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1 INTRODUCTION 

1.1 BACKGROUND AND PROBLEM STATEMENT 

High strength concrete (HSC) has been widely used in bridges, buildings, and other 

structures for the past two decades. One benefit of using HSC in bridge structures is that longer 

span lengths can be constructed for a given girder cross-section. This can result in a substantial 

reduction in the number of piers in multiple span bridges. Another benefit is that the girder 

spacing may be increased for a given span length and cross-section. Therefore, fewer girders are 

needed for each span, which can result in savings in erection costs and a reduction in the size of 

substructures due to the reduced superstructure dead weight. Moreover, spans may use smaller 

and shallower girder cross-sections. This improves ground clearance and yields a more aesthetic 

design. 

There has been a significant amount of research focusing on the mechanical properties of 

HSC. However, most of this research focuses on concrete made in the laboratory under carefully 

controlled conditions that may not properly reflect concrete in the field. Therefore, there is a 

need to determine the mechanical properties of plant-produced HSC made in the field by 

precasters. 

There are limited data available in the literature quantifying the variation of concrete 

properties between batches, mixes, or precasters. Variations in material properties must be 

quantified for the development of a reliability-based design code such as the American 

Association of State Highway and Transportation Officials (AASHTO) Load and Resistance 

Factor Design (LRFD) specification (2000). Because HSC is usually produced in a plant with 

relatively good quality control, the variation of the material properties of HSC may be expected 

to be smaller than that of normal strength concrete (NSC). However, more data are needed to 

confirm this assumption. 

1 



The definition of HSC used in this project follows that used by the American Concrete 

Institute (ACI) Committee 363 (1997) as concrete having compressive strength greater than 6000 

psi (41.4 MPa) produced without using exotic materials or techniques. HSC with compressive 

strengths above 6000 psi (41.4 MPa) is commonly available today and is used extensively in 

prestressed bridge girders. However, the current design codes such as the AASHTO standard 

specifications (1999) and AASHTO LRFD specification (2000) were developed based on the 

material properties ofNSC having a compressive strength less than 6000 psi (41.4 MPa). This 

fact has led to concerns that the current design specifications may not be conservative enough 

when designers apply them to HSC members. On the other hand, the equations may be overly 

conservative such that the advantages of utilizing HSC members are not fully realized. 

1.2 OBJECTIVES AND SCOPE 

This report summarizes Phase 1 of the Texas Department of Transportation Research 

Project 0-2101, "Allowable Stresses and Resistance Factors for High Strength Concrete." The 

objective of this project was to evaluate the allowable stresses and resistance factors in the 

AASHTO LRFD Specification for design of HSC girders used in Texas bridges. The complete 

project is summarized by Hueste et al. (2003a). Phase 2 of this project focused on defining the 

current state of practice for design of HSC prestressed girders and identifying critical design 

parameters that limit the design of typical HSC prestressed bridge girders (Hueste and Cuadros 

2003). Phase 3 of this project assessed the impact of different curing conditions on the 

compressive and flexural strength of HSC mixtures used for prestressed girders in Texas (Hueste 

et al. 2003b ). 

The portion of the research project addressed in this report (Phase 1) focused on 

evaluating the applicability of current prediction equations for estimation of mechanical 

properties of HSC and determining statistical parameters for mechanical properties of HSC 

produced by Texas precasters. The major objective of Phase 1 of the research project was to 

evaluate whether the current design provisions for prestressed concrete beams require 

modifications for the use of HSC. Possible revisions to the current design code can be made for 

service-load design through the modification of allowable stresses and for ultimate strength 
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design by modification of the resistance factors. This project provides data that can be used to 

direct additional research aimed at refining the current design provisions for HSC prestressed 

beams. New criteria for use in designing HSC prestressed members can then be developed, as 

appropriate, based on the results of this project. 

The scope of this report is restricted to the application of HSC in precast prestressed 

concrete girders that are normally used in the construction of highway bridges in Texas. The 

HSC in this project is limited to the specified compressive strength of 10,000 psi (68.9 MPa) 

made using conventional materials and admixtures. It was not feasible to obtain concrete 

samples having a specified compressive strength greater than 10,000 psi (68.9 MPa) from 

precasters during the limited time frame of this project because designers rarely specified 

strengths in that range. In order to achieve the Phase 1 objectives, the following tasks were 

performed. 

