maximum 
Allowable 

Life Consumed 
(%) 

Span saw 14.5 150 0.5 

Tandem axle dump truck 34 300 1.0 

Equivalent single-axle load (ESAL) 18 300 1.0 

 

Table 2.2 summarizes the results for the span saw loading based on 10 load 

applications.  For span saw loading, no regression equation for the results is provided in 

the publication by Okamoto and Pole.   

Table 2.2 Suggested strength for span saw loading [Cole and Okamoto, 1995] 

Thickness 
(in.) 

Subgrade Support
(pci) 

Required Flexural Strength 
(psi) 

 100 210 
6 200 190 
 500 150 

 100 190 

6.5 200 160 

 500 150 

 100 150 

7 200 150 

 500 150 



 

Figure 2.2 illustrates required strength versus pavement thickness for various 

loading conditions.  The conditions assumed for the recommendation are a subgrade 

support value of 300 pci and 100 and 100,000 load repetitions before full concrete 

strength is achieved for construction and public traffic, respectively. 
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Figure 2.2 Required concrete flexural strength for opening to traffic 

         [Cole and Okamoto, 1995] 
 

The previous sections provided insight as to the potential loss of life that may be 

attributed to early opening to traffic.  In evaluating this information, the following keys 

should be considered: 

 25
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• The actual loss of life due to early opening to traffic has never been 

specifically evaluated by field tests, as known to author.  The observations 

made herein are based on the use of well validated data taken on fully cured 

concrete and extrapolated to a different set of assumptions. Thus, the results 

may be an underestimation or an overestimation of life. 

• The predictions do not account for the loss of strength on micro shrinkage 

due to poor curing. Intuitively, this implies the damage would be very 

severe in these cases. 
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CHAPTER THREE 

LABORATORY TESTING PROGRAM 

 

3.1 OVERVIEW 

When a material is subjected to repeated loads smaller than the ultimate static 

strength, fatigue failure may occur, especially for large loads and/or a large number of 

load applications.  Concrete pavements are subjected to many repetitions of traffic loads 

during their service lives; therefore, fatigue in concrete pavement is an important design 

consideration.  Several pavement design procedures have been developed under the 

assumption that excessive deformation of the subgrade and shear of one of the paving 

components are the major causes of pavement failure.  This is especially true for 

portland cement concrete pavements (PCCP), since the theoretical stress analysis is 

predicated upon the assumption that the pavement is fully supported.  Fatigue failures 

resulting from repeated loads, however, may be equally significant [Yoder, 1965]. 

The purpose of the laboratory testing program in this study was to ascertain the 

effects of early-age loading on the fatigue life of concrete pavements.  To quantify the 

loss of life due to early opening of a rigid pavement system, an appropriate fatigue 

equation is fundamentally required.  The majority of previous research on fatigue of 

concrete has been conducted under laboratory testing conditions using reduced-scale 

specimens such as concrete beams and small slabs due to time and cost limitations.  In 
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this study, fatigue testing was performed in two stages: (1) laboratory beam fatigue 

testing, and (2) full-scale field slab testing. 

In the first stage, a series of laboratory fatigue testing was performed on simply 

supported beams to develop appropriate fatigue relationships for typical, normal strength 

Texas paving concrete mixture designs.  After completion of the laboratory testing, full-

scale slab fatigue testing, which will be discussed in the next chapter, was conducted to 

provide validation and comparison data for the laboratory fatigue testing using full-scale 

slabs and loading conditions. 

 

3.2 CONCRETE MATERIALS 

The concrete mixture designs used in this research were typical concrete paving 

mixtures used in the state of Texas.  The same constituent materials were used 

exclusively throughout the testing program, including both the laboratory beams and field 

slabs.  The target third-point loading modulus of rupture for the mixture was 555 psi at 7 

days and 720 psi at 28 days.  To investigate the effect of coarse aggregate on the static 

and fatigue strengths, two commonly used coarse aggregates were selected: crushed 

limestone (LS) and siliceous river gravel (SRG).  All aggregates were used in a 

saturated, surface-dry condition and stored at the desired temperature conditions to ensure 

temperature equilibrium during mixing.  The concrete mixtures used in this study are 

summarized in Table 3.1, while the physical and mechanical properties of material 

components are presented in Appendix A. 
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Table 3.1 Mixture proportions 

Quantities per yd3 of Concrete 
Material Constituent 

LS SRG 

Water (gal / lbs) 24.75 / 207 24.75 / 207 

Cement (Type I) (lbs) 362 362 

Class C Fly Ash (lbs) 155 155 

Coarse Aggregate (lbs) 1,745 1,875 

Fine Aggregate (lbs) 1,335 1,300 

Air Content (%) 5 5 

Air Entraining Agent (fl. oz) 2 2 

Retarder (fl. oz) 8 8 

Water-Cementitious ratio 0.40 0.40 

 

 

3.3 LABORATORY STATIC TESTING 

 

3.3.1 Laboratory Specimens 

The static and fatigue beams were 6 in. by 6 in. by 36 in., and were tested under 

third-point loading with a span length of 33 in.  To investigate the mechanical properties 

of mixtures, compressive and splitting tensile strengths and elastic moduli were measured 

using 4-in. by 8-in cylinders at the ages of 1, 3, 7, 14 and 28 days.  To simulate field 

curing conditions, the top surfaces of specimens were covered with curing compound 

after casting.  All concrete specimens were demolded after 24 hours of casting, and the 

sides and bottom of the specimens were covered with an impermeable paint to prevent 
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the loss of water.  After demolding and painting, the specimens were cured and tested in 

an environmental chamber maintained at specified temperatures. 

For typical static strength tests as shown in Table 3.2, cylinders and beams were 

cast and cured under the designated curing conditions.  All material components were 

measured and batched 48 hours before casting time and stored at the designated 

temperatures to meet the temperature equilibrium.  Just prior to mixing, moisture 

adjustments were performed for both coarse and fine aggregates.  Test specimens were 

prepared in a 10-ft3-capacity mixer and fabricated in accordance with relevant ASTM.  

Tests for fresh concrete, air content, slump, and unit weight testing, were performed 

during mixing and fabrication of specimens. 

Table 3.2 Tests performed to characterize the concrete mixtures 

Test Specification Concrete Age (days) Specimen Type

Compressive Strength ASTM C 39 1, 3, 7, 14, 28 4”∅x8” Cylinder

Splitting Tensile ASTM C 496 1, 3, 7, 14, 28 4”∅x8” Cylinder

Flexural Strength ASTM C 78 1, 3, 7, 14, 28 6”x6”x36” Beam

Modulus of Elasticity ASTM C 469 1, 3, 7, 14, 28 4”∅x8” Cylinder

 

The cast specimens were transferred to a curing chamber to maintain constant 

curing conditions immediately after fabrication.  To simulate the field curing condition, 

the top surfaces of specimens were covered with curing compound about 30 minutes after 
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casting, while the sides and bottom of specimens were covered with impermeable paint 

after demolding. 

Four curing conditions used for the control and simulation of field curing 

conditions: 1) 73ºF-moisture curing (ASTM C 192), 2) 50ºF-dry curing, 3) 75ºF-dry 

curing, and 4) 100ºF-dry curing conditions.  The 73ºF-moisture curing condition was 

used for the control mixture while the field curing conditions were simulated by dry 

constant temperature curing conditions.  In cases of dry curing, the environmental 

chamber had a constant relative humidity of 40 ± 5 %.  The specimens were covered 

with wet burlap until they were removed from the molds.  About 24 hours after casting, 

specimens were demolded and stored at the designated constant temperature and 

humidity conditions until tested.   

The temperature history of two beams and two cylinders for each batch was 

monitored at 30-minute intervals until an age of 30 days for the maturity calculations.  

Temperature specimens were equipped with thermocouples that were connected to a 

temperature data logger.  Thermocouple wires were embedded 3-in. deep for the beam 

specimens and 4-in. deep for the cylinder specimens.  Three specimens from each batch 

were tested for each of the strength parameters investigated at each testing age. 

The laboratory fatigue testing was performed on beams with 6-in. by 6-in. by 36-

in. instead of using typical 6-in. by 6-in. by 21-in. modulus of rupture beams.  Using 

longer beams gives some beneficial effects: 1) reduction of the possibility of shear failure, 

2) generation of greater displacement, and 3) reduction of equipment capability.  Beams 

with identical dimensions were used for the static laboratory testing. 



 
3.3.2 Time-Dependent Strength Development 

This section illustrates basic material trends with concrete ages while a listing of 

all the data is presented in Appendix B.  Table 3.3 is a summary of coefficient of 

variance of the results obtained from specimens for each mixture.  The coefficient of 

variance for strength parameters may be calculated by Equation (3.1). 

xSVOC x /... =           (3.1) 

where,  

C.O.V. = coefficient of variance, 

  Sx = standard deviation, and  

  x  = average strength 

 
Table 3.3 Coefficient of variance for laboratory static test specimens 

Average Coefficient of Variance (%) 

73ºF, 
Moist Curing

50ºF, 
Dry Curing

75ºF 
Dry Curing

100ºF 
Dry Curing 

Test 

LS SRG LS SRG LS SRG LS SRG 
Compressive 

Strength 2.7 2.6 3.7 3.6 4.1 3.1 2.9 3.1 

Tensile 
Strength 5.9 5.4 4.9 5.6 5.1 6.2 4.4 3.6 

Modulus of 
Rupture 5.8 6.1 5.4 7.4 5.6 6.1 4.0 5.9 

Elastic 
Modulus 5.5 4.4 6.7 5.6 4.5 5.1 4.1 4.7 
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As shown in Table 3.3, the static strength data of this study are very reliable to 

use value for the numerical calculations and predictions.  Compressive strengths have 

the lowest coefficient of variance, and moduli of rupture have the highest coefficient of 

variance, which means highest variability.  From a previous study [McCullough et al., 

1998], it was observed that when the tensile strength has a 20% coefficient of variance, 

only 20% of the slab segments are in a desirable range.  On the other hand, more than 

50% of the slab segments are in a desirable range, if a 5% of coefficient of variance is 

maintained in concrete tensile strength.   

The time dependent strength parameters for each testing method are presented in 

Tables 3.4 through 3.7 and Figures 3.1 through 3.4.  Each data point represents the 

average of the results obtained from three specimens. 

As expected, increasing the curing temperature resulted in a significant increase in 

all strength parameters.  The strength parameters for the 50ºF curing condition showed 

lower early age (especially 1- and 3-days) strengths, while 28-day strengths were not 

significantly different.  In other words, it was clearly observed that the early-age curing 

temperatures play the most important role in terms of strength gain. 

Generally, the crushed limestone (LS) mixtures showed slightly higher strength 

values for all strength parameters than siliceous river gravel mixtures (SRG) except for 

the case of elastic modulus.  Comparing other strength parameters, it was noted that the 

difference in elastic modulus between LS mixtures and SRG mixtures were obvious; the 

SRG mixtures appeared to show a significantly higher elastic modulus for all ages and 

temperature conditions.  These static strength values were used as a property input into 



the maturity calculation, correlation investigations, and numerical simulation in the later 

part of this dissertation. 

Table 3.4 Time-dependent compressive strength 

Compressive Strength (psi) 

73ºF, 
Moist Curing 

50ºF, 
Dry Curing 

75ºF 
Dry Curing 

100ºF 
Dry Curing 

Concrete 
Age 

(Days) 
LS SRG LS SRG LS SRG LS SRG 

1 1882 1838 631 509 1465 1369 2670 2497 

3 4429 4050 2316 2084 3897 3443 4377 3866 

7 5527 5204 4528 4193 4791 4351 5719 5197 

14 6473 5794 5599 4968 5866 5339 6483 5899 

28 6995 6589 6580 5876 6619 5866 7121 6311 
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Figure 3.1 Time-dependent compressive strength curves 
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Table 3.5 Time-dependent splitting tensile strength 

Splitting Tensile Strength (psi) 

73ºF, 
Moist Curing 

50ºF, 
Dry Curing 

75ºF 
Dry Curing 

100ºF 
Dry Curing 

Concrete 
Age 

(Days) 
LS SRG LS SRG LS SRG LS SRG 

1 237 215 94 81 165 140 319 299 

3 436 376 297 276 376 331 472 445 

7 500 437 433 379 442 375 578 507 

14 600 523 534 486 552 478 624 548 

28 626 563 645 571 611 534 663 603 
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Figure 3.2 Time-dependent splitting tensile strength curves 

 35



Table 3.6 Time-dependent modulus of rupture 

Modulus of Rupture (psi) 

73ºF, 
Moist Curing 

50ºF, 
Dry Curing 

75ºF 
Dry Curing 

100ºF 
Dry Curing 

Concrete 
Age 

(Days) 
LS SRG LS SRG LS SRG LS SRG 

1 324 271 122 109 294 262 368 328 

3 551 453 416 359 505 433 584 501 

7 683 578 575 497 630 512 703 607 

14 763 614 655 592 720 623 730 672 

28 811 680 729 644 757 672 754 705 
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Figure 3.3 Time-dependent modulus of rupture curves 
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Table 3.7 Time-dependent elastic modulus 

Elastic Modulus (X 106 psi) 

73ºF, 
Moist Curing 

50ºF, 
Dry Curing 

75ºF 
Dry Curing 

100ºF 
Dry Curing 

Concrete 
Age 

(Days) 
LS SRG LS SRG LS SRG LS SRG 

1 3.183 4.156 1.406 1.910 2.755 2.552 3.401 4.984 

3 4.472 4.953 3.204 4.739 3.710 5.428 4.367 5.496 

7 5.125 6.262 4.134 5.786 4.106 5.523 4.768 6.150 

14 5.204 6.385 4.579 5.937 4.428 5.870 5.238 6.531 

28 5.360 6.715 4.990 6.044 5.078 6.237 5.340 6.492 
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Figure 3.4 Time-dependent elastic modulus curves 
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3.3.3 Static Strength Correlation 

This section presents an investigation into the strength correlations obtained in 

this study to provide an equivalent strength relationship which can be used at all concrete 

ages.  It is typically assumed that the splitting tensile strength of concrete is about 10% 

of its compressive strength; modulus of rupture is about 15% of compressive strength.  

However, examination of actual test results showed that there is little basis for assuming 

this linear relationship between compressive and tensile or flexural strength [Raphael, 

1984].   Therefore, the comparisons between the correlation results obtained in this 

study and previous researcher’s results were performed to provide a estimation of static 

strength data.  

 

3.3.3.1 Relationship between Tensile and Compressive Strength 

To investigate the relationship between splitting tensile strength and compressive 

strength, the results obtained in this study were compared to other researchers’ results.  

For a comparative purpose, two generally used formulas by previous researchers were 

selected as described in Equations (3.2) [Raphael, 1984] and (3.3) [Oluokun et al, 1991]. 

3/27.1 ct ff =  (3.2) 

79.0584.0 ct ff =  when psi  1000≥cf

6.0928.0 ct ff =  when 1000<cf psi (3.3) 

where, 
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 ft = splitting tensile strength (psi), and 

 fc = compressive strength (psi). 

In this study, the 2/3 power relationship suggested by Raphael [1984] was used 

for standard square-root curve fitting.  To increase the accuracy, all individual 

specimens’ results were coupled by mixture characteristics then statistically analyzed.  