1.2.1 Task 1: Literature Review 

The review of literature included synthesizing current knowledge regarding the 

mechanical properties of HSC, appropriate test methods, current practices in the design of 

prestressed members using HSC, current code specifications, and the reliability theory used in 

the development of the AASHTO LRFD Specifications (2000). The project focused on the 

AASHTO LRFD Specifications (2000) because they are expected to be adopted by TxDOT 

engineers for the design of highway bridges. The material properties under investigation 

included compressive strength, modulus of elasticity, splitting tensile strength, modulus of 

rupture, creep, and shrinkage. The effects of testing variables were also examined to evaluate the 

factors that may affect the test results. The literature review is summarized in Chapter 2 of this 

report. This section serves as background for the technical and experimental progress of this 

project. 
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1.2.2 Task 2: Experiments 

The experimental program consisted of collecting and testing samples of plant-produced 

HSC from Texas precasters to determine relevant material properties. Concrete samples were 

collected from selected precasters considered to be representative of the precasters in Texas that 

produce prestressed bridge members. Material testing determined actual mechanical properties 

for comparisons with predicted values. In addition, statistical parameters of each mechanical 

property were determined. 

1.2.3 Task 3: Analysis of Data 

The data from tests were analyzed to evaluate prediction relationships and to determine 

the statistical parameters. Current prediction formulas that relate mechanical properties to the 

compressive strength were assessed to determine whether they can be used for HSC produced by 

Texas precasters with sufficient accuracy. This project included prediction relationships for the 

modulus of elasticity, splitting tensile strength, and modulus of rupture. Creep and shrinkage 

data were also reported and compared with prediction equations. Moreover, this task included 

the determination of statistical parameters, including coefficients of variation and bias factors, 

for each mechanical property based on test data. The results were compared with those of NSC 

used in the development of the AASHTO LRFD Specification (2000) to identify potential 

modifications to the provisions for prestressed concrete member design. 

1.2.4 Task 4: Summary and Conclusion 

This task consisted of drawing conclusions based on the results obtained from the 

experimental program. Recommendations for future research are also provided. 
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1.3 ORGANIZATION OF THIS REPORT 

Chapter 2 of this report provides a review of previous studies on the design of prestressed 

concrete, the current codes and practices for the use of HSC in design, the development of 

reliability-based design provisions, and the mechanical properties of HSC. Chapter 3 describes 

the experimental programs including the selection of precasters, the collection of samples, and 

the material testing. The experimental data are presented in Chapter 4 along with an analysis and 

evaluation of these data in terms of implications for design. Ultimately, the findings from this 

project are summarized in Chapter 5. Recommendations for future research are also presented in 

this chapter. Raw test data, information on the mixture proportions of the concrete tested, and 

other relevant information is provided in the appendices. 

5 





2 LITERATURE REVIEW 

2.1 PRESTRESSED CONCRETE 

Prestressed concrete members must be designed for both service-load and ultimate-load 

conditions. The following sections provide background and a review of current design 

provisions for prestressed members. The main focus is on the AASHTO LRFD Specifications 

(2000) because it is widely used in the design ofbridge girders. 

2.1.1 Service-Load Criteria 

In the service-load criteria, the flexural stresses under service loads at the top and the 

bottom of a prestressed member must be within the allowable tensile and compressive stress 

limits. In the LRFD Specifications, the Service I load combination is applied for compressive 

stress checks, and the Service III load combination is used for tensile stress checks. For a simply 

supported beam, the stresses at the bottom and top fibers of the beam are determined as: 

(2.1) 

(2.2) 

where a tensile stress is positive; h and J; are the stresses at the bottom and top fiber, 

respectively; P is the effective prestressing force; A is the area of the concrete cross-section; I 

is the moment of inertia of the concrete cross-section; e is the eccentricity of the prestressing 

tendons measured from the center of gravity of the concrete cross-section; c
1 

and c6 are the 

7 



distances from the center of gravity of the concrete cross-section to the top and bottom fiber, 

respectively; and M is the total moment at the beam section under consideration. 

In the simplest case, the allowable stresses must be checked at the stage immediately 

after prestress transfer and at a long-term condition after prestress losses have taken place. For 

composite construction or a beam that has more than one stage of prestressing, the problem will 

become more complicated as various stages of construction must also be considered and 

different section parameters must be used in each stage. In general, the service-load criteria 

control the selection of a member cross-section and the number and locations of prestressing 

strands. The allowable stresses for pretensioned members from current standards are 

summarized in Table 2.1. 

T able 2.1. Allowable Stresses for Prestressed Concrete Desi2n (Pretensioned Member s). 
Allowable Compressive Stress Allowable Tensile Stress 

Document fc (psi) ft (psi) 

Initial Service Initial Service 

AASHTO (1999) 0.60/'ci 0.40/'c 7.5.Jl': 
6JT': 

3JT': (1) 
I 0.45/'c (2) 

6JT': AASHTOLRFD 0.60/'ci 0.40/'c (3) 7~/'ci (2000) 3JT': (1) 
0.60/'clf'w (4) 

ACI 318 (1999) 0.60/'ci 
0.45/'c (2) 3.Jl': 6JT': 

I 0.60/'c (5) 6.Jl': (6) 12JT': (7) 

Notes: 
f 'c = Compressive strength at 28 days 

f 'ci = Initial compressive strength at transfer 

(l) For corrosive exposure conditions 
(2) For effective prestress plus sustained load 
(3) For live load and one-half of effective prestress and sustained loads 
(4) For sum of prestress, sustained loads, and transient loads and during shipping and handling. 

lf'w is the reduction factor for slenderness ratios of flange and web. 