Figure 3.5 presents the curve fitting results for dry-cured specimens with adjusted R2 

values.  Curve-fitting analysis revealed very high correlations using Raphael’s formula, 

which was indicated by the high R2 values of 0.94 to 0.97.  Generally, the LS specimens 

had slightly higher splitting tensile strength value for a given compressive strength.  

Despite of this difference due to aggregate type, the analysis data exhibited a good 

agreement with Raphael’s results. 
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Figure 3.5 Relation between splitting tensile strength and compressive strength 
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3.3.3.2 Relationship between Modulus of Rupture and Compressive Strength 

Similar to the splitting tensile, the relationship between modulus of rupture and 

compressive strength were investigated.  Two widely used relationships by previous 

researchers were selected for comparison as described in Equations (3.4) [Raphael, 1984] 

and (3.5) [ACI 318, 2002]. 

3/23.2 cr ff =  (3.4) 

cr ff 5.7=  (3.5) 

where, 

 ft = modulus of rupture (psi), and 

 fc = compressive strength (psi). 

Similar to splitting tensile strength, curve-fitting analysis results showed very 

high R2 values of 0.95 to 0.98.  Although it is generally accepted that the relationship 

between flexural and compressive strength is poor [Popovics, 1998], the modulus of 

rupture may be estimated from the result of compressive strength tests with the fixed 

mixture design used in this study. 

The curves in Figure 3.6 show clearly that for a given compressive strength the 

LS aggregate produces concrete of higher flexural strength than that made with the SRG.  

The difference amounts to 5 to 13% using regression equations.  The reason is assumed 

to be the stronger bond of the cement paste to the surface of the crushed limestone.  This 

difference is attributed to the rougher surface of the crushed limestone compared to the 

siliceous river gravel surface.  As many other researchers have found, the effect of 
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aggregate surface characteristics is greater on flexural strength of concrete than on 

compressive strength of concrete [Popovics, 1998].  Since the flexural strength has a 

primary role in the case of concrete pavements, the use of a clean crushed (rough 

surfaced) coarse aggregate is highly recommended. 

Although the obtained regression curves of this study appeared very close to 

Raphael’s estimation, the flexural strength results are slightly lower than Raphael’s 

results and higher than ACI estimations, respectively.  The most likely reason for lower 

values than Raphael’s model is assumed that the increased uncertainty of quality due to 

the use of the longer (36-in.) beams than that typically used (20-in.).  However, the 

longer 36-in. beams had to be used to establish the comparable basis for fixing stress 

levels used in the laboratory fatigue testing that will be described in later sections. 
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Figure 3.6 Relation between modulus of rupture and compressive strength 
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3.3.3.3 Relationship between Modulus of Rupture and Tensile Strength 

Many investigations connecting the tensile and flexural strength of concrete were 

performed worldwide in the 1930s to 1960s [Popovics, 1967].  The previous 

experimental data showed that the modulus of rupture calculated in the usual way is 

higher than the splitting tensile strength for the same concrete.  In addition, 

experimental data indicated good correlation between the modulus of rupture and the 

splitting tensile strength within a single test series.  Many researchers found that it is a 

satisfactory estimation that the modulus of rupture versus splitting tensile strength 

relationship is linear within practical limits [Ward and Cook, 1969; Pincus and Gesund 

1965; Kaplan, 1963; Pineiro et al., 1970; Jindal, 1964, Popovics, 1967].  The failure of 

plain concrete beams in flexural tests is controlled by the tensile strength of the concrete.  

Yoshimoto et al. [1972] stated that the propagation of microcracks plays an essential role 

in the failure of flexural beams.  As soon as the tensile stress reaches an ultimate value 

in the bottom fiber of the beam, the failure occurs.  L’Hermite [1955] investigated this 

problem using different theoretical approaches.  First, he applied the difference between 

the elastic energy of the crack propagation in the direct tensile test and that in the third-

point bending test, then obtained a limit value of 1.74 for the ratio of the modulus of 

rupture to tensile strength.  On the other hand, when he applied the difference between 

the average deformations in two tests, he obtained a limit value of 2.0 for the ratio.  

Since concrete is an inelastic material, the assumption of linear tensile stress distribution 

throughout the depth of the beam results in an incorrect tensile stress value which is 

higher than actual.  A number of researchers suggested different stress-distribution 



shapes, such as a second-degree parabola [Pincus and Gesund, 1965] and a third degree 

parabola [Blakey and Beresford, 1953].  Blakey and Beresford reported a limit value of 

1.36 which is the identical value from Raphael’s result [1984] by using a rectangular 

diagram. 

The range of 1.18 to 1.42 for the ratio of the modulus of rupture to the splitting 

tensile strength was obtained in this study.  The trend of data points shown in Figure 3.7 

appears to be slightly lower than Raphael’s results, but the differences are slight.  As 

described in the previous section, the use of the longer specimens for the modulus of 

rupture testing may be a possible reason. 
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Figure 3.7 Relation between modulus of rupture and splitting tensile strength 
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3.3.3.4 Relationship between Elastic Modulus and Compressive Strength 

The relationships between compressive strength and elastic modulus were 

investigated for the prediction of values for numerical simulations.  As shown earlier, 

the main variable for the elastic modulus difference was the aggregate type.  The 

concrete composition has a major effect on the modulus of elasticity.  The higher the 

elastic modulus of the coarse aggregate and the larger its quantity in concrete, the greater 

the elastic modulus of the concrete.  It is therefore observed that the SRG aggregate 

concrete have significantly higher elastic modulus values than those of LS aggregate 

concrete for a given compressive strength. 

Similar to the relationships for the other strength parameter, a power expression 

was used for curve fitting as shown in Equation (3.6). 

CAfE B
cc +=  (3.6) 

where, 

 Ec = elastic modulus (psi), 

 fc = compressive strength (psi), and 

A, B, C = experimental parameters. 

Two general elastic modulus formulas were used for comparison as followings: 

cc fE 000,57=                           [ACI 318, 2002] (3.7) 

000,000,1000,40 += cc fE           [Carrasquillo et al, 1981] (3.8) 

where,  
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 Ec = elastic modulus (psi), and 

fc = compressive strength (psi). 

Least squares linear regression analysis was used on the log-log relationship to 

determine best fit.  The elastic modulus versus compressive strength relationships have 

correlation coefficients (R2) of 0.915 for SRG and 0.955 for LS as shown in Figure 3.8. 

 

0

1,000,000

2,000,000

3,000,000

4,000,000

5,000,000

6,000,000

7,000,000

8,000,000

0 1000 2000 3000 4000 5000 6000 7000 8000

Compressive Strength (psi)

El
as

tic
 M

od
ul

us
 (p

si
)

LS-Dry

SRG-Dry

Carrasquillo et al.

ACI

LS
Ec = 61774 fc

0.502

R2 = 0.955

SRG
Ec = 89500 fc

0.494

R2 = 0.915

 
 

Figure 3.8 Relation between modulus of rupture and compressive strength 
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3.4 MATURITY – STRENGTH DATA ANALYSIS 

3.4.1 Maturity Method 

The main concept of maturity method is that the strength of a given concrete 

mixture is a function of its age and temperature history.  The temperature has the most 

dramatic effect on the strength development of concrete especially at an early age.  As 

specified in ASTM C1074, two alternative functions for computing the maturity index 

from the measured temperature history of the concrete were used in this study. 

• Empirical Nurse-Saul temperature-time factor (TTF) [Saul, 1951] 

tTTtM c ∆−= ∑ )()( 0            (3.9) 

where, 

 M(t)  = the temperature-time factor at age t 

(degree-days or degree-hours), 

 ∆t = a time interval (days or hours), 

 Tc = average concrete temperature during time interval t, (°C), 

and 

 To = datum temperature (°C). 

• Equivalent age (Arrhenius equation) [Freisleben et al., 1977] 

t
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0 273
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273

1exp)(      (3.10) 

where, 
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te(Tr)  =  equivalent age at the reference curing temperature  

(hrs or days), 

 Tc = average concrete temperature during the time interval, (°C), 

 Tr = reference temperature (°C), 

 E =  activation energy (J/mol), and 

 R = universal gas constant (8.3144 J/mol/K). 

In this study, both temperature-time factor (TTF) and equivalent age methods 

were examined using recorded concrete-temperature history.  After calculation of the 

maturity index, the strength-maturity curve for given mixture designs were developed 

using logarithmic function (Plowman’s model) in accordance with ASTM C 918. 

As a part of this research project, Schindler [2002] performed a large volume of 

activation energy testing using various mixture proportions.  ASTM C 1074 was used to 

evaluate the strength gain for mortar specimens cured at different temperatures.  An 

equivalent mortar was obtained by proportioning the mortar to have a cement-fine 

aggregate ratio equal to the cement-coarse aggregate ratio of the concrete mixture used in 

this study.  The testing times were determined based on the equivalent age approach 

with an assumed activation energy value of 40,000 J/mol.  The data were analyzed by 

Schindler in accordance with the procedure outlined in Annex A, of ASTM C 1074.  

The activation energy of each of the mixtures was obtained based on the best-fit slope of 

the Arrhenius plot.  The regression parameters obtained at each curing temperature are 

shown in Table 3.8.  The datum temperature for this study, for use with the Nurse-Saul 

maturity function (time-temperature factor, TTF) was calculated to be T0 = -9.4°C.  In 
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the original Nurse-Saul definition, the datum temperature was taken as -10°C.  The 

ASTM recommends a datum temperature of 0°C for a Type I cement.  For activation 

energy, the value obtained from the exponential strength gain (36,460 J/mol) was selected 

for all calculations in this study. 

Table 3.8 Summary of activation energy analysis results [Schindler, 2002] 

HYPERBOLIC STRENGTH GAIN EXPONENTIAL STRENGTH GAIN 
E = 32,919  J/mol   E = 36,459  J/mol   

        
T, (°K)= 281.0 295.8 313.0 T, (°K) = 281.0 295.8 313.0 

1/T= 0.00356 0.00338 0.00319 1/T = 0.00356 0.00338 0.00319
ln(K)= -5.08 -3.57 -3.63 ln(K) = -4.60 -3.48 -3.00 

 1.51  -0.06  1.11  0.49 
Slope = -3959.3   Slope = -4385.0   

        
Curve Fit Parameters Curve Fit Parameters 

T, (°F)= 46.4 73.0 104.0 T, (°F) = 46.4 73.0 104.0 
Su, psi= 5,973 5,798 6,370 Su, psi = 5,420 5,757 5,811 

K= 0.0062 0.0282 0.0266 �, hrs = 99.16 32.61 20.01 
to, hrs= 20.1 11.7 0.0 � = 1.001 1.001 1.001 

 

 

3.4.2 Temperature Development of Specimen 

To record the concrete temperature under the various curing conditions, four 

selected specimens from each batch were equipped with thermocouples attached to a 

temperature data logger immediately after placing.  The data logger measured and 

recorded the variation in temperature with time for 30 days at 30-minute intervals.  Two 

cylinders and beams were instrumented for every batch.  For the same batch, the 



deviation of the recorded temperature among specimens was negligible (< ± 2°F); 

therefore, it is reasonable that the average temperature values for each interval were could 

be used for the maturity calculations. 

The recorded concrete temperature results are summarized in Figure 3.9, which 

indicates average specimen temperatures up to 72 hours for each concrete mixture.  The 

results of duplicate specimens showed that repeatable results were obtainable with the 

experimental setup.  All these tests were performed in an enclosed and controlled 

environmental chamber, and no solar radiation effects were present.  The highest 

concrete temperature reached is strongly influenced by the curing and placement 

temperature.  The temperature of concrete is directly proportional to the hydration of 

concrete.  The effect of more rapid hydration at higher temperatures may be identified.  

The rate of hydration increases with an increase of curing temperature. 

0

10

20

30

40

50

60

0 12 24 36 48 60 72

Concrete age (hrs)

Te
m

pe
ra

tu
re

 (°
C

)

30

40

50

60

70

80

90

100

110

120

130

140

Te
m

pe
ra

tu
re

 (°
F)

SRG-73°F- Moist LS-73°F- Moist SRG-50°F-Dry LS-50°F-Dry
SRG-75°F-Dry LS-75°F-Dry SRG-100°F-Dry LS-100°F-Dry

 
Figure 3.9 Temperature development for specimens 
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3.4.3 Maturity Index Calculation Results 

As described in previous sections, the maturity indexes for each concrete batch 

were calculated in two ways based on Equations (3.9) and (3.10).  These values 

(temperature-time factor and equivalent age) were calculated for 30-minute intervals up 

to 30 days during testing.  The datum temperature used in this study was -9.4°C (-15°F) 

for the temperature-time factor (TTF) calculations, while the temperature of 21.1°C (70°F) 

and the activation energy value of 36,460 J/mol were used for the equivalent age method.  

The calculated maturity index values are summarized in Tables 3.9 through 3.10 and 

Figures 3.10 through 3.11. 

 

3.4.4 Maturity-Strength Analysis 

The maturity-strength function, the relationships between maturity indexes and 

strength parameters were developed in this section.  The plots between the individual 

specimen strength parameters and average maturity index values at corresponding 

concrete ages were made to avoid statistical error.  As indicated earlier, the laboratory 

static test results were in a reliable range for each curing and mixture condition.  After 

plotting the correlations, a best-fit curve was drawn through the each plot.  The curve 

was then used for estimating the strength of concrete based on maturity as it has been 

traditionally done. 



Table 3.9 Temperature-time factor (TTF) calculation results 

Temperature-Time Factor, TTF (°C-hrs) 

73 °F, 
Moist Curing 

50 °F, 
Dry Curing 

75 °F 
Dry Curing 

100 °F 
Dry Curing 

Concrete 
Age 

(Days) 
LS SRG LS SRG LS SRG LS SRG 

1 809 820 516 495 882 846 1159 1174 

3 2376 2373 1512 1475 2496 2439 3408 3434 

7 5463 5462 3517 3321 5695 5661 7993 7979 

14 10759 10857 6977 6689 11278 11288 15896 16024 

28 21558 21580 13760 13473 22426 22595 31880 31780 
         Note: Datum Temperature = -9.4 °C = 15.1 °F 
           °F-hrs = 1.8°C-hrs 
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Figure 3.10 Variations in TTF with curing conditions 
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Table 3.10 Equivalent age at 21.1°C 

Equivalent Age at 21.1°C (Days) 

73°F, 
Moist Curing 

50°F, 
Dry Curing 

75°F 
Dry Curing 

100°F 
Dry Curing 

Concrete 
Age 

(Days) 
LS SRG LS SRG LS SRG LS SRG 

1 1.18 1.20 0.63 0.60 1.37 1.27 2.35 2.41 

3 3.41 3.40 1.82 1.78 3.71 3.56 6.73 6.84 

7 7.75 7.75 4.24 3.99 8.31 8.22 15.86 15.81 

14 15.13 15.34 8.41 8.03 16.34 16.36 31.34 31.89 

28 30.33 30.38 16.56 16.18 32.37 32.76 63.06 62.67 
         Note: Activation Energy = 36,460 J/mol 
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Figure 3.11 Variations in equivalent age at 21.1°C with curing conditions 
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The strength and maturity index results were fitted to a typical Plowman’s 

logarithmic equation in accordance with ASTM C 918 as follows: 

mbaSm log+=          (3.11) 

where,  

Sm = strength parameters (psi), 

 a, b = regression constants, and 

m = maturity index 

  expressed as either TTF ( °C-hrs) or equivalent age (days). 

Strength testing was performed at 1, 3, 7, 14, and 28 days for all test parameters 

used in the development of maturity curves.  The summarized results are presented in 

Figures 3.12 through 3.19. 

As judged by the correlation coefficients (R2 values), it was found that that strong 

correlations exist between all strength parameters and both maturity indexes 

(temperature-time factor and equivalent age) except for elastic modulus.  Except for the 

elastic modulus, R2 values were over 0.9 for almost all cases.  In other words, the 

compressive, tensile and flexural strength parameters were strongly correlated (R2 > 0.9) 

and the elastic modulus were reasonably correlated (R2 > 0.8) to the both temperature-

time factor and equivalent age.  It also appeared that there was no difference between 

temperature-time factor method and equivalent age method. 
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Figure 3.12 Compressive strength versus TTF for laboratory specimen 
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Figure 3.13 Compressive strength versus equivalent age for laboratory specimen 
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Figure 3.14 Tensile strength versus TTF for laboratory specimen 

 

0

100

200

300

400

500

600

700

800

900

1000

0 5 10 15 20 25 30 35

Equivalent Age at 21.1°C (Days)

Sp
lit

tin
g 

Te
ns

ile
 S

tr
en

gt
h 

(p
si

)

LS-Dry

SRG-Dry

SRG
ft =176.53 + 271.9 log(Te)
R2 = 0.900

LS
ft = 186.9 + 318.0 log(Te)
R2 = 0.930

 
Figure 3.15 Tensile strength versus equivalent age for laboratory specimen 
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Figure 3.16 Modulus of rupture versus TTF for laboratory specimen 
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Figure 3.17 Modulus of rupture versus equivalent age for laboratory specimen 
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Figure 3.18 Elastic modulus versus TTF for laboratory specimen 
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Figure 3.19 Elastic modulus versus equivalent age for laboratory specimen 
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3.5 LABORATORY BEAM FATIGUE TESTING 

 

3.5.1 Overview 

To provide the comparable ultimate stress level to number of cycles to failure (S-

N) relationships for the field-slab fatigue testing, a series of static and constant-amplitude 

cyclic loading tests was completed before the field slab testing.  Seventy-eight beams 

were tested under cyclic loading: 42 SRG beams and 36 LS beams.  All laboratory 

beams and test cylinders were cast and cured under controlled conditions.  To simulate 

the various weather conditions, laboratory beam fatigue testing was conducted under 

three different curing and testing temperature conditions (50ºF, 75ºF and 100ºC).  Three 

different ages of first loading were used (3, 7 and 28 days). 

 

3.5.2 Laboratory Fatigue Testing Setup 

The simply supported third-point loading configuration was used to characterize 

the flexural fatigue and static behavior.  Three beams with the same dimensions (6 in. 

by 6 in. by 36 in.) were statically tested just prior to the fatigue testing to determine the 

modulus of rupture of concrete.  Beam fatigue testing was performed on a 20-kip closed 

loop MTS® testing machine.  The 12-in. range actuator was powered by a five gallon 

per minute hydraulic pump.  The fatigue tests were controlled by the TestStar II® 

controller and software provide by MTS®.  To monitor the response of the beams 



during fatigue testing, two linear variable differential transformers (LVDTs) were 

installed at the mid-span of beams.  The mid-span deflection history for each fatigue 

testing specimen was recorded and monitored during the entire testing period using 

LabVIEW® software and National Instrument® data-acquisition system (DAQ).  Figure 

3.20 shows the laboratory fatigue testing setup in an environmental chamber. 

 
Figure 3.20 Laboratory fatigue testing setup 

 

In all fatigue testing, a constant amplitude sinusoidal waveform loading was used.  

All tests were loaded at 300 cycles per minute (5 Hz) with no rest period.  The ratio of 

minimum-to-maximum cyclic load (R) was maintained at a constant 0.1.  Fatigue 

specimens were tested to failure or to two million cycles of loading.  Beams that did not 

fail after two million cycles were tested statically, and data were excluded for the S-N 

relationships. 
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3.5.3 Laboratory Fatigue Testing Results 

Fatigue test results are listed in Tables 3.11 and 3.12 for each coarse aggregate 

type and shown graphically in Figure 3.21.  The scatter characteristics of test results 

tend to increase in magnitude with decreasing maximum stress level.  The generalized 

laboratory fatigue testing results for each coarse aggregate type is illustrated in Figure 

3.21.  Using log-linear regression, the S-N relationship (Wholer equation) for each 

coarse aggregate type is as follows: 

Log N = -11.57S + 13.22 (R2 = 0.72)  for SRG mixtures   (3.12) 

Log N = -16.29S + 17.33 (R2 = 0.78)  for LS mixtures   (3.13) 

where, 

N = the number of load repetitions to failure, and 

S = maximum stress level. 
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Figure 3.21 Laboratory beam fatigue testing results 
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Table 3.11 Laboratory beam fatigue test results for SRG coarse aggregate mixture 
Curing 

Temperature 
(°F) 

Age of First 
Loading 
(days) 

Modulus of Rupture
(psi) 

Stress
Level 

Number of Cycles 
to Failure 
(cycles) 

Specimen 
Number 

0.90 329 S50-03-A 
0.85 7,682 S50-03-B 
0.80 10,588 S50-03-C 
0.70 14,555 S50-03-D 

3 416 

0.65 Run Outa S50-03-E 
0.90 1,524 S50-07-A 
0.85 9,611 S50-07-B 575 
0.80 56,363 S50-07-C 
0.75 64,293 S50-07-D 

7 

589 (8-days) 0.65 Run Outa S50-07-E 
0.90 531 S50-28-A 
0.85 26,292 S50-28-B 
0.80 54,119 S50-28-C 
0.75 54,017 S50-28-D 

50 

28 729 

0.65 472,901 S50-28-E 
0.90 859 S75-03-A 
0.85 2,841 S75-03-B 
0.80 1,599  S75-03-C 
0.70 30,350  S75-03-D 

3 505 

0.65 370,936  S75-03-E 
0.90 321  S75-07-A 
0.85 1,120 S75-07-B 
0.80 1,642  S75-07-C 
0.70 39,016  S75-07-D 

7 630 

0.65 Run Outa S75-07-E 
0.90 568  S75-28-A 
0.85 9,011 S75-28-B 
0.80 10,527  S75-28-C 
0.70 94,630  S75-28-D 

75 

28 757 

0.65 Run Outa  S75-28-E 
0.90 29  S100-03-A
0.85 2,022  S100-03-B
0.80 2,224  S100-03-C

3 584 

0.70 80,354  S100-03-D
0.90 1,128  S100-07-A
0.85 2,658  S100-07-B
0.80 4,983  S100-07-C

7 703 

0.70 22,119  S100-07-D
0.90 268  S100-28-A
0.85 5,824  S100-28-B
0.80 27,527  S100-28-C

100 

28 754 

0.70 298,636  S100-28-D
a: No failure until 2,000,000 cycles 
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Table 3.12 Laboratory beam fatigue test results for LS aggregate mixture 

Curing 
Temperature 

(°F) 

Age of First 
Loading 
(days) 

Modulus of Rupture
(psi) 

Stress
Level 

Number of Cycles 
to Failure 
(cycles) 

Specimen 
Number 

0.90 447  L50-03-A 
0.85 6,988  L50-03-B 
0.80     66,927  L50-03-C 

3 359 

0.70          386,843  L50-03-D 
0.90               13  L50-07-A 
0.85            8,834  L50-07-B 
0.80          100,257  L50-07-C 

7 497 

0.70       1,741,945  L50-07-D 
0.90            1,989  L50-28-A 
0.85           3,600  L50-28-B 644 
0.80         368,185  L50-28-C 

50 

28 

650 (30-days)b 0.70 Run Outa L50-28-D 
0.90            2,465  L75-03-A 
0.85            8,844  L75-03-B 
0.80          26,223  L75-03-C 

3 433 

0.70        582,420  L75-03-D 
0.90       354  L75-07-A 
0.85         837  L75-07-B 
0.80      6,286  L75-07-C 

7 512 

0.70   536,235  L75-07-D 
0.90          962  L75-28-A 
0.85       5,419  L75-28-B 
0.80 119,689  L75-28-C 

75 

28 672 

0.70   968,211  L75-28-D 
0.90          796  L100-03-A
0.85          254  L100-03-B
0.80      2,896  L100-03-C

3 501 

0.70   699,277  L100-03-D
0.90      3,876  L100-07-A
0.85        8,855  L100-07-B
0.80      25,904  L100-07-C

7 607 

0.70       98,367  L100-07-D
0.90            38  L100-28-A
0.85            67  L100-28-B
0.80         9,483  L100-28-C

100 

28 705 

0.70 Run Outa L100-28-D
a: No failure until 2,000,000 cycles 
b: 30-day strength 
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A comparison between the LS and SRG mix indicates reasonable results.  The 

LS mixtures showed slightly higher static strengths (flexural, splitting tensile and 

compressive strength) than SRG mixtures but lower elastic moduli.  Except for the very 

high stress level (S > 0.9), the LS mixtures generally had a higher fatigue resistance than 

SRG mixtures for a given stress level. 

The fatigue behavior of concrete is highly influenced by the minimum-to-

maximum stress ratio, R.  A slight increase of R decreases the fatigue life of concrete 

significantly.  Shi et al. [1993] proposed a concept of equivalent fatigue life (EN) to 

overcome this problem.  The equivalent fatigue life (EN) defined as follows: 

EN =N1-R         (3.14) 

where, 

EN = equivalent fatigue life, 

N = number of cycles to failure, and 

R  = applied minimum-to-maximum stress ratio. 

Beam fatigue life data (N) from this study can be converted to the equivalent 

fatigue life (EN) by applying Equation (3.14).  The equivalent S-N relationship for each 

coarse aggregate type becomes: 

Log EN = -9.33S + 10.98   for SRG mixtures     (3.15) 

Log EN = -14.19S + 15.19  for LS mixtures     (3.16) 



Figure 3.22 shows the comparison of several existing fatigue curves and 

laboratory beam fatigue testing results.  In Figure 3.22, the equivalent fatigue life (EN) 

from Equations 3.15 and 3.16 are plotted. 
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Figure 3.22 Comparison of fatigue curves using equivalent fatigue life 

 

Kesler [1953] and PCA [1985] equations were developed based on laboratory 

testing, while the other two curves were derived from the field slab testing.  The Vesic 

and Saxena [1969] fatigue equation was derived from the AASHO Road Test data at a 

serviceability index equal to 2.5 as the function of the strength of concrete and the 

induced stress in the pavement.  The Thompson and Barenberg [1992] curve was based 

on the results from Corps of Engineers’ tests.  The beam-fatigue equations derived in 
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this study shows more conservative N values compared to Kesler’s [1953] results 

although their slopes are similar.  The Thompson and Barenberg slab fatigue curve 

[1992] is very similar to SRG beam curve in the cases of relatively low stress levels. 

 

3.6 SUMMARY 

This chapter describes the laboratory testing program.  The static strength tests 

were performed to establish the 28-day strength parameters for each curing condition as 

the basis for fixing stress levels for the specimen to be tested in fatigue.  The description 

of constituent materials, mixture proportions, specimen size, fabrication, curing and 

testing protocols were presented.  

The time-dependent strength gain curves for each strength parameter were 

obtained.  As expected, at the higher curing temperature, rapid hydration occurred. 

The correlations among strength parameters were examined by using typical 

power formula.  Statistically reasonable formulas for connecting the strengths were 

proposed. 

Maturity indexes were calculated by using recorded concrete temperatures for 

each curing condition.  Based on the calculated maturity index, the maturity-strength 

functions were developed for each strength parameter, i.e., compressive, tensile, flexural 

strength and elastic modulus.  Three strength parameters (compressive, tensile, and 
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flexural strength) had strong relationships with corresponding maturity indexes, while the 

elastic modulus showed reasonable R2 values. 

Traditional S-N plots for each aggregate type were developed for concrete mixture 

designs.  Except for the very high stress levels (S > 0.9), the LS mixtures generally had 

a higher fatigue resistance than SRG mixtures for a given stress level.  The beam fatigue 

equations derived in this study shows less conservative N values compared to previous 

laboratory results (Kesler’s and PCA) although their slopes were very similar. 
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CHAPTER FOUR 

SUPER-ACCELERATED PAVEMENT TESTING  

ON FULL-SCALE CONCRETE SLAB 

 

4.1 OVERVIEW OF SUPER-ACCELERATED SLAB TESTING 

The main objectives of the research described in this chapter were; (1) to 

determine the fatigue resistance of full-scale concrete slabs in the field and (2) to 

compare these results with laboratory beam fatigue test results for a given concrete 

mixture design.  A reasonable fatigue relationship between laboratory specimens and 

field slabs would provide a path forward to solve the size effect problem.  Another goal 

of this testing was to evaluate the feasibility of the super-accelerated pavement testing 

technique using the Stationary Dynamic Deflectometer (SDD) for fatigue loading of full-

scale rigid pavements in a real field setting.  The establishment of a practicable 

accelerated pavement testing technique would help to solve the time-limitation factor of 

fatigue testing on full-scale pavement systems. 

 The definition of super-accelerated pavement (SAP) testing is the 

application of one million load repetitions to a full-scale pavement system in a short time, 

on the order of 0.5 to 2 days, in nominal terms [Stokoe et al., 2000].  The test is 

conducted by applying cyclic loads generated by an external loading system through a 

loading frame placed on the pavement surface.  The dynamic loads are created by the 

servo-hydraulic actuator that generates sinusoidal harmonic loads at a pre-selected 
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frequency as illustrated in Figure 4.1(a).  To investigate the permanent deformation due 

to repeated loading, static deformations of the pavement surface are measured at times 

when no dynamic force is applied.  In the case of rigid pavements, the difference 

between the maximum and minimum displacements during dynamic loading was found 

to best represent the elastic response of the concrete slab by Roesler and Barenberg 

[1999A, 1999B].  The variation of dynamic displacements during super-accelerated 

testing was found to be the main indicator to characterize the fatigue behavior of a rigid 

pavement system.  In this study, fatigue failure of a full-scale slab was defined as the 

occurrence of the first visible crack.  This occurrence generally accompanied abrupt 

changes in dynamic displacement.  The conceptual diagram for the representation of 

pavement performance is illustrated in Figure 4.1(b).  To investigate the propagation of 

cracks and stress redistribution, cyclic loading was applied until full-depth cracking at the 

edges or joints of the pavement occurred. 

 

4.2 DESCRIPTION OF STATIONARY DYNAMIC DEFLECTOMETER (SDD) 

Researchers at The University of Texas at Austin first developed the Rolling 

Dynamic Deflectometer (RDD) in the early 1990s [Bay et al., 1995, 1999].  In the 

rolling mode, the RDD is used to measure continuous deflection profiles on both highway 

and airport pavements. In the stationary mode, the device becomes a Stationary Dynamic 

Deflectometer (SDD).  The SDD is a mobile accelerated pavement testing device, which 

can apply sinusoidal loads at a range of load levels and load frequencies.  A diagram of 

the SDD is shown in Figure 4.2.  In the past, a study comparing the results obtained by 



the SDD and the Texas Mobile Load Simulator (TxMLS) on a flexible pavement was 

done by Stokoe et al. [2000]. 
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(b) Changes of dynamic displacement with increasing number of load repetitions 

 
 

Figure 4.1 Illustrations of SDD testing method 
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Figure 4.2 Stationary dynamic deflectometer (SDD) 

The hydraulic system of the SDD can apply both a static hold-down force and a 

dynamic force to the test slab.  At a constant loading frequency of 20 cycles per second, 

72,000 load repetitions can be applied to the test slab in one hour.  The repeated 

dynamic force is applied to the slab using a loading frame with three circular steel 

loading pads as illustrated in Figure 4.3.  The three-pad loading system avoids 

instability problems.  A load cell is used to measure the load levels, and several 

accelerometers (Model: Wilcoxon 736) and linear variable differential transformers 

(LVDTs) are used to measure the surface displacements on the test slab at multiple points.   