(5) For effective prestress plus total load 
(6) At ends of simply supported members 
(7) Where analysis based on cracked section and on bilinear moment-deflections relationships shows 

that immediate and long-term deflections comply with ACI definition requirements and minimum 
concrete cover requirements 
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In most instances, the allowable tensile stresses at the initial or service state control the 

design. These allowable tensile stress limits are imposed to prevent cracldng of concrete cover 

that could expose the prestressing strands to corrosion. The values of the allowable tensile 

stresses are based on the modulus of rupture of concrete. The allowable compressive stress 

limits are used to ensure that the stress in concrete is within the elastic limit. 

The prestressing force, P, in Equations 2.1 and 2.2 is calculated from the effective 

prestressing stress and the area of tendons as: 

(2.3) 

where Aps is the total area of prestressing tendons and fps is the effective prestressing stress. 

The effective prestressing stress at any time is the difference between the initial prestressing 

stress and prestressing losses, determined as: 

(2.4) 

where fpi is the initial prestress (in stress units), !1fpF is the stress loss due to friction in the duct, 

!1fpA is the loss of anchorage seating after transfer, 4fpEs is the loss from elastic shortening of 

the concrete member, !1fpR2 is the time-dependent loss due to steel relaxation after transfer, and 

!1fpcR and 4fpsR are time-dependent losses due to creep and shrinkage of concrete, respectively 

(AASHTO 2000). 

The friction loss and the anchorage loss are only found in post-tensioned members and 

depend on the prestressing system (types of duct and anchorage) and tendon profile. The 

relaxation loss also depends on the properties of the prestressing strand and the magnitude of the 

prestress. Elastic shortening, creep, and shrinkage losses depend on concrete properties and will 

be affected by the use ofHSC. The elastic shortening loss is calculated as: 
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(2.5) 

where EP is the modulus of elasticity of prestressing strand, Eci is the modulus of concrete at 

the age of transfer, and fcgp is the stress in concrete due to prestressing force at transfer and the 

self-weight of the member at the level ofthe prestressing strand. 

The loss due to creep (in ksi) is calculated as: 

(2.6) 

where fifcc~p is the change in concrete stress at the center of gravity of prestressing steel due to 

additional permanent loads after prestress transfer. For pretensioned members, the loss due to 

shrinkage (in ksi) is calculated as: 

tifpsR = (17.0-0.150H) (2.7) 

where His the average annual ambient relative humidity in percent. 

As part of the work of ACI-ASCE Committee 423, Zia et al. (1979) recommended the 

following equations for the estimation of losses due to creep and shrinkage: 

(2.8) 

(2.9) 
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where KcR is equal to 2.0 for normal weight concrete, Ec is the modulus of elasticity of concrete 

at 28 days, KsH is equal to 1.0 for pretensioned members, VIS is the volume-surface ratio in 

inches. Equation 2.9 is based on the ultimate shrinkage strain of 550 JlE (Zia et aL 1979) 

The prestress losses are influenced by many factors. Therefore, it is difficult to 

generalize the amount of these losses. Lin and Burns (1982) suggested representative values of 

average losses for average properties of concrete and steel and for average curing conditions. 

The values are shown in Table 2.2. 

Table 2.2. Average Prestress Losses (Lin and Burns 1982). 
Source of Loss Loss of Prestress (%) 

Pretensioned Members Post-tensioned Members 
Elastic Shortening 4 1 
Creep of Concrete 6 5 
Shrinkage of Concrete 7 6 
Steel Relaxation 8 8 
Total Loss 25 20 

It is clear from Table 2.2 that losses related to concrete properties (elastic shortening, 

creep, and shrinkage losses) have a significant effect on the total loss of prestress, especially in 

pretensioned members. Therefore, inaccurate estimation of the properties of concrete, such as 

the modulus of elasticity, creep coefficient, and ultimate shrinkage, will result in errors in 

estimating prestress losses. Underestimation of prestress losses, which leads to a smaller actual 

effective prestress force than calculated, can result in excessive stress and deflection during 

service conditions. On the other hand, overestimation of prestress losses, which leads to a larger 

actual prestressing force than calculated, can result in excessive stress and camber after transfer. 
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2.1.2 Ultimate-Load Criteria 

2.1.2.1 General 

In the ultimate-strength design, the beam must be designed such that the reduced nominal 

resistance capacity is greater than the factored load effect. The ultimate-load criteria are checked 

for both moment and shear limit states, i.e., 

(2.10) 

(2.11) 

where Mn and V, are the nominal moment and shear resistance capacities of the member, Mu 

and V., are the factored applied moment and shear forces, and ¢ is the resistance factor. The 

resistance factors for prestressed members specified in the AASHTO LRFD Specifications 

(2000) are summarized in Table 2.3. 