An expanded view of the SDD loading platform and the locations of the load cell, 

accelerometers, and LVDTs are shown in Figure 4.4. 
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Figure 4.3 Configuration of loading pads 
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Figure 4.4 Expended view of the SDD loading System and layout of sensors 
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4.3 FOUNDATION PROPERTIES 

A typical three-layer rigid pavement system, which consisted of natural subgrade, 

asphalt stabilized base and concrete slab, was examined in this study.  To determine the 

applied stress levels during the accelerated testing on this field system, the foundation 

properties were investigated prior to the cyclic load testing on the concrete slabs.  The 

performed tests for foundation properties are illustrated in Figure 4.5. 

 

4.3.1 Subgrade 

The accelerated full-scale tests were performed at a site at The University of 

Texas at Austin Pickle Research Campus.  A natural subgrade site of 60 ft by 120 ft was 

scraped, leveled and roller compacted.  The natural subgrade soil is a clayey-sand which 

can be classified in AASHTO Class A-2-6 based on sieve analysis and plastic 

characteristics.  The average liquid limit is 37%, and the average plastic limit is 19%.  

To investigate the material properties of the subgrade, three in-situ subgrade tests were 

performed: 1) the dynamic cone penetration (DCP), 2) the portable falling weight 

deflectometer (PFWD), and 3) the nuclear density.  DCP tests for 36 points were 

performed, and an average California bearing ratio (CBR) value of 16.7 and a correlated 

elastic modulus of approximately 15,400 psi were obtained.  The PFWD test data were 

used for checking uniformity for the site, and the PFWD data were compared to DCP 

results.  Compared to the DCP results, the PFWD data showed an identical tendency for 
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a given location but the elastic modulus was about 65% of DCP average value.  The 

data from the DCP tests were used in this study.  Density and water contents of the 

subgrade were measured using the nuclear density test at the same 36 test locations.  

The average dry density of the subgrade soil was 95 lb/ft3, and the average water content 

was 18%.  All subgrade testing was performed one to two days before the asphalt base 

placement to reduce the possibility of material changes due to environmental conditions. 

 

4.3.2 Asphalt -Stabilized Base 

The 4-in. thick asphalt stabilized base was constructed on the compacted subgrade 

in accordance with TxDOT specification, item 345.  The maximum aggregate size was 1 

in., and the asphalt content was 4.6%.  To obtain the elastic modulus of the asphalt 

stabilized base, the falling weight deflection (FWD) test was performed at the same 36 

locations used for subgrade testing.  The back-calculated average elastic modulus of 

asphalt stabilized base was 270 ksi with a coefficient of variance of 0.13.  The average 

density of the asphalt stabilized base from core samples was 94 lb/ft3 with a coefficient of 

variance of 0.042.  Figure 4.6 shows the construction process of used asphalt-stabilized 

base. 



 
 

 
(a) Dynamic cone penetration (DCP) testing on subgrade 

 

 
(b) Nuclear density testing on subgrade 

 

 
(c) Falling weight deflection (FWD) testing on asphalt stabilized base 

 
Figure 4.5 Photographs of foundation testing at the full-scale slab testing 
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(a) Compaction of subgrade (b) Grading of asphalt material 

 

 
 

 

 
(c) Compaction of asphalt-stabilized base (d) Leveling 

 
Figure 4.6 Construction of asphalt-stabilized base 
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4.4 FULL-SCALE CONCRETE SLAB PROPERTIES 

The same concrete mixtures used in the laboratory beam fatigue testing were used 

for the field slabs.  Six full-scale concrete slabs were tested with different age conditions: 

four SRG slabs and two LS slabs.  The dimensions of the full-scale concrete slabs were 

12 ft by 12 ft by 6 in.  All slabs were cast and tested at the Pickle Research Campus, The 

University of Texas at Austin during the summer of 2003.  The temperature history of 

each layer of concrete slab was continually monitored, and all SDD testing was 

performed under dry weather conditions.  A ready-mix concrete company supplied the 

concrete in three separate 8-yd3 loads for the slabs and field-cured test specimens.  Two 

slabs were cast from the same load, and the curing compound was applied on the top 

surfaces in accordance with TxDOT specifications.  The construction of full-scale filed 

slab is illustrated in Figure 4.7. 

 

Figure 4.7 Construction of full-scale field slab 
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4.4.1 Field-Cured Specimens Static Tests 

To determine the mechanical properties of the concrete mixture used in the field 

slabs, 4-in. by 8-in. cylinders and 6-in. by 6-in. by 20-in. beams were cast at the time of 

slab casting.  To simulate the field condition, the tops of the specimens were covered 

with curing compound 30 minutes after casting, and the sides were wrapped in wet burlap 

after demolding.  All cylinders and beams were cured in a wet sand bed adjacent to the 

slab testing site, and the temperature histories were monitored to compare the maturity 

values with field slabs.  Three specimens were tested for each strength parameter at 2, 4, 

7, and 28 days to obtain the strengths of different batches and ages as the basis for 

deciding when the slabs were to be tested in fatigue.  The recorded temperatures of 

sand-cured specimens were lower than the temperature of the slab as shown in Figure 4.8, 

while Table 4.1 presents the static strength test results of sand-cured specimens. 
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Figure 4.8 Temperature history of SRG-1 batch 
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Table 4.1 Specimen and core static strength 

Coarse Aggregate Type and Batch Number Testing Age, 
Days SRG-Batch 1 SRG-Batch 2 LS 

Compressive Strength (psi) 

2 4,279 4,003 3,423 

4 4,946 4,627 4,467 

7 5,627   5,207* 4,830 

28 6,034 6,266 5,990 

Modulus of Rupture (psi) 

2 537 479 464 

4 551 537 522 

7 595   609* 566 

28 682 711 682 

Elastic Modulus (ksi) 

2 4,699 4,525 4,018 

4 4,946 4,743 4,177 

7 5,033   4,975* 4,293 

28 5,511 5,816 5,018 

Splitting Tensile Strength (psi) 

2 435 421 406 

4 464 450 450 

7 508   493* 479 

28 566 595 566 

Core Splitting Tensile Strength (psi) 

2 464 435 450 

7 508   522* 508 

28 609 624 595 
               *: 8-day strength results 
 



4.4.2 Core Splitting Tensile Test 

Cores were taken and tested in splitting tension to compare the slab strength to the 

sand-cured strength.  The cores were 4 in by 6 in, and test results were corrected for the 

shape factor (length-to-diameter ratio).  The cores were tested in splitting tension at 2, 7 

and 28 days, and the results are presented in Table 4.1.  Compared to the splitting tensile 

strength of sand-cured cylinders, the cores showed approximately 5% higher strength 

values.  Conservatively, it was assumed that the strengths from sand-cured specimens 

were the strengths corresponding to the full-scale slabs.  Figure 4.9 shows the coring for 

4-in diameter specimens from the full-scale field slab. 

 
(a) Taking cores from testing slab 

 

 
(b) Core samples from SRG-1 batch 

 
Figure 4.9 Core samples from testing slab 
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4.4.3 Static Partial Loading Tests on Concrete Slab 

Before the application of cyclic loading, each slab was loaded statically using the 

same load arrangement until a static hold-down force (9-kips) was reached to obtain a 

static load-displacement curve to back calculate the subgrade reaction modulus (k-value).  

All slabs had a linear relationship between applied static load and displacement.  The 

EverFE [Davis et al., 1998] rigid pavement analysis software was used to determine 

appropriate k-values for measured deflection profiles.  Based on the measured static 

load-displacement relationships, the subgrade reaction modulus (k-value) for each slab 

was back-calculated using the EverFE program.  The back calculated k-values had the 

same tendency with the variance of CBR values from DCP testing as shown in Table 4.2. 

Table 4.2 Static material properties of full-scale slab 

Slab 
No. 

Agg. 
Type 

Age 
of 

Test 
(Days) 

Avg. 
Beam 

Modulus 
of 

Rupture 
(psi) 

Avg. 
Cylinder 
Elastic 

Modulus
(ksi) 

Avg. 
Cylinder 
Splitting 
Tensile 
Strength

(psi) 

Avg. 
Core 

Splitting 
Tensile 
Strength

(psi) 

Subgrade 
CBR 
from 
DCP 
test 
(%) 

Back- 
calculated
Subgrade 
Reaction 
Modulus 
(psi/in) 

1 SRG 2 537 4699 435 464 24 210 

2 SRG 28 682 5511 566 609 18 200 

3 SRG 8 609 4975 493 522 20 200 

4 SRG 29 711 5816 595 624 13 150 

5 LS 7 566 4293 479 508 11 150 

6 LS 28 682 5018 566 595 14 150 
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4.5 SUPER-ACCELERATED SDD SLAB TESTING PROCEDURE 

The static and dynamic loads from the SDD were applied at the center of the 

concrete pavement through a loading frame to reduce the edge loading effect.  The field 

arrangement of super-accelerated testing is illustrated in Figures 4.10 through 4.12.  To 

avoid the instability of the SDD system, a minimum hold-down force of about 30% of the 

maximum dynamic load was required.  An initial 9-kip static hold-down force was 

applied, and then the continuous dynamic force was applied at a rate of 1,200 cycles per 

minute (20 Hz).  A load cell was connected the SDD to the loading frame, and it was 

used to measure both the applied static and dynamic forces.  The surface displacement 

profile along the centerline was captured during the entire test period using two types of 

sensors.  First, three Wilcoxon model 736 accelerometers were used to measure the 

dynamic motion of the pavement.  Second, three other LVDTs were also used for the 

measurement of the permanent deformation of the pavement.  As the number of load 

repetitions increased, the non-recoverable plastic deformation increased. 

In order to make accurate displacement readings, the LVDTs must be mounted on 

a reference frame.  The reference frame was 3 ft by 18 ft and was supported by bolts as 

shown in Figure 4.10.  However, to make sure the dynamic motion of the SDD did not 

influence the reference frame, all static LVDTs readings were taken at times when no 

dynamic force was applied at predetermined intervals.  The field arrangement of super-

accelerated testing is illustrated in Figures 4.11, while the general view of full-scale slab 

fatigue test is illustrated in Figure 4.12. 
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Figure 4.10 Plan view of dynamic and static instrumentation 
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(a) Arrangement of loading frame and instrumentation prior to the testing 

 

 
(b) Loading mechanism in position over loading frame 

 
Figure 4.11 Photograph of field arrangement of SDD super-accelerated testing 
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(a) SDD positioned over testing slab 

 

 
(b) Super-accelerated fatigue testing system using SDD 

 
Figure 4.12 Photograph of full-scale slab fatigue testing in progress 
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The number of cycles to the appearance of the first visible crack was used for the 

definition of the number of load repetition to failure (N).  Even after the occurrence of a 

visible crack, each test slab was loaded continuously until the visible crack propagated to 

the surface of the edge of the concrete slab, full-depth.  If a full-depth edge crack could 

not be observed after a reasonable number of loading cycles was applied, the testing was 

terminated.  After testing each slab, the dynamic displacement data from the 

accelerometers were plotted against the number of applied load repetitions.  In general, 

the dynamic displacement increased rapidly as the concrete slab approached failure. 

During the entire course of the SDD testing, the signals from the load cell, 

accelerometers and LVDTs were recorded continuously by a computerized data 

acquisition system.  This permitted further analysis of the SDD testing results.  A 

National Instrument, Inc. (NI) data acquisition card (DAQCard 6062E) and a laptop 

computer were used to record the signals.  All the signal conditioning units were also 

made by NI, Inc. 
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4.6 SUPER-ACCELERATED FULL-SCALE CONCRETE SLAB TESTING RESULTS 

All full-scale slabs failed under the SDD super accelerated testing.  The test 

results are summarized in Table 4.4.  The maximum and minimum stresses at the 

bottom of the slabs were calculated using EverFE software based on static properties of 

the slabs. 

 

4.6.1 Failure Mode 

For all slabs, the first visible crack was observed at the top surface near the 

loading point, and the main failure crack pattern coincided with the maximum stress path 

as shown in Figure 4.13(a).  After a substantial amount of number of cycles, the edge 

cracks could usually be visually observed at the bottom of the slab, and then they 

propagated to the top surface.  Three slabs showed more than one fully propagated full-

depth edge crack at the end of testing, while the other three slabs only had partial-depth 

cracks at the edge, and therefore tests were terminated at 600,000 cycles.  The observed 

full- and partial-depth edge cracks at the end of the testing are presented in Figure 4.13(b) 

and 4.13(c), respectively.  It is noted that the slabs tested under higher stress level (Slabs 

No. 1 and No. 5) had full-depth cracks at the edges, which propagated from interior of the 

slabs. 
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Table 4.3 Super-accelerated full-scale slab fatigue testing results 

(a) Fatigue loading data for full-scale slab 
 

Slab 
Number 

Agg. 
Type 

Age 
of 

Test 
(Days) 

Avg. 
Beam 

Modulus 
of 

Rupture 
(psi) 

Max. 
Applied 
Cyclic 
Load 
(kips) 

Min. 
Applied 
Cyclic 
Load 
(kips) 

Calculated 
Maximum 

Stress 
(psi) 

Calculated
Minimum 

Stress 
(psi) 

1 SRG 2 537 27.0 9.0 466 202 

2 SRG 28 682 30.0 9.0 542 216 

3 SRG 8 609 30.0 9.0 528 209 

4 SRG 29 711 30.0 9.0 598 244 

5 LS 7 566 30.0 9.0 503 215 

6 LS 28 682 30.0 9.0 560 229 
 
 

(b) Full-scale slab fatigue testing results 
 

Slab 
Number 

Max. 
Stress 
Level 

Min/Max 
Stress 
Ratio 

Number of 
Cycles to 

First 
Visible 
Crack, 

N 

Equivalent 
No. of 

Cycles to 
Failure, 

EN 

No. of 
Cycles to 

End of 
Testing 

Edge 
Crack 
Depth 
at the 
End of 
Testing 

1 0.88 0.43 100,700   711 180,200 Full 

2 0.81 0.40 140,300 1,225 223,000 Full 

3 0.86 0.39 335,900 2,350 600,000 Partial 

4 0.84 0.41 360,500 1,899 600,000 Partial 

5 0.89 0.43   78,800   618 92,000 Full 

6 0.82 0.41 463,300 2,202 600,000 Partial 

 



 
(a) Plan view of the failed slabs 

 

 
(b) Full-depth edge crack after fatigue failure 

 

 
(c) Partial-depth edge crack after fatigue failure 

 
Figure 4.13 Photographs of failed slabs after the end of fatigue testing 
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4.6.2 Displacement Measurement 

The dynamic displacement variations for test slabs are illustrated in Figure 4.14.  

The measured dynamic displacement data were normalized with respect to the initial 

dynamic displacement for comparison.  For all test slabs, the dynamic displacements 

increased over the entire fatigue life.  In general, the dynamic displacement after the 

first visible crack increased at a higher rate before cracking.  In the case of Slabs No. 1 

and 5, the occurrence of the first visible crack occurred simultaneously with the abrupt 

change of displacement rate.  The increase in dynamic displacement before the first 

crack was due to the sum of the plastic deformation of concrete slabs and permanent 

deformation of foundation.  It is noted that Slab No. 1, which had the strongest subgrade, 

showed basically no change in dynamic deflection before the first visible crack.  The 

stress redistribution phenomenon was also observed.  In spite of the stiffness reduction 

of slabs after the cracking, the full-scale rigid pavement system was still able to deliver 

stresses to the foundation (asphalt base and subgrade). 
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(a) Slabs with partial-depth edge cracks 
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(b) Slabs with full-depth edge cracks 

 
Figure 4.14 Variation of normalized dynamic displacement for full-scale slabs 
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4.6.3 Comparison of Field Slab and Laboratory Beam S-N Curve 

A comparison of the super-accelerated full-scale slab fatigue testing and 

laboratory beam fatigue testing is provided in Figure 4.15.  Fatigue life based on the 

first crack criteria for the full-scale slabs was found to be approximately 50% higher in 

log scale than the fatigue life of laboratory beams.  However, the SDD testing used a 

significantly higher minimum-to-maximum stress ratio (R=0.40) than laboratory beam 

testing (R=0.10).  Therefore, the correction of the S-N curves between those two data 

sets is inevitably required.  Applying the concept of equivalent fatigue life as described 

previously, the corrected slab data points were essentially on the beam S-N curves.  In 

other words, the laboratory beams and full-scale field slabs have an identical S-N 

relationship after the correction for the variance of stress ratio.  This is a very important 

finding. 
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Figure 4.15 Comparison of laboratory beam and full-scale slab fatigue curves 
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4.7 SUMMARY 

Several full-scale rigid pavement slabs were constructed and tested under constant 

cyclic loading for fatigue.  The super-accelerated pavement (SAP) testing technique that 

has been developed at The University of Texas was used in the field.  The stationary 

dynamic deflectometer (SDD) was used to load the full-scale concrete slabs.  To 

monitor the response of the rigid pavements, accelerometers and linear variable 

differential transformers were installed and dynamic and permanent displacements of 

slabs were recorded during entire testing period.   

All test slabs reached fatigue failure under the interior loading configuration using 

the SDD.  This field loading system was found to be a practical and effective tool for 

testing the full-scale rigid pavement system.  During fatigue loading, cracks began at the 

loading points and propagated along the bottom of the slab centerline which was the 

maximum stress path.  Vertical crack propagation at the edge and stress redistribution 

occurred for the part of the slab’s fatigue life.   

The concept of equivalent fatigue life was applied to correct the effect of the 

different stress ratio between the field and the laboratory testing.  The laboratory beams 

and full-scale field slabs showed an almost identical S-N relationship after the correction 

for the variance of stress ratio. 
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CHAPTER FIVE 

OPENING-TO-TRAFFIC FLEXURAL STRENGTH CRITERIA 

 

5.1 OVERVIEW 

After a PCCP is placed, curing time is required for the concrete to gain strength.  

The pavement should only be opened to traffic after adequate strength gain.  Although 

the current TxDOT concrete pavement thickness design is based on a 28-day third-point 

loading flexural strength of 680 psi, Item 360 of the TxDOT specification requires the 

minimum opening flexural strength of 450 psi or a compressive strength of 2,800 psi 

[TxDOT, 2004].  However, the relative loss of life for any traffic opening prior to 

achieving the design strength has not been fully evaluated.  Therefore, an understanding 

of the loss in pavement life with opening to traffic prior to design strength gain is needed 

before establishing the early opening criteria with time and strength. 

The objective of this chapter is to describe the development of a numerical model 

to evaluate the loss of life of a normal-strength concrete pavement when it is opened to 

traffic prior to the design strength.  Since thickness design is based on flexural fatigue 

resistance, the analytical modeling will be discussed in this term.  This chapter presents 

the development of a conceptual model for evaluating the effect of early opening to 

traffic on the life of a PCCP.  Using the proposed mathematical model, a series of 

numerical simulations was performed and the results were analyzed. 



5.2 CONCEPTUAL MATHEMATICAL MODEL 

In PCCP design, the most commonly used fatigue-cracking criterion is based on 

Miner’s linear damage theory.  The consumed life of PCCP is normally expressed on 

the assumption of Miner’s linear damage theory [Miner, 1945] as shown in Equation 

(5.1).  The fatigue failure may occur when the sum of damage for all stress levels 

reaches a certain critical value, namely 1 in the case of Miner’s theory.  If Miner’s law 

controls the life of a PCCP, the total damage of a PCCP can be defined as Equation (5.1). 

1
1

≤= ∑
=

m

i i

i

N
nD  (5.1) 

where, 

D = total damage, 

m = number of different stress levels, 

ni = number of cycles at stress level i, and 

Ni = the total number of stress cycles to failure at stress level i. 

For the design process, the various wheel (axle) loads present in mixed traffic is 

transformed into equivalent load applications based on a standard axle of 18-kips.  Thus, 

Equation (5.1) can be simplified to one stress level load on the 18-kips ESAL as follows: 

1
1 18

18 ≤= ∑
= −

−
m

i d

i

W
WD  (5.2) 

where,  

D = total damage, 

d = age for achieving design strength, 

 94



i = time interval, 

iW −18  = actual number of ESAL’s experienced during a time i, and 

dW −18  = design ESAL for a set of conditions defining a 

performance limit, i.e., minimum serviceability. 

For developing the early opening criteria, the use of Equation (5.1) was varied 

slightly since the conventional application has different stress levels resulting from mixed 

traffic.  These applications occur after the concrete has acquired its desired strength, i.e., 

strength invariant.  Since early opening occurs when the strength and modulus of 

elasticity are changing rapidly, each day must be viewed as a separate period.  Thus, 

Equation (5.2), which was simplified by a using single load based on the ESALs, is 

transformed to referent the different time periods as shown in Equation (5.3). 

∑
=

=
m

ai i

i

N
nD  (5.3) 

where, 

 D = total damage, 

a = age of concrete at opening, 

m = age of rigid pavement, 

ni  = number of load repetition during ith-day, and 

Ni  = number of load repetition to failure based on ith-day 

strength. 

Using Equation (5.3) and the fatigue characteristics of a PCCP, the life of PCCPs 

that have the different first age of loading conditions can be calculated.  Combining with 

Miner’s law and the fatigue relationship of a PCCP, the loss of life due to early opening 
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to traffic due to loading prior to achieving design strength can be derived as Equation 

(5.4). 

(%)100),(
18

1818 ×⎥
⎦

⎤
⎢
⎣

⎡ −
=

−

−−

d

ad

W
WWdaLL  (5.4) 

where, 

a = opening age of PCCP (days), 

d = age achieving design strength = 28-day, 

aW −18  = number of load repetition to failure when a PCCP opens at 

a-day, and 

dW −18   = number of load repetition to failure when a PCCP opens at 

d-day. 

Figure 5.1 shows the conceptual diagram for the loss of life of a PCCP due to 

early opening prior to achieving the design; the horizontal axis represents the number of 

load applications while the vertical axis represents the consumed life in terms of 

percentile value with respect to the total life of a PCCP. 
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where,  LL = Loss of life
 RL = Remaining life
 a = Opening age of PCCP, days
 d = Age achieving design strength, days

           W18-d   = Number of load repetition to failure when a PCCP opens at a-days
 W18-a  = Number of load repetition to failure when a PCCP opens at d-days based on design strength  

Figure 5.1 Conceptual Diagram of the Loss of Life 
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5.3 ANALYSIS PROCEDURE OF MATHEMATICAL MODEL 

Based on the conceptual mathematical model presented in the previous section, a 

numerical simulation model was developed considering various factors.  Although it is 

not possible to account for all combinations of factors affecting opening criteria, 

reasonable assumptions and approximations were used for modeling.  In this section, the 

detailed calculation procedures for the prediction of the loss of life (LL) of a PCCP are 

explained step by step. 

Step 1: Calculation of the maximum stress due to traffic load 

In order to calculate the concrete stresses caused by the loads imposed by trucks, 

various methods can be used.  Considering practicality, the Westergaard equations were 

selected for stress calculation [Westergaard, 1926, 1929].  By using the Westergaard 

equations, concrete stresses can be obtained for four different loading conditions, which 

include interior, corner, circular-edge, and semicircular-edge loads.  In this study, the 

interior and circular edge loading were considered. 

The maximum tensile stress in the interior of a slab under a circular loaded area of 

radius a is: 

)6159.0(ln
2

)1(3
2 +

+
=

b
l

h
P

π
νσ  (5.5) 

where, 

h = thickness of the slab (in.), 
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ν = Poisson’s ratio, and 

P = magnitude of the load (lbs). 

The radius of relative stiffness l is defined by 

25.0

2

3

)1(12 ⎥
⎦

⎤
⎢
⎣

⎡

−
=

k
Ehl
ν

 (5.6) 

where, 

E = the modulus of elasticity (psi), and 

k = the modulus of subgrade reaction (psi/in.). 

In Equation (5.5), b is defined by 

ab =                               when  ha 724.1≥

hhab 675.06.1 22 −+=               when ha 724.1<  (5.7) 

The maximum stress due to edge loading with a circular loaded area is 
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2
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νσ  (5.8) 

The calculated maximum stresses were based on the variation of the elastic 

modulus from laboratory static testing results.  The elastic modulus of concrete is the 

function of the age of concrete and type of aggregate in concrete, and the maximum stress 

in concrete is a function of elastic modulus of concrete.  Therefore, the maximum stress 
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should be calculated considering the effect of the change of the elastic modulus of 

concrete.  In this report, three variables, which were the aggregate type, age of concrete, 

and curing temperatures were considered.  Laboratory testing results in chapter four 

were used for the simulations.  All the variations of the strength parameters were 

considered on a daily basis. 

Step 2: Calculation of stress level (S) 

The maximum stress level (S) was calculated using the flexural strength data and 

the maximum stress values from Step 1.  Since the maximum stress values were 

calculated on a daily basis, the stress ratios were varied daily also. 

Step 3: Selection of the age of first loading and the age of achieving design strength 

The loss of life concept is the relative damage concept; the opening age of a 

PCCP and the standard opening age are very important factors for calculations.  If a 

PCCP opens at any age prior to achieving design strength, the loss of life (LL) of a PCCP 

should be evaluated based on the strength of standard or design opening age.  The 

following nomenclature was used in the simulations: The loss of life of a PCCP is 

expressed as Equation (5.9). 

LL(a,d) = loss of life of a PCCP (5.9) 

where,  

a = age of concrete at opening (days), and 

d = age of design or standard opening of a PCCP = 28 days 
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For sensitivity analysis in later section, a = 1, 2, 3, 4, 5, 6, 7, 14, and 28-days were 

used as a simulation variable for each loading condition. 

Step 4: Selection of S-N curves 

The fatigue relationship of concrete (S-N curve) is the most sensitive variable in 

the quantification of the value of the loss of life due to traffic.  In this study, the 

equivalent S-N relationships developed in the testing program as presented in Chapter 3 

were used for numerical simulations.  The equivalent S-N relationships are: 

Log N = -9.33S + 10.98        for SRG mixtures (5.10) 

Log N = -14.19S + 15.19       for LS mixtures (5.11) 

where, 

N = the number of load repetitions to failure, and 

S = maximum stress level. 

Step 5: Calculation of Ni and N28

Calculation of Ni 

Since the minimum time increment of one day was used for the simulations, the 

number of load repetitions to failure based on the flexural strength of concrete at age of 

ith-days (Ni) were calculated using the selected fatigue equations.  Therefore, each day 

before achieving full strength gain has different values of Ni, while the Ni values for ages 

after the strength gain have constant values. 



98.10)(33.9 +−=
i

i
i f

LogN
σ

          for SRG mixtures (5.12) 

19.15)(19.14 +−=
i

i
i f

LogN
σ

         for LS mixtures (5.13) 

where,  

iN  = number of load application to failure based on ith-day 

strength, 

if  = ith-day flexural strength of concrete, and 

iσ  = maximum stress in the concrete at ith-day. 

Calculation of N28

The number of load applications to failure, which was based on full concrete 

strength (generally 28-day strength) was also calculated using the selected fatigue 

equations. 

98.10)(33.9
28

28
28 +−=

f
LogN

σ
          for SRG mixtures (5.14) 

19.15)(19.14
28

28
28 +−=

f
LogN

σ
         for LS mixtures (5.15) 

where,  

N28 = number of load application to failure based on 28-day strength, 
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f28 = 28-day flexural strength of concrete, and 

σ28 = maximum stress in the concrete at 28-days. 

Step 6: Calculate daily damage 

Daily damage of PCCP (Di) after opening was calculated using Equation (5.16). 

i

i
i N

n
D =  (5.16) 

where,  

Di = damage of ith-day, 

ni = number of load repetition during on ith-day, and 

Ni = number of load repetition to failure based on ith-day strength. 

If the daily traffic distribution is constant, i.e., uniform traffic distribution is 

assumed, the ni values for each day remains a constant value.  In this study, the daily 

damage values were calculated using Equation 5.17. 

i
i N

nD =  (5.17) 

where,  

Di = damage of ith-day, 

n = number of load repetition during one day = constant, and  
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Ni = number of load repetition to failure based on ith-day strength. 

Step 7: Cumulative damage prior to 28 days 

No strength gain in a PCCP after age of 28 days was assumed in this study.  

Therefore, the cumulative damages before achieving full strength gain of the PCCP were 

calculated using Equation (5.18). 

∑
=

=
27

1 )(
ai iN

naD  (5.18) 

where,  

)(1 aD  = cumulative damage prior to 28 days in case of a-day open, 

a = age of concrete at opening, days, 

n = number of load repetition during one day = constant, and 

Ni = number of load repetition to failure based on ith-day 

strength. 

Step 8: Cumulative damage after 28 days to failure 

Based on the linear damage theory (Miner’s rule), the failure occurs when the 

cumulative damage equals to one.  The damage after 28-days to failure is: 

)(1)( 12 aDaD −=  (5.19) 

where,  
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)(2 aD  = cumulative damage after 28 days to failure, 

)(1 aD  = cumulative damage prior to 28 days in case of a-day open, 

and 

a = age of concrete at opening, days. 

Step 9: Number of load application from 28 days to failure 

The number of load applications from 28 days to failure was calculated as follow: 

28228 )()( NaDaN fail ×=−  (5.20) 

where,  

)(28 aN fail− = number of load application from 28 days to failure of 

opening at “a” days, 

)(2 aD  = cumulative damage after 28 days to failure of a-day 

opening, 

N28 = number of load application to failure based on 28-days 

strength, and 

a = age of concrete at opening (days). 

Step 10: Total number of load application to failure when a PCCP opens at a-days 

The total number of load applications to failure in case of opening at a day was 
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∑
=

− +=
27

28 )()(
ai

ifail naNaN  (5.21) 

where,  

N(a)  = total number of load applications to failure in case 

opening at a day, 

)(28 aN fail−  = number of load application from 28 days to failure of 

opening at a days, 

a = age of concrete at opening (days), and 

ni = number of load repetition during on ith-day. 