Table 2.3. Resistance Factors for Prestressed Concrete Member (AASHTO 2000). 
Limit State Resistance Factor 

Flexure and Tension of Prestressed Concrete 1.00 
Flexure with or without Tension of Partially Prestressed 0.90 + 0.10 (PPR) 
Components 
Shear and Torsion (Normal Weight Concrete) 0.90 

Notes: 
Not for segmental construction 
PPR = Partial prestress ratio calculated according to Section 5.5.4.2.1 of AASHTO LRFD 

Specification (2000) 

The values of the resistance factors are selected such that the probability that the load is 

greater than the resistance is acceptably small. The theory and the development of the resistance 

factors are discussed in Section 2.3. 
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2.1.2.2 Nominal Moment Capacity 

In the case of a simple rectangular section, the nominal moment capacity is calculated as 

(AASHTO 2000): 

(2.12) 

where Mn is the nominal moment capacity of the beam, I 'c is the compressive strength of 

concrete, b is the width of the beam, d is the effective depth, and a is the depth of the 

equivalent rectangular stress block, which can be determined by solving the following 

equilibrium equation: 

(2.13) 

where Aps is the total area of prestressing tendons, As is the total area of steel reinforcement 

resisting tension in the case of partial prestressing, h is the yield strength (in stress units) of 

steel reinforcement (assuming the steel has reached yield strength at ultimate load), and Ips Is 

the stress in the prestressing strands at ultimate load. 

For bonded tendons, Ips can be calculated as: 

(2.14) 

(2.15) 
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where JPY and fpu are the yield strength (in stress units) and the ultimate strength (in stress 

units) of prestressing tendons, respectively; c is the distance from the top fiber to the neutral 

axis; and dP is the distance of the center of gravity of prestressing strands measured from the top 

fiber. 

It can be seen that the nominal moment resistance of a prestressed concrete girder 

depends on the compressive strength of concrete, the geometry of the girder, the amount of 

prestressing strands and reinforcing bars, and the material properties of the prestressing strands 

and steel reinforcement. Therefore, the bias factor (mean-to-nominal ratio) of the resistance and 

the coefficient of variation of the resistance depend on the bias factor and the coefficient of 

variation of each variable. The determination of the resistance statistical parameters (bias factor 

and coefficient of variation) and resistance factors are discussed in Section 2.3. 

2.1.2.3 Nominal Shear Capacity 

The nominal shear resistance capacity of a prestressed concrete member is the smaller of 

the following equations (AASHTO 2000): 

(2.16) 

(2.17) 

where ~ is the shear resistance of concrete, "V.s is the shear resistance from transverse 

reinforcement, VP is the component of the effective prestressing force in the direction of the 

applied shear, bv is the effective web width, and dv is the effective shear depth. The 

components v;, and "V.s are determined as: 
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(2.18) 

V = _A,_J,_:;_Y_d_v (_co_t_B_+_c_o_t a_) s_in_a_ 
s (2.19) 

s 

where p is the factor indicating the ability of diagonally cracked concrete to transmit tension, 

e is the angle of inclination of diagonal compressive stresses, a is the angle of inclination of 

transverse reinforcement to the longitudinal axis (usually 90°), A, is the area of shear 

reinforcement within a distance s, and J;, is the yield stress of the transverse reinforcement. The 

value of p and e depends on the applied shear, applied moment, applied axial force, 

prestressing force, modulus of elasticity of concrete, prestressing strands, longitudinal 

reinforcement, and section geometries. They are determined according to Section 5.8.3.4 of the 

AASHTO LRFD Specifications (2000). 

2.2 USE OF HSC IN PRESTRESSED MEMBERS 

The following sections address the current practice in designing prestressed concrete 

members and studies related to the application of HSC in bridge construction. 

2.2.1 Current Practice 

The AASHTO Standard Specifications (1999) is currently being used by TxDOT in the 

design of highway bridges. However, it is anticipated that TxDOT will adopt the new AASHTO 

LRFD Specifications (2000) for bridge design in the near future because the former specification 

will no longer be current. The design of precast prestressed members in the AASHTO Standard 

Specifications (1999) is normally based on the design compressive strength of 5000 psi (34.5 

MPa). A design compressive strength of 6000 psi (41.4 MPa) or higher can also be used 

provided that the required strength can be obtained consistently. In the AASHTO LRFD 

Specifications (2000), the specified compressive strength for prestressed concrete should be 

greater than 4000 psi (27.6 MPa), but a specified compressive strength over 5000 psi (34.5 MPa) 
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can be used when it is verified that materials for such concrete are available in the area. In 

addition, concrete having a compressive strength exceeding 10000 psi (68.9 MPa) at 28 days can 

only be used when the relationships between the compressive strength and other material 

properties are obtained from tests. 