Because ni = n = constant, Equation (5.21) follows as: 

naaNnaNaN fail
ai

fail )28()()()( 28

27

28 −+=+= −
=

− ∑  (5.22) 

where,  

N(a) = total number of load applications to failure in case of 

opening at a days, 

)(28 aN fail− = number of load application from 28-days to failure of 

opening at a days, 

a = age of concrete at opening (days), and 
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n = number of load repetition during one day. 

Step 11: Calculation of loss of life, LL(a,d) 

The loss of life due to early opening of a PCCP prior to achieving design strength 

is determined as follows: 

(%)100
)(

)()(),( ×⎥
⎦

⎤
⎢
⎣

⎡ −
=

dN
aNdNdaLL  (5.23) 

where,  

),( daLL  = loss of life of a PCCP due to early opening, 

a  = age of concrete at opening (days), 

d  = age of concrete at designated opening date (days), 

N(a)  = total number of load applications to failure of a-day 

opening, and 

N(d)  = total number of load applications to failure of d-day 

opening. 
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5.4 REGRESSION ANALYSIS OF MATHEMATICAL MODEL 

After the development of a mathematical model for loss of life, it is important to 

establish which input variables cause the largest changes in the predicted results.  These 

variables must be known or measured to achieve accurate predictions with the model.  

The variables that have little impact on the predicted results can be assigned a 

representative value and be removed as a model input.  Numerous variables affect the 

loss of life value of PCCP.  The impact of some of the variables are nonlinear, as they 

might have little impact under one set of conditions, while under a different set of 

conditions it might have a significant effect.  In this study, the regression analyses for 

the results set considering possible input variables were performed to predict the value of 

loss of life in general. 

 

5.4.1 Assumptions for the Mathematical Model 

Various conditions for simulations were assumed to quantify the loss of life (LL) 

due to early opening prior to achieving design strength in this study.  Major assumptions 

for the mathematical model are as follows; 

• Miner’s linear damage theory is valid. 

• The age increment is one day. 

• Concrete material is homogeneous and isotropic. 
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• The strength of concrete remains constant for one day.  Static strength 

results from laboratory testing are valid. 

• The flexural strength and elastic modulus of the concrete changes daily 

between the age at opening (a) and the age design strength is met (d). 

• The fatigue relationships developed from laboratory testing are valid.  

The developed S-N curves for each aggregate are valid for all ages. 

• Load applications after an age of 28 days have the same damage as 

values at 28 days, i.e., no strength gain after 28 days. 

• The Westergaard equations are valid for stress calculation.  Circular 

loading condition is applicable for edge condition. 

• 18,000 lbs of equivalent single-axle load (ESAL) is valid for stress 

calculations.  The radius of loading is 6 in. 

• Uniform traffic occurs in terms of number of load repetitions per day. 

 

5.4.2 Input Variables 

Extensive sensitivity analyses were performed for a variety of conditions using 

the analysis procedures described in previous section.  All levels of variables are in the 

practical ranges of normal-strength PCCP for the simulations. 
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Coarse Aggregate Type and Strength Parameters 

Both siliceous river gravel (SRG) and limestone (LS) coarse aggregate type 

mixture were considered.  The static- and fatigue-strength relationships from the 

laboratory testing results were used for simulation. 

Curing Temperatures 

Three constant curing temperature conditions were assumed to match the static 

strength parameters: 50, 75 and 100°F. 

Thickness of Pavement 

Slab thickness has a significant effect on pavement stresses.  Increasing 

pavement thickness decrease the pavement stress, thus lowing the flexural strength 

required for opening.  In this study, four levels of thickness were considered: 6-, 8-, 10-, 

12-in. 

Foundation Properties 

Foundation (subgrade and subbase) properties are usually defined in terms of the 

modulus of subgrade reaction (k).  In this study, k-values of 100 pci, 300 pci, and 500 

pci were selected to represent PCCP constructed on compacted natural subgrade, granular 

subbase, and cement stabilized subbase, respectively. 
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Location of Loading 

To investigate the effect of loading position, three-edge loading ratio (number of 

edge loading/total number of loading) was considered: 0% (interior loading condition), 

20%, and 40%. 

Number of Loads 

To determine the flexural strength required to open a PCCP to public traffic, the 

expected number of loads has to be estimated.  In this study, the expected daily number 

of load was considered under the assumption of uniform distribution.  To provide a 

convenient tool for design, 18-kip equivalent single-axle loads (ESALs) were selected for 

loading.  Four levels of daily number of EASLs were considered: 2500, 5000, 7500, and 

10000 ESALs. 

Opening Age of Pavement 

The main variable of this simulation is the opening age of pavement.  As 

described in previous section, opening age of pavement were examined as a day basis, i.e., 

strength of concrete remains constant for one day.  The strength gain prior to 7-days is 

very significant; therefore, early age opening was the focus in this study: 1, 2, 3, 4, 5, 6, 7, 

14, and 28 days. 

The combination of all variables resulted in 7,776 data points.  The values of 

each variable selected in this study are summarized in Table 5.1. 
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Table 5.1 Summary of used input variables 

Variable Selected Input Levels 

Coarse aggregate type SRG and LS 

Fatigue equation Equation (3.10) and (3.11) 

Static strength parameters Modulus of Rupture and Elastic 
Modulus 

Curing temperature (°F) 50, 75, 100 

Thickness of PCCP (in.) 6, 8, 10, 12 

Subgrade modulus, k (psi/in.) 100, 300, 500 

Edge loading ratio, (%) 0, 20, 40 

Number of load repetition (per day) 2500, 5000, 7500, 10000 

Opening age (days) 1, 2, 3, 4, 5, 6, 7, 14, 28 

Total number of simulation 7,776 data points 

 

 

5.4.3 Regression Analysis Results 

The mechanistic-calculation model generated a large number of data sets based on 

variable selections.  The total number of data points was 7,776.  For example, two data 

sets of the calculated loss of life (LL) for each aggregate type are illustrated in Figures 

5.2 and 5.3 with the assumed variable conditions.  To establish a statistically meaningful 

regression equation, a partial log expression was used for data analyses as shown in 

Equation (5.24). 
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(a) Loss of life versus age of concrete at opening 
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(b) Loss of life versus modulus of rupture at opening 

 
Figure 5.2 Calculated loss of life for SRG, 8-in., 2500 ESALs, and 20% edge loading 
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(a) Loss of life versus age of concrete at opening 
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(b) Loss of life versus modulus of rupture at opening 

 
Figure 5.3 Calculated loss of life for LS, 8-in., 2500 ESALs, and 20% edge loading  
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)()log()log()log()log()log( EdgeFMREESALDhCkBALL +++++=  (5.24) 

 where,  

 A, B, C, D, E, F = regression coefficient, 

  LL = predicted loss of life due to early opening (%), 

k = subgrade reaction modulus (pci), 

  h = pavement thickness (in.), 

  ESAL = number of 18-kips ESAL per day, 

  MR = modulus of rupture at opening of pavement (psi), and 

  Edge = ratio of edge loading (%) 

     = number of circular edge loading / total number of loading 

       = 0 for interior loading. 

The least-squares-linear-regression analysis was used to determine the best fit for 

the coefficients in Equation (5.24) and results are listed in Table 5.2.  The adjusted R2 

values are in an acceptable range (0.84 to 0.91).  The detail regression analysis results 

are provided in Appendix C.  In order to find the value of the required minimum 

flexural strength at opening, Equation (5.24) is transposed into Equation (5.25).   
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Table 5.2 Regression equations for predicted loss of life 

Concrete Mix 
Characteristics A* B* C* D* E* F* Adj. R2

LS-50°F 36.222 -1.280 -18.221 0.737 -8.343 0.0632 0.876 

LS-75°F 32.292 -1.335 -20.027 0.853 -6.565 0.0645 0.896 

LS-100°F 23.994 -1.346 -19.828 0.900 -3.665 0.0626 0.899 

SRG-50°F 19.222 -0.698 -10.118 0.575 -4.129 0.0346 0.835 

SRG-75°F 18.376 -0.787 -11.540 0.759 -3.587 0.0365 0.895 

SRG-100°F 15.382 -0.767 -12.008 0.811 -2.457 0.0361 0.912 

LS** 34.437 -1.321 -19.359 0.830 -7.547 0.0634 0.867 

SRG** 18.867 -0.747 -11.227 0.762 -3.925 0.0352 0.860 
      *: )()log()log()log()log()log( EdgeFMREESALDhCkBALL +++++=   
      **:  Generalized equation for each aggregate type 

 

)(')log(')log(')log(')log('')log( EdgeFLLEESALDhCkBAMR +++++=  (5.25) 

 where,  

  A’, B’, C’, D’, E’, F’ = regression coefficients, 

  MR = minimum required modulus of rupture at opening of pavement (psi),  

k = subgrade reaction modulus (pci), 

  h = pavement thickness (in.), 

  ESAL = number of 18-kips ESAL per day, 

LL = predicted loss of life due to early opening (%), and 

  Edge = ratio of edge loading (%) 
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     = number of circular edge loading / total number of loading 

       = 0 for interior loading. 

Table 5.3 shows the coefficients for Equation (5.25) for each aggregate type and 

curing temperature condition. 

Table 5.3 Regression equations for required flexural strength at opening 

Concrete Mix 
Characteristics A’* B’* C’* D’* E’* F’* 

LS-50°F 4.342 -0.153 -2.184 0.088 -0.120 0.0076 

LS-75°F 4.919 -0.203 -3.050 0.130 -0.152 0.0098 

LS-100°F 6.547 -0.367 -5.410 0.246 -0.273 0.0171 

SRG-50°F 4.656 -0.169 -2.451 0.139 -0.242 0.0084 

SRG-75°F 5.123 -0.219 -3.218 0.212 -0.279 0.0102 

SRG-100°F 6.260 -0.312 -4.887 0.330 -0.407 0.0147 

LS** 4.563 -0.175 -2.565 0.110 -0.133 0.0084 

SRG** 4.807 -0.190 -2.861 0.194 -0.255 0.0090 
*: )(')log(')log(')log(')log('')log( EdgeFLLEESALDhCkBAMR +++++=  
**: Generalized equation for each aggregate type 
 

The calculated data using developed model can be approximated with the 

following generalized English unit equations: 

)(008.0)log(13.0)log(11.0)log(57.2)log(18.056.4)log( EdgeLLESALhkMR +−+−−=  

        for LS   (5.26) 

)(009.0)log(26.0)log(19.0)log(86.2)log(19.081.4)log( EdgeLLESALhkMR +−+−−=  

        for SRG  (5.27) 
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where,  

  MR = minimum required modulus of rupture at opening of pavement (psi),  

k = subgrade reaction modulus (pci), 

  h = pavement thickness (in.), 

  ESAL = number of 18-kips ESAL per day, 

LL = predicted loss of life due to early opening (%), and 

  Edge = ratio of edge loading (%) 

     = number of circular edge loading / total number of loading 

       = 0 for interior loading. 

As shown in the sensitivity analysis results, the flexural strength criteria are 

highly sensitive to thickness.  To prevent excessive fatigue damage due to thickness, 

variability should be considered.  Subgrade modulus (k-value) does not show a 

significant effect on the loss of life and the required flexural strength values.   

By entering LL=1% (the allowable fatigue damage of 1% at early age) into 

Equations (5.26) and (5.27), the minimum required flexural strength at the time of 

opening was calculated and some of the results are illustrated in Figures 5.4 and 5.5. 
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(a) k = 100 pci, interior loading condition 
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(b) k = 300 pci, interior loading condition 
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(c) k = 500 pci, interior loading condition 

Figure 5.4 Sensitivity analysis of required flexural strength for opening with various 
subgrade reaction modulus (interior loading condition) 
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(a) Interior loading condition, k = 300 pci 

 

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

6 7 8 9 10 11 12 13

Thickness of PCCP (in.)

R
eq

ui
re

d 
Fl

ex
ur

al
 S

tre
ng

th
 a

t O
pe

ni
n 

(p
si

)

14

LS-Daily ESALs = 1000 LS-Daily ESALs = 3000 LS-Daily ESALs = 5000
SRG-Daily ESALs = 1000 SRG-Daily ESALs = 3000 SRG-Daily ESALs = 5000

k = 300 pci
20% Edge Loading 

 
(b) 20% edge loading condition, k = 300 pci 
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(c) 40% edge loading condition, k = 300 pci 

 
Figure 5.5 Sensitivity analysis of required flexural strength for opening with various 

edge loading ratio (k = 300 pci) 
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Because of reduced static and fatigue performance of SRG coarse aggregate 

mixtures, all SRG mixtures require higher opening flexural strength than that of LS 

mixtures as expected.  While the calculated required flexural strength value for opening 

is dependent on various variables, the current opening criterion for normal paving 

mixture in TxDOT specifications (450 psi flexural strength) is satisfactory for most 

interior loading conditions. 

The presence of edge loading requires a significant increase in minimum flexural 

strength value for opening as shown in Figure 5.5.  The required flexural strength at 

opening rapidly increases with an increase in the edge-loading ratio.  SRG mixtures are 

more sensitive to the change in edge-loading ratio than that of LS mixtures.  Forcing 

traffic toward the edge will result in greater early fatigue damage.  Considerations on 

the edge-loading condition should be made.  Reducing critical edge stresses is the key 

factor in the prevention of fatigue damage at early ages; for example, reinforcing dowels 

between outer lane and shoulder should be considered.  In spite of this edge loading 

effect, the current 450 psi opening criteria is still reasonable except for very thin SRG 

pavements. 

A factor of safety is incorporated into the flexural strength criteria by not 

accounting for the strength gain during each 24-hour age increment, which is significant 

at very early ages.  The continuous strength increase will be achieved during the 

application of loading in a day.  Another factor of safety is using a laboratory fatigue 

curve.  Compared to the field S-N curves based on serviceability failure criteria, the 
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developed fatigue curves in this study are very conservative, although their failure 

definition is different. 

 

5.5 SUMMARY 

On the basis of Miner’s hypothesis of linear accumulated damage, an analytical 

model for the numerical simulation for the prediction of the loss of life of a PCCP due to 

early opening is proposed.  The detailed simulation procedures are described step by 

step. 

The numerical simulations were performed for the various assumptions and 

considerations for field conditions.  Using partial log-linear regression, the calculation 

results of the developed model were approximated with the generalized English unit 

equations for each aggregate type.   

The most sensitive variables used in the simulation are the thickness of a PCCP 

and the presence of edge-loading conditions.  The coarse-aggregate type is strongly 

sensitive for smaller slab thicknesses.  The least sensitive variable for the required 

flexural strength is subbase/subgrade stiffness.  The current 450 psi opening criteria 

used by TxDOT appears to be reasonable based on the sensitivity analysis results except 

for thin SRG pavements. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

The study reported herein was conducted for the purpose of modeling the flexural 

fatigue relationships of concrete and the determination of the loss of life due to early 

opening to traffic.  To achieve this goal, the effect of early opening to traffic on the life 

of portland cement concrete pavement systems was evaluated using experiments and 

mathematical model. 

The following conclusions and recommendations are made on the basis of the 

observations and results of the experimental program and mathematical analysis.  These 

conclusions are limited to typical normal-strength paving mixtures and the loss of life 

concept as studied herein. 