Although the AASHTO codes allow for the use of HSC, many of the code equations are 

empirical and were determined based on tests of NSC specimens. As a result, engineers must 

rely on their own experience and judgment when using HSC. At this time, there are no national 

code provisions for prestressed members that have provisions specifically for the use of HSC in 

the United States. This lack of code limits the use of HSC because the designer and owner may 

feel uncomfortable using materials that are not specifically addressed by the design code. 

2.2.2 Previous Studies 

The benefits of using HSC for bridge applications have been studied by many 

investigators. Zia et al. (1989) conducted parametric studies to evaluate the structural efficiency 

and cost effectiveness of using HSC for bridge girders. It was found that the increase of 

compressive strength from 6000 to 12,000 psi (41.4 to 82.7 MPa) can increase the maximum 

span length of standard AASHTO and Precast/Prestressed Concrete Institute (PCI) sections by 

up to 30 percent. Zia et al. concluded that the compressive strength of 10000 psi (68.9 MPa) was 

the most effective for girder and beam sections. 

Durning and Rear (1993) studied the impact of using HSC in the design of Texas Type C 

prestressed bridge girders. The increase of the maximum span and girder spacing with the 

compressive strength began to stop at a design compressive strength of 10000 psi (68.9 MPa). 

This behavior was due to the limitation on the number of strands that can be placed in a section. 

When more strands are needed, they have to be placed higher in the web, making it less effective 

in resisting moments. If0.6 inch (15 mm) diameter strands had been used instead of the standard 

0.5 inch (13 mm) diameter strands, the limit for the design compressive strength would be 

higher. 
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Russell (1994) studied the effect of an increase in compressive strength to the maximum 

span length and girder spacings of various girder types and found that the use of HSC can 

effectively increase the maximum span length of the girders. An increase in compressive 

strength from 6000 psi to 10000 psi permits an increase of the span limit from 104 ft (31. 7 m) to 

131 ft (39.9 m) in the case of an AASHTO Type IV girder. An increase from 98 ft (29.9 m) to 

119ft (36.3 m) was found for a Texas U54B girder when the 0.5 inch (13 mm) diameter strands 

are used. 

The use of HSC not only allows construction of longer-span bridges, but it also results in 

a more economical design. Durning and Rear (1993) demonstrated that the number of girders 

required for a given span length was substantially reduced when 10000 psi (68.9 MPa) HSC was 

used instead of a 6000 psi (41.4 MPa) concrete. The reduction in the number of girders was due 

to the increase in the girder spacings. Although the total material cost was found to be slightly 

higher for HSC, the reduction in the number of girders resulted in a substantial savings in labor, 

transportation, and erection costs. 

Because there are currently no code provisions specifically for HSC, there is concern 

about the applicability of the current provisions that were developed based on properties ofNSC. 

Castrodale et al. ( 1988) studied the use of HSC in pretensioned composite girders. They found 

that the design procedures in the ACI Committee 318 code and 1983 edition of AASHTO 

Standard Specifications provided conservative estimates of the moment capacity. More accurate 

values were obtained from moment-curvature analysis. The researchers suggested that the 

cracking stress of 7 .sjl'; is reasonable. However, their analytical load-deflection curve 

departed from the initial tangent earlier than the test data from scale models. This indicated that 

the actual cracking stress should be greater than 7.5jl';. The suggestion to keep this cracking 

stress was partly based on a recommendation from Nilson (1985) stating that, because the curing 

conditions of a structural member in the field are different from those in the laboratory, the 

modulus of rupture from specimens moist-cured in the laboratory can be higher than the cracking 

stress and therefore the value 7.5jl'; appeared to be reasonable. However, no test data on field 

cured HSC were available to support this statement. 
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More recent studies in the application of high performance concrete and HSC for 

highway bridges have been conducted at The University of Texas at Austin (Myers and 

Carrasquillo 1998, Gross and Bums 2000). The studies focused on the material properties and 

quality control of the concrete as well as the structural behavior of highway bridges. One of the 

findings was that many of current design equations from the 1994 AASHTO LRFD 

Specifications and PCI Design Handbook (1992) cannot predict the prestress losses and 

deformations of the bridge very well. This is due to the inaccurate estimations of material 

properties ofHSC, especially for the modulus of elasticity and creep. 

2.3 DEVELOPMENT OF LOAD AND RESISTANCE FACTORS USING 
RELIABILITY THEORY 

2.3.1 Reliability Theory 

The concept of probability in structural design was developed because there are many 

uncertainties in both the applied load and the resistance that can affect the performance of a 

structure. Clearly, the structure must be designed such that the resistance of the structure is 

greater than the applied load. However, numerous sources of uncertainties in the load and 

resistance make it difficult to determine the exact values of load and resistance that can be 

expected for a structure. Therefore, it is not feasible to design a structure that is absolutely safe. 

The load and resistance can be treated as random variables with their own probability density 

function (PDF) as illustrated in Figure 2.1. The shaded area indicates failure because the load is 

greater than the resistance. 
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PDF 

Figure 2.1. PDF of Load (Q) and Resistance (R) (Adapted from Nowak and Collins 2000). 

The theories of probability and reliability are used to estimate the probability that the 

structure will exceed a particular limit state. A structure is said to have a satisfactory level of 

safety if it has an acceptably small probability of exceeding a limit state that can lead to 

structural failure. The limit states include the ultimate limit states, such as partial or total 

collapse of a structural component or structural system, and also serviceability limit states such 

as excessive vibration or deformation, or damage accumulation limit states such as fatigue failure 

(Tabsh 1992). For a case involving the resistance effect, R, and load effect, Q, the limit state can 

be defined using the following expression: 

g(R,Q)=R-Q (2.20) 

The resistance effect, R, can be a function of many variables, such as material properties 

and section geometries. Similarly, the load effect, Q, can be a function of many load 

components, such as dead loads, live loads, dynamic loads, wind loads, and earthquake loads. 

For limit states that can lead to failure, the probability of failure of a structure is the 

probability that the value of the limit state function is less than zero (resistance is less than load): 
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p 1 == P(g < 0) == P(R < Q) (2.21) 

It can be shown that: 

p1 == JJ /R,Q(r,q)drdq (2.22) 
g<O 

where JR,Q(r,q) is the joint probability density function for load and resistance and the 

integration is performed over the failure region (where g < 0). The integration domain is the 

shaded area shown in Figure 2.2. 

R 

R=Q 

Q 

Figure 2.2. Safe and Failure Domain. 

Because the load and resistance can often be assumed to be statistically independent, 

Equation 2.23 can be rewritten as: 

"' "' "' 
P1 == J!R(r)dr J!Q(q)dq = J!R(r)[l FQ(r) ]dr (2.23) 

0 r 0 

or 
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co q 00 

P1 = fJQ(q)dq fJR(r)dr= fFAq)fQ(q)dq (2.24) 
0 0 0 

where fR and FR are the PDF and cumulative density function (CDF) for the resistance, 

respectively; and fQ and FQ are the PDF and CDF for the load, respectively. 

The integration in Equations 2.23 and 2.24 is often difficult to evaluate due to the 

complexities in the probability density functions and cumulative density functions of the loads 

and the resistances. In practice, the probability of failure is determined indirectly using other 

procedures. One such procedure was proposed by Rackwitz and Fiessler (1978), known as the 

first-order reliability method (FORM). This method has advantages over the first-order second­

moment method (FOSM) used in the early reliability studies because it accounts for the 

distribution functions of the variables and it does not have the invariance problem where the 

reliability index changes with different formulations of mechanically equivalent limit state 

functions. 

To avoid the invariance problem, Hasofer and Lind (1974) suggested defining the 

reliability index ( f3 ) as the shortest distance from the limit state to the origin in the reduced 

variable coordinate system. A reduced variable, or "standard form" of a variable, is defined as: 

(2.25) 

where Zi is the reduced variable, Xi is the variable in the original coordinates, and J-l x and ax 
1 1 

are the mean and standard deviation of Xi, respectively. For the limit state where 

g(R, Q) = R- Q, it can be shown that: 

(2.26) 

The limit state function in the reduced variable coordinate system is shown in Figure 2.3. 
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Zo Limit State Function g(ZR>ZQ) = 0 

Failure Region g( ) < 0 

Figure 2.3. Limit State Function in Reduced Variable Coordinates (Adapted from Nowak 
and Collins 2000). 

As stated earlier, the reliability index ( p) is now defmed as the shortest distance from 

the limit state line g( ) 0 to the origin. From geometry, it can be shown that: 

(2.27) 

Equation 2.27 is the same as the reliability index evaluated by the FOSM method when 

the limit state is linear and the variables are normally distributed. The Hasofer-Lind method is 

invariant to nonlinear limit states because the geometric shape and the distance to the origin of 

the limit state is constant regardless of how the limit state is written (Haldar and Mahadevan 

2000). For non-normal random variables, Rackwitz and Fiessler (1978) suggested transforming 

the non-normal random variables to equivalent normal variables by imposing two conditions: the 

CDF and the PDF of the equivalent normal variables are equal to those of actual variables at the 

design point. The Rackwitz-Fiessler procedure for determining the reliability index ( P) is as 

follows (Nowak and Collins 2000): 
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1. Define the limit state function. 