 

6.1 LABORATORY STATIC TESTING 

1. The static strength tests were performed to establish the 28-day strength 

parameters for each curing condition as the basis for fixing stress levels for the 

specimen to be tested in fatigue.   

2. The concrete mixture designs used in this research were typical concrete paving 

mixtures used in the state of Texas.  To investigate the effect of coarse aggregate 

on the static and fatigue strengths, two commonly used coarse aggregates were 

selected: crushed limestone (LS) and siliceous river gravel (SRG). 
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3. Static strength tests were performed for the given mixture designs, i.e., 

compressive strength, splitting tensile strength, modulus of rupture, and elastic 

modulus testing.  All specimens were cast, cured, and tested under the controlled 

environmental conditions. 

4. The time-dependent strength gain curves for each strength parameter were 

obtained.  Higher curing temperatures produced more rapid hydration and higher 

strength, as expected.  The correlations among strength parameters were 

examined by using a typical power formula.  Statistically reasonable formulas 

for connecting the strengths were proposed. 

5. Maturity indexes were calculated by using recorded concrete temperatures for 

each curing condition.  Based on the calculated maturity index, the maturity-

strength functions were developed for each strength parameter.  Three strength 

parameters (compressive, tensile, and flexural strength) had strong relationships 

with corresponding maturity indexes, while the elastic modulus showed 

reasonable R2 values. 

 

6.2 LABORATORY FATIGUE TESTING 

1. To provide the comparable fatigue relationships for the field slab fatigue testing, a 

series of laboratory beam fatigue testing was performed before the field slab 

testing.  The simply supported beams were tested under constant-amplitude 

cyclic loadings with the third-point loading configuration. 
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2. Seventy-eight beams were tested under constant cyclic loading: 42 SRG beams 

and 36 LS beams.  All laboratory beams and test cylinders were cast and cured 

under controlled conditions. 

3. Traditional stress level versus number of cycles to failure (S-N) plots for each 

aggregate type were developed for the given concrete mixture designs.  Except 

for the very high stress levels (S > 0.9), the LS mixtures generally had a higher 

fatigue resistance than SRG mixtures for a given stress level. 

4. The beam fatigue equations derived in this study shows less conservative fatigue 

life compared to previous laboratory results (Kesler and PCA) although their 

slopes were very similar. 

 

6.3 SUPER-ACCELERATED PAVEMENT TESTING ON FULL-SCALE CONCRETE SLABS 

1. Six full-scale rigid pavement slabs were constructed and tested under constant 

cyclic loading for fatigue.  The super-accelerated pavement (SAP) testing 

technique using the stationary dynamic deflectometer (SDD), that has been 

developed at The University of Texas was used in the field. 

2. All test slabs reached fatigue failure under the interior loading configuration using 

the SDD.  This field loading system was found to be a practical and effective 

tool for testing the full-scale rigid pavement system.  During fatigue loading, 

cracks began at the loading points and propagated along the bottom of the slab 
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centerline which was the maximum stress path.  Vertical crack propagation at 

the edge and stress redistribution occurred for the part of the slab’s fatigue life. 

3. The concept of equivalent fatigue life was applied to correct the effect of the 

different stress ratio between the field and the laboratory testing.  The laboratory 

beams and full-scale field slabs showed an almost identical S-N relationship after 

the correction for the variance of stress ratio. 

 

6.4 FLEXURAL STRENGTH CRITERIA FOR OPENING-TO-TRAFFIC 

1. On the basis of Miner’s hypothesis of linear accumulated damage, an analytical 

model for the numerical simulation for the prediction of the loss of life of a PCCP 

due to early opening is developed. 

2. The numerical simulations were performed for the various assumptions and 

considerations for field conditions.  Using partial log-linear regression, the 

calculation results of developed model were approximated with the generalized 

equations for each aggregate type. 

3. The most sensitive variables used in the simulation are the thickness of a PCCP 

and the presence of edge loading conditions.  The coarse aggregate type is 

strongly sensitive for the cases of relatively thin slabs.  Variations of the subbase 

or subgrade stiffness have a small effect in the required flexural strength. 
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4. The current 450 psi opening criteria used by TxDOT appears to be reasonable 

based on the sensitivity analysis results except for the case of very thin SRG 

pavements. 

 

6.5 RECOMMENDATIONS 

The following studies are required to develop the more reliable and precise 

prediction for the loss of life due to early opening to traffic. 

1. Development of fatigue models for various mixture proportions is recommended.  

This study was limited to typical normal strength paving mixtures.  Therefore, 

further investigations for different mixture materials are required to accommodate 

the needs from diverse field situations. 

2. A repetition of full-scale slab fatigue testing under the winter, spring, and fall 

conditions is highly required.  In this study, the field fatigue testing was 

conducted only during the summer time due to time and cost limitations.  To 

complete a verification of the fatigue relationship proposed in this research, test 

data under the winter field testing have to be provided.  Also, these winter data 

will provide more comprehensive understandings for the applicability of maturity 

concept as a tool for field strength estimation. 

3. The use of non-linear damage theory might be helpful to approach the more exact 

and reliable design method.  Non-linear damage theory based on the measured 
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deflection data from beam testing and filed-slabs could be a good solution to 

predict actual behavior of rigid pavement systems. 
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PROPERTIES OF MATERIAL COMPONENTS 
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This section outlines the constituent materials used in the laboratory experimental 

program.  These materials are used exclusively throughout the test program including 

laboratory fatigue testing due to the strong influence of constituent materials on the 

mechanical properties. 

A.1 COARSE AGGREGATES 

To investigate the effect of coarse aggregate on the static and fatigue strength 

properties, two locally available coarse aggregates were used entire testing procedures: 

limestone (LS) and siliceous river gravel (SRG).  Effective absorptions of the coarse 

aggregates were shown in Table A.1 (ASTM C-127).  The coarse aggregates used in this 

study were washed to improve bond and to eliminate debris (ASTM C-117).  After 

washing and batching, both coarse aggregates were stored at the environmental chamber 

which has designated temperatures (50, 75, and 100º F) for at least 24 hours to meet the 

temperature equilibrium.  In addition, the moisture adjustments were performed to meet 

the surface saturated dry (SSD) condition of aggregates just prior to mixing.  All coarse 

aggregates met the standard gradation requirements specified in ASTM C-33.  Both 

aggregates had a maximum aggregate size of 1-in. and met the TXDOT No. 2 gradation 

specification as shown in Table A.2. 
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Table A.1 Specific gravities and abruption rate of coarse aggregates 

 LS SRG 

Bulk Specific Gravity 2.42 2.60 

Bulk Specific Gravity (SSD) 2.50 2.61 

Apparent Specific Gravity. 2.62 2.63 

Absorption Rate (%) 3.04 0.50 

 

Table A.2 Gradation of coarse aggregates 

Sieve No. 
LS 

Percent 
Cumulative Retained 

SRG 
Percent 

Cumulative Retained

TXDOT 
Aggregate Grade No. 2 

Percent 
Cumulative Retained 

2 in. 0 0 0 
1.5 in. 0.1 0 0 - 5 
1 in. 23.2 18.9 - 
¾ in 46.0 42.8 30 - 65 

1/2 in 64.9 71.1 - 
3/8 in. 80.9 89.1 70 - 90 
No. 4 96.4 97.9 95 - 100 
Pan 100 100 100 
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A.2 FINE AGGREGATES 

A locally available natural sand was used as a fine aggregate for the entire 

laboratory testing program.  Effective absorption of the fine aggregate (ASTM 128) was 

shown in Table A.3, while the gradation data were presented in Table A.4.  The fineness 

modulus (FM) of the fine aggregate was 2.17. 

Table A.3 Specific gravities and abruption rate of fine aggregate 

Physical Properties Sand 
Bulk Specific Gravity 2.549 

Bulk Specific Gravity (SSD) 2.569 
Absorption Rate (%) 0.81 

 

Table A.4 Gradation of fine aggregate 

Sieve No. Sand 
Percent Cumulative Retained

TXDOT 
Fine Aggregate Grade No. 1 
Percent Cumulative Retained 

3/8 in. 0.0 0 
No. 4 3.3 0 - 5 
No. 8 18.2 0 - 20 

No. 16 40.4 15 - 30 
No. 30 69.1 35- 75 
No. 50 86.2 65 - 90 

No. 100 97.3 90 - 100 
No. 200 100.0 97 - 100 

Pan 0.0 100 
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Similar to the case coarse aggregates, all the fine aggregate was washed and 

stored at the environmental chamber for temperature equilibrium.  Also, the moisture 

correction was performed just prior to mixing.   

 

A.3 CEMENT 

Commercially available Type I portland cement manufactured by Texas-Lehigh 

Cement Company was used for all batches described in this laboratory testing program.  

Table A.5 and A.6 provide a summary of the material batch sheets provided by the 

cement manufacturer. 

Table A.5 Chemical properties of cement (ASTM C 114) 

Bogue Compounds (%) Chemical Composition (%) 
Cement 

Type C3S C2S C3A C4AF SO3
Free
CaO MgO Alkaliesa

Type I 57 14 10 8 3.5 2.2 1.2 0.67 

Note: a Equivalent Alkalies = Na2O + 0.658⋅K2O, according to ASTM C 150 
 

Table A.6 Physical properties of cement 

Fineness, 
Specific surface 

(m2/kg) 

Time of Set 
Gillmore 
(ASTM 
C266) 

Compressive 
Strentgth 

(psi) 
(ASTM 
C109) 

Cement 
Type 

Wagner 
(ASTM 
C115) 

Blaine 
(ASTM 
C204) 

Initial
(min)

Final
(min) 3-Day 7-Day

Autoclave 
Exp. (%) 
(ASTM 
C151) 

Air 
Content

(%) 
(ASTM 
C185) 

Type I 186 361 135 260 3780 4420 0.02 10 
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A.4 FLY ASH 

Class C fly ash is more frequently used in Texas, and locally its composition has a 

CaO content of 22-29%, and a SiO2 content of 35-40%.  The ASTM Class C Fly ash 

source supplied by Boral Materials Inc. from their Deely plant was chosen, since its 

chemical composition is representative of most Class C fly ash sources in the state.  

Tables A.7 and A.8 provide a summary of the material batch sheets provided by the 

manufacturer. 

Table A.7 Chemical properties of fly ash 

Chemical Component Result
(%) 

ASTM C 618 
Class C 

SiO2 35.8  

Al2O3 21.4  

Fe2O3 5.6  

SiO2 + Al2O3 + Fe2O3 62.8 > 50 

CaO 24.3  

MgO 4.8  

SO3 1.2 < 5 

Moisture Content 0.0 < 3 

Loss of Ignition 0.3 < 6 

Amount Retained on No. 325 Sieve 13.6 < 34 

Specific Gravity 2.75  
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Table A.8 Physical properties of fly ash 

Physical Property Result
(%) 

ASTM C 618
Class C 

Strength Activity Index with Portland Cement at 28 Days
(% of Control) 107.9 > 75 

Strength Activity Index with Portland Cement at 7 Days 
(% of Control) 97.5 > 75 

Water Required (% of Control) 90.9 < 105 

Autoclave Soundness (%) +0.00 < 0.8 

Available Alkaies as Equivalent Na2O (%) 1.4 < 1.5 

 
 

A.5 RETARDER 

A commercially available water reducing and retarding agent (Masterpave® RI) 

was added to obtain workable mixtures.  Classified as an aqueous solution including 

naphthalene sultanate, the WRRA complies with ASTM C-494 as a Type B and D 

admixture.  Specific gravity has been reported in product literature to be 1.2 and the 

solution is consists of 60% water by weight. 

 

A.6 AIR ENTRAINING AGENT 

A commercially available air entraining admixture (MB-VR Standard) was added 

to obtain a target air content of concrete.  The AEA complies with ASTM C 260. 
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A.7 CURING COMPOUND 

Typical pavement curing compound was sprayed on the top of the specimens to 

simulate field curing conditions.  A commercially available water-based clear concrete 

curing compound (1100 Series) is used and complied with ASTM C 309, Type I, Class B. 
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TIME-DEPENDENT STRENGTH DEVELOPMENT 

OF LABORATORY SPECIMENS 
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Table B.1 Material properties for LS-73ºF-Moist specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
1832 4275 5422 6322 6855 
1894 4501 5458 6496 6876 Individual 
1920 4511 5701 6600 7254 

Average 1882 4429 5527 6473 6995 
Standard Deviation 45 133 152 140 225 

Coefficient of Variance (%) 2.4 3.0 2.7 2.2 3.2 
Splitting Tensile Strength (psi) 

219 424 455 581 600 
228 435 518 603 610 Individual 
264 450 526 615 667 

Average 237 436 500 600 626 
Standard Deviation 24 13 39 17 36 

Coefficient of Variance (%) 10.0 3.0 7.8 2.9 5.8 

Modulus of Rupture (psi) 
293 528 643 736 785 
326 551 677 746 797 Individual 
354 574 728 808 850 

Average 324 551 683 763 811 
Standard Deviation 31 23 43 39 35 

Coefficient of Variance (%) 9.4 4.2 6.3 5.1 4.3 
Elastic Modulus (X 106 psi) 

2.988 4.221 4.873 4.922 5.220 
3.241 4.343 5.068 5.166 5.298 Individual 
3.320 4.852 5.434 5.524 5.562 

Average 3.183 4.472 5.125 5.204 5.360 
Standard Deviation 0.2 0.3 0.3 0.3 0.2 

Coefficient of Variance (%) 5.4 7.5 5.6 5.8 3.3 
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Table B.2 Material properties for SRG-73ºF-Moist specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
1798 3853 5105 5638 6476 
1833 4095 5213 5872 6565 Individual 
1884 4201 5293 5873 6725 

Average 1838 4050 5204 5794 6589 
Standard Deviation 43 178 94 135 126 

Coefficient of Variance (%) 2.4 4.4 1.8 2.3 1.9 
Splitting Tensile Strength (psi) 

198 375 417 483 523 
208 376 444 536 579 Individual 
239 376 450 550 586 

Average 215 376 437 523 563 
Standard Deviation 21 1 18 35 35 

Coefficient of Variance (%) 9.9 0.2 4.0 6.8 6.1 

Modulus of Rupture (psi) 
246 411 541 602 635 
280 471 585 608 694 Individual 
286 477 609 631 710 

Average 271 453 578 614 680 
Standard Deviation 22 36 34 15 40 

Coefficient of Variance (%) 8.0 8.1 6.0 2.5 5.8 
Elastic Modulus (X 106 psi) 

4.112 4.620 6.124 6.030 6.372 
4.123 5.003 6.320 6.238 6.683 Individual 
4.233 5.236 6.342 6.887 7.090 

Average 4.156 4.953 6.262 6.385 6.715 
Standard Deviation 0.1 0.3 0.1 0.4 0.4 

Coefficient of Variance (%) 1.6 6.3 1.9 7.0 5.4 
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Table B.3 Material properties for LS-50ºF specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
598 2211 4431 5415 6503 
607 2349 4515 5682 6554 Individual 
688 2388 4638 5700 6683 

Average 631 2316 4528 5599 6580 
Standard Deviation 50 93 104 160 93 

Coefficient of Variance (%) 7.9 4.0 2.3 2.9 1.4 
Splitting Tensile Strength (psi) 