2. Assume the initial values of the design point { x; } . The values for n-1 variables are 

assumed first; the value of the remaining variable is obtained by solving the limit state 

function g( ) = 0. 

3. Compute the parameters of the equivalent normal standard deviation ( u~,) and mean 

(p~) for each design point values x; as: 
' 

¢ { <l>-1 
[ Fx, (x;) ]} 

fx,(xi*) 
(2.28) 

p~ = x;- <1>-1 [Fx (x)] o-~ 
I I I 

(2.29) 

where ¢(x) is the standard normal PDF of x and <l>-1(x) is the inverse of the standard 

normal CDF of x . 

4. Compute the reduced variates z; for design point x;: 

• e 
* xi- f..lx 

z. = I 
t e 

O"x, 
(2.30) 

and define: 
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* zt 
• 

{z*} = 
zt 

(2.31) 

* zt 

5. Compute the partial derivative of the limit state function with respect to the reduced 

variates, G; = og I oZ; and form a matrix { G} as: 

6. The reliability index is calculated as: 

f3 = {G}r {z*} 

J{G}r {G} 

7. Calculate the sensitivity factor vector {a } using the following formula: 

{a}= {G} 
J{Gf{G} 

(2.32) 

(2.33) 

(2.34) 

8. New design point values in the reduced coordinates for n-1 variables can be determined 

from: 

(2.35) 

9. The new design point values in the original coordinates for n-1 variables corresponding 

to the values in Equation 2.35 are calculated as: 
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(2.36) 

10. Solve the limit state function g( ) = 0 to find the value of the remaining random variable 

that was not determined in Equations 2.35 and 2.36. 

11. Check the convergence of the reliability index ( p ) and the design points { x; } . Steps 3 

through 10 must be repeated until the values converge. 

2.3.2 Code Calibration 

Nowak (1999) provided a detailed description of the process of calibrating the first 

edition (1994) of the AASHTO LRFD Specifications. The purpose of code calibration is to 

determine the load and resistance factors for a new design code to achieve a target level of 

reliability. In the case of the 1994 AASHTO LRFD Specifications, the target reliability is based 

upon the inherent reliability of bridges designed by the 1989 edition of the AASHTO Standard 

Specifications that was being used at that time. It was found that the AASHTO Standard 

Specifications did not have a uniform level of safety, as measured by the reliability index CP ), 
for different types of construction, span lengths, and girder spacings. Based on the reliability 

indices calculated for different types of bridges using the AASHTO Standard Specifications, a 

reliability index of 3.5 was selected as a target value for design using the AASHTO LRFD 

Specifications. The load and resistance factors in the LRFD code were selected such that this 

target reliability index ( Pr) was met and was constant for all types of construction, span lengths, 

and girder spacings. There are many possible combinations of load factors and resistance factors 

that can satisfy the target reliability index requirement. However, it is preferable to have the 

same load factor for each load type (dead load, live load, dynamic load, etc.) and for all types of 

construction (steel, composite, reinforced concrete, and prestressed concrete). Therefore, the 

load factors were selected first to be applicable to all types of construction, and the appropriate 

resistance factors for each type of construction and limit state were chosen accordingly. 
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To determine the reliability index, the FORM method described earlier could be used. 

However, in practice, it is not necessary to iterate until the reliability index converges. Only one 

cycle is needed for the purpose of the calibration (Nowak 1999). 

In the calibration of the AASHTO LRFD Specifications, the load effect Q was assumed 

to be a normal random variable and the resistance R was assumed as a lognormal random 

variable. Using one cycle of the FORM method with the limit state g() = R- Q, it can be shown 

that (Nowak 1999): 

(2.37) 

where f3 is the reliability index, Rn is the nominal (design) value of resistance, A,R is the bias 

factor (mean to nominal ratio) ofR, VR is the coefficient of variation of the resistance, mQ is the 

mean of Q, CT Q is the standard deviation of Q, and k is a constant (usually set equal to 2.0). 

2.3.3 Determination of Resistance Parameters 

It can be seen from Equation 2.37 that statistical pammeters (mean and coefficient of 

variation) for the load and resistance are needed in order to determine the probability of failure in 

terms of the reliability index ( f3 ). In geneml, the resistance of a structural member depends on 

several variables, such as member geometry and material properties. It is very difficult to 

determine the exact mean and variance of the resistance function analytically because the 

resistance function is nonlinear in these variables and these variables also have different 

probability density functions that often cannot be written explicitly. Therefore, an estimation 

technique is typically utilized to determine the statistical parameters of the resistance. This 

technique is called Monte Carlo simulation. The procedure is as follows (Haldar and Mahadevan 

2000): 
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1. Defme the resistance in terms of geometry and material properties. A more accurate 

model than the usual design method in the code is needed. For instance, moment­

curvature analysis was used to compute moment capacity, and the modified compression 

field theory (Vecchio and Collins 1986) was used to compute shear capacity when 

developing the AASHTO LRFD Specifications for reinforced or prestressed concrete 

members (Nowak et al. 1994). 