88 284 424 518 632 
91 289 436 524 635 Individual 

104 318 439 560 669 
Average 94 297 433 534 645 

Standard Deviation 9 18 8 23 21 
Coefficient of Variance (%) 9.0 6.2 1.8 4.3 3.2 

Modulus of Rupture (psi) 
107 398 553 633 698 
124 414 580 659 741 Individual 
136 437 593 672 747 

Average 122 416 575 655 729 
Standard Deviation 15 20 20 20 27 

Coefficient of Variance (%) 11.9 4.7 3.5 3.0 3.7 
Elastic Modulus (X 106 psi) 

1.219 3.103 4.009 4.375 4.873 
1.339 3.171 4.033 4.551 4.883 Individual 
1.660 3.338 4.361 4.810 5.214 

Average 1.406 3.204 4.134 4.579 4.990 
Standard Deviation 0.2 0.1 0.2 0.2 0.2 

Coefficient of Variance (%) 16.2 3.8 4.8 4.8 3.9 
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Table B.4 Material properties for LS-75ºF specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
1366 3696 4499 5681 6499 
1507 3993 4901 5914 6588 Individual 
1522 4002 4973 6003 6770 

Average 1465 3897 4791 5866 6619 
Standard Deviation 86 174 255 166 138 

Coefficient of Variance (%) 5.9 4.5 5.3 2.8 2.1 
Splitting Tensile Strength (psi) 

151 346 435 523 592 
170 388 440 552 601 Individual 
173 394 452 581 640 

Average 165 376 442 552 611 
Standard Deviation 12 26 9 29 26 

Coefficient of Variance (%) 7.2 7.0 2.0 5.3 4.2 

Modulus of Rupture (psi) 
272 481 603 679 719 
298 497 624 722 753 Individual 
311 536 662 758 800 

Average 294 505 630 720 757 
Standard Deviation 20 28 30 40 41 

Coefficient of Variance (%) 6.8 5.6 4.7 5.5 5.4 
Elastic Modulus (X 106 psi) 

2.663 3.460 4.006 4.223 4.901 
2.701 3.790 4.055 4.500 5.003 Individual 
2.901 3.880 4.257 4.561 5.330 

Average 2.755 3.710 4.106 4.428 5.078 
Standard Deviation 0.1 0.2 0.1 0.2 0.2 

Coefficient of Variance (%) 4.6 6.0 3.2 4.1 4.4 
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Table B.5 Material properties for LS-100ºF-Moist specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
2600 4268 5617 6201 7000 
2680 4312 5618 6560 7165 Individual 
2730 4551 5922 6688 7199 

Average 2670 4377 5719 6483 7121 
Standard Deviation 66 152 176 252 106 

Coefficient of Variance (%) 2.5 3.5 3.1 3.9 1.5 
Splitting Tensile Strength (psi) 

294 446 544 619 642 
317 479 588 622 667 Individual 
346 490 601 632 680 

Average 319 472 578 624 663 
Standard Deviation 26 23 30 7 19 

Coefficient of Variance (%) 8.2 4.9 5.2 1.1 2.9 

Modulus of Rupture (psi) 
342 549 686 719 726 
367 591 702 730 766 Individual 
395 613 722 742 770 

Average 368 584 703 730 754 
Standard Deviation 27 33 18 12 24 

Coefficient of Variance (%) 7.2 5.6 2.6 1.6 3.2 
Elastic Modulus (X 106 psi) 

3.208 4.159 4.607 5.100 5.127 
3.489 4.455 4.784 5.123 5.312 Individual 
3.506 4.487 4.913 5.491 5.581 

Average 3.401 4.367 4.768 5.238 5.340 
Standard Deviation 0.2 0.2 0.2 0.2 0.2 

Coefficient of Variance (%) 4.9 4.1 3.2 4.2 4.3 
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Table B.6 Material properties for SRG-50ºF specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
479 2010 4009 4860 5791 
517 2047 4203 5001 5830 Individual 
531 2194 4367 5043 6007 

Average 509 2084 4193 4968 5876 
Standard Deviation 27 97 179 96 115 

Coefficient of Variance (%) 5.3 4.7 4.3 1.9 2.0 
Splitting Tensile Strength (psi) 

74 254 364 471 543 
83 283 383 478 576 Individual 
87 291 391 510 595 

Average 81 276 379 486 571 
Standard Deviation 7 19 14 21 26 

Coefficient of Variance (%) 8.2 7.1 3.7 4.3 4.6 

Modulus of Rupture (psi) 
97 339 456 547 615 

110 360 504 607 622 Individual 
120 377 530 622 695 

Average 109 359 497 592 644 
Standard Deviation 12 19 38 40 44 

Coefficient of Variance (%) 10.6 5.3 7.6 6.7 6.9 
Elastic Modulus (X 106 psi) 

1.683 4.619 5.631 5.700 5.891 
1.884 4.667 5.677 5.987 5.904 Individual 
2.163 4.931 6.050 6.124 6.337 

Average 1.910 4.739 5.786 5.937 6.044 
Standard Deviation 0.2 0.2 0.2 0.2 0.3 

Coefficient of Variance (%) 12.6 3.5 4.0 3.6 4.2 
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Table B.7 Material properties for SRG-75ºF specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
1333 3225 4198 5281 5706 
1363 3543 4329 5336 5931 Individual 
1411 3561 4526 5400 5961 

Average 1369 3443 4351 5339 5866 
Standard Deviation 39 189 165 60 139 

Coefficient of Variance (%) 2.9 5.5 3.8 1.1 2.4 
Splitting Tensile Strength (psi) 

123 317 343 474 496 
145 335 386 475 529 Individual 
153 340 396 486 576 

Average 140 331 375 478 534 
Standard Deviation 16 12 28 7 40 

Coefficient of Variance (%) 11.1 3.7 7.5 1.4 7.5 

Modulus of Rupture (psi) 
246 406 477 592 630 
261 434 518 610 689 Individual 
280 459 542 666 698 

Average 262 433 512 623 672 
Standard Deviation 17 27 33 39 37 

Coefficient of Variance (%) 6.5 6.1 6.4 6.2 5.5 
Elastic Modulus (X 106 psi) 

2.400 5.110 5.075 5.603 6.032 
2.552 5.570 5.614 5.977 6.267 Individual 
2.704 5.604 5.880 6.030 6.412 

Average 2.552 5.428 5.523 5.870 6.237 
Standard Deviation 0.2 0.3 0.4 0.2 0.2 

Coefficient of Variance (%) 6.0 5.1 7.4 4.0 3.1 
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Table B.8 Material properties for SRG-100ºF specimens 

 
Age (Days) 1 3 7 14 28 

Compressive Strength (psi) 
2537 3724 5241 5764 6145 
2423 3826 4962 5918 6450 Individual 
2530 4049 5389 6016 6338 

Average 2497 3866 5197 5899 6311 
Standard Deviation 64 166 217 127 154 

Coefficient of Variance (%) 2.6 4.3 4.2 2.2 2.4 
Splitting Tensile Strength (psi) 

290 433 495 528 588 
298 433 505 540 599 Individual 
309 468 521 577 621 

Average 299 445 507 548 603 
Standard Deviation 10 20 13 26 17 

Coefficient of Variance (%) 3.2 4.5 2.6 4.7 2.8 

Modulus of Rupture (psi) 
310 464 573 645 662 
320 518 625 660 706 Individual 
354 522 623 710 748 

Average 328 501 607 672 705 
Standard Deviation 23 32 29 34 43 

Coefficient of Variance (%) 7.0 6.5 4.9 5.1 6.1 
Elastic Modulus (X 106 psi) 

4.777 5.099 5.999 6.274 6.221 
5.026 5.579 6.188 6.337 6.414 Individual 
5.149 5.810 6.263 6.982 6.841 

Average 4.984 5.496 6.150 6.531 6.492 
Standard Deviation 0.2 0.4 0.1 0.4 0.3 

Coefficient of Variance (%) 3.8 6.6 2.2 6.0 4.9 
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Table C.1  Sensitivity analysis results for the predicted loss of life of LS-50ºF mixture 
 

(a) Regression Statistics 

Multiple R 0.936204177

R2 0.87647826 

Adjusted R2 0.875939335

Standard Error 1.020927249

Observations 1152 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 8475.629 1695.126 1626.344 0 

Residual 1146 1194.467 1.042292   

Total 1151 9670.097    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 36.22221 0.771496 46.95061 3.2E-269 34.70851 37.73592 

log (k) -1.2801 0.103143 -12.411 2.82E-33 -1.48247 -1.07773 

log (h) -18.2215 0.267627 -68.0855 0 -18.7466 -17.6964 

log (ESAL) 0.737312 0.133033 5.542343 3.7E-08 0.476298 0.998327 

Edge 0.063245 0.001842 34.33541 3E-178 0.059631 0.066859 

log (MR) -8.34281 0.180666 -46.1781 8E-264 -8.69728 -7.98833 
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Table C.2  Sensitivity analysis results for the predicted loss of life of LS-75ºF mixture 
 

(a) Regression Statistics 

Multiple R 0.947052

R2 0.896907

Adjusted R2 0.896457

Standard Error 0.889069

Observations 1152 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 7880.829 1576.166 1994.028 0 

Residual 1146 905.8477 0.790443   

Total 1151 8786.676    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 32.29219 0.845203 38.20644 1.2E-206 30.63387 33.9505 

log (k) -1.33503 0.089821 -14.8631 7.93E-46 -1.51126 -1.1588 

log (h) -20.0273 0.233061 -85.9317 0 -20.4846 -19.5701 

log (ESAL) 0.853384 0.115851 7.366246 3.35E-13 0.626081 1.080687 

Edge 0.064467 0.001604 40.18978 4.5E-221 0.06132 0.067615 

log (MR) -6.5654 0.248952 -26.3722 3.6E-120 -7.05386 -6.07695 
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Table C.3  Sensitivity analysis results for the predicted loss of life of LS-100ºF mixture 
 

(a) Regression Statistics 

Multiple R 0.948608

R2 0.899857

Adjusted R2 0.89942 

Standard Error 0.841362

Observations 1152 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 7289.562 1457.912 2059.519 0 

Residual 1146 811.2418 0.70789   

Total 1151 8100.803    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 23.99434 0.855176 28.05777 2.7E-132 22.31646 25.67223 

log (k) -1.34644 0.085002 -15.8401 2.98E-51 -1.51322 -1.17966 

log (h) -19.828 0.220555 -89.9002 0 -20.2607 -19.3952 

log (ESAL) 0.899804 0.109634 8.207326 6.03E-16 0.684698 1.11491 

Edge 0.062584 0.001518 41.22762 1.4E-228 0.059605 0.065562 

log (MR) -3.66482 0.260737 -14.0556 1.61E-41 -4.17639 -3.15324 
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Table C.4  Sensitivity analysis results for the predicted loss of life of SRG-50ºF mixture 
 

(a) Regression Statistics 

Multiple R 0.914191

R2 0.835744

Adjusted R2 0.834974

Standard Error 0.653489

Observations 1072 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 2316.258 463.2516 1084.778 0 

Residual 1066 455.2326 0.427048   

Total 1071 2771.49    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 19.22159 0.525353 36.58795 1.6E-190 18.19074 20.25243 

log (k) -0.69806 0.068675 -10.1646 3.14E-23 -0.83281 -0.5633 

log (h) -10.1175 0.177097 -57.1298 0 -10.465 -9.77002 

log (ESAL) 0.575343 0.095031 6.054238 1.95E-09 0.388873 0.761813 

Edge 0.034573 0.001269 27.24819 1.7E-124 0.032083 0.037063 

log (MR) -4.12874 0.11723 -35.2191 7.5E-181 -4.35877 -3.89871 
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Table C.5  Sensitivity analysis results for the predicted loss of life of SRG-75ºF mixture 
 

(a) Regression Statistics 

Multiple R 0.946141

R2 0.895184

Adjusted R2 0.894726

Standard Error 0.517067

Observations 1152 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 2616.747 523.3495 1957.481 0 

Residual 1146 306.393 0.267359   

Total 1151 2923.14    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 18.37606 0.475418 38.65243 6.7E-210 17.44328 19.30885 

log (k) -0.78721 0.052239 -15.0696 5.92E-47 -0.88971 -0.68472 

log (h) -11.5402 0.135544 -85.1397 0 -11.8062 -11.2743 

log (ESAL) 0.758615 0.067377 11.25929 5.76E-28 0.626419 0.890811 

Edge 0.036455 0.000933 39.07721 5.4E-213 0.034625 0.038286 

log (MR) -3.58663 0.139849 -25.6465 5.2E-115 -3.86102 -3.31224 
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Table C.6  Sensitivity analysis results for the predicted loss of life of SRG-100ºF mixture 
 

(a) Regression Statistics 

Multiple R 0.955304

R2 0.912606

Adjusted R2 0.912225

Standard Error 0.471581

Observations 1152 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 2661.334 532.2669 2393.408 0 

Residual 1146 254.8574 0.222389   

Total 1151 2916.192    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 15.38194 0.465675 33.0315 1.2E-168 14.46827 16.29561 

log (k) -0.76679 0.047643 -16.0945 1.06E-52 -0.86027 -0.67332 

log (h) -12.0077 0.123621 -97.1333 0 -12.2502 -11.7651 

log (ESAL) 0.811073 0.06145 13.19898 3.92E-37 0.690507 0.931639 

Edge 0.036126 0.000851 42.45974 1.9E-237 0.034457 0.037796 

log (MR) -2.45729 0.142804 -17.2074 3.34E-59 -2.73748 -2.1771 
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Table C.7  Sensitivity analysis results for the predicted loss of life of LS mixture 
 

(a) Regression Statistics 

Multiple R 0.931111

R2 0.866967

Adjusted R2 0.866774

Standard Error 1.031498

Observations 3456 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 23922.1 4784.42 4496.684 0 

Residual 3450 3670.761 1.063989   

Total 3455 27592.86    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 34.43657 0.507428 67.86491 0 33.44168 35.43146 

log (k) -1.32052 0.060166 -21.9479 4.7E-100 -1.43849 -1.20256 

log (h) -19.3589 0.156114 -124.005 0 -19.665 -19.0528 

log (ESAL) 0.830167 0.077602 10.69779 2.68E-26 0.678017 0.982317 

Edge 0.063432 0.001074 59.03523 0 0.061325 0.065539 

log (MR) -7.54701 0.137221 -54.999 0 -7.81605 -7.27796 
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Table C.8  Sensitivity analysis results for the predicted loss of life of SRG mixture 
 

(a) Regression Statistics 

Multiple R 0.927526

R2 0.860305

Adjusted R2 0.860097

Standard Error 0.606063

Observations 3376 

 
(b) ANOVA 

 df SS MS F Significance 
F 

Regression 5 7623.167 1524.633 4150.787 0 

Residual 3370 1237.841 0.367312   

Total 3375 8861.008    

 

Variables Coefficients Standard 
Error t Stat P-value Lower 95% Upper 95%

Intercept 18.86693 0.299519 62.99075 0 18.27967 19.45418 

log (k) -0.74669 0.035803 -20.8554 5.98E-91 -0.81688 -0.67649 

log (h) -11.2272 0.092699 -121.115 0 -11.409 -11.0455 

log (ESAL) 0.762206 0.046963 16.22993 4.29E-57 0.670127 0.854285 

Edge 0.035194 0.000644 54.68468 0 0.033932 0.036456 

log (MR) -3.92453 0.080311 -48.8669 0 -4.082 -3.76707 
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