2. Assign probabilistic distributions to the random variables. The appropriate distribution 

for each random variable may be determined based on test data, or it is sometimes 

assumed. 

3. Generate random numbers for each random variable. Many computer software programs 

have a built-in random number generator that can provide uniform random numbers 

between zero and one. To transform the generated uniform random numbers to the 

random numbers of the variables with their characteristic distributions, the inverse 

transformation technique is used. It is done by equating the uniform random number, Ui, 

to the CDF of the random variable, that is: 

(2.38) 

Solve for xi as: 

(2.39) 

4. Evaluate the resistance deterministically for each set of random numbers for all the 

variables. 

The mean and variance of resistance can be determined from the mean and variance of 

all the resistance values from the simulation. The coefficient of variation can also be determined 

from the ratio of the standard deviation (square root of the variance) to the mean. 

In order to obtain a bias factor of the resistance ( A.R ), a nominal resistance ( Rn ) is 

required. This can be determined by calculating the resistance using the design procedures 
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specified in the design code and using the nominal values of material properties and section 

geometry. The bias factor ( AR ) is then computed as the ratio of the mean resistance from the 

simulation to the nominal resistance ( Rn) from the design code procedures. 

The statistical parameters, including the mean and coefficient of variation as well as the 

distribution of material properties and geometry, were reported by many investigators such as 

Mirza et aL (1979), Ellingwood et al. (1980), and Naaman and Siriaksom (1982). Table 2.4 

provides a summary of statistical parameters for concrete compressive and splitting tensile 

strength used in the simulations conducted to determine resistance parameters for both reinforced 

and prestressed concrete members used in the calibration of the AASHTO LRFD Specifications 

(Tabsh and Nowak 1991, Nowak et al. 1994). These statistical parameters were taken from a 

study by Ellingwood et al. (1980), which in tum references the work by Mirza et al. (1979). 

Table 2.4. Statistical Parameters for Concrete (Ellingwood et al. 1980). 
Property Nominal Mean Bias Factor CV(%) 

Concrete f 'c 3000 psi 2760 psi 
0.920 18 

(20.7 MPa) (19.0 MPa) 

Concrete f'c 4000 psi 3390 psi 
0.848 18 

(27.6 MPa) (23.4 MPa) 

Concrete f 'c 5000 psi 4028 psi 
0.806 15 

(34.5 MPa) (27.8 MPa) 

Concrete J; 306 
18 -

(2.11 MPa) 
-

For f'c 3 ksi 

Concrete J; 339 
18 - (2.34 MPa) -

For f'c 4 ksi 

Concrete J; 366 
18 -

(2.52 MPa) 
-

For f'c = 5 ksi 

The values of the compressive strength ( f 'c) and splitting tensile strength ( J;) in Table 

2.4 were calculated from relationships developed by Mirza et al. (1979) relating design 

compressive strength to the mean value of in-situ compressive strength. The compressive 
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strength of the in-situ structure ( fcstrR ) is different from that of the test cylinders because of the 

differences in volume and the rate of loading. Equation 2.40 relates the design compressive 

strength to the in-situ compressive strength for the standard load rate used in compressive 

strength testing of 35 psils (0.24 MPa/s). The effect of a nonstandard load rate on the 

compressive strength is accounted for in Equation 2.41. 

fcstr35 = 0.675 /'c + 1,100 ~ 1.15/'c (2.40) 

fcstrR = fcstr35 [ 0.89(1 + 0.08log R)] (2.41) 

where f 'c is the design (nominal) compressive strength in psi for minimum acceptance curing of 

concrete, fcstr 35 is the mean 28-day compressive strength in psi of concrete in a structure at the 

standard load rate for testing, and fcstrR is the mean value of the in-situ compressive strength in 

psi at a rate of loading R (psi/s). Ellingwood et al. (1980) suggested that the load rate of the 

actual structure is much lower than that applied to test cylinders. Therefore, to better estimate 

the strength in a structure, it was assumed that the load rate was such that the failure occurred in 

one hour, calculated by: 

R= 
3600 

(2.42) 

The mean in-situ tensile strength ( fspstrR) in psi at a rate of loading R (psils) was 

computed by the following formula: 

fspstrR =6.4~fcstr35 [0.96(1+0.11 logR)] (2.43) 

It should be noted that the term 6.4~fcstrJs is the estimated mean value of the splitting 

tensile strength from the mean compressive strength. Again, the loading rate for an actual 

structure is assumed to be much lower than the standard test rate of 2.5 psils (0.0 17 MPa/s) for 
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the splitting tensile test. Therefore, the effect of loading rate has to be accounted for. The in-situ 

load rate (R) for the splitting tensile strength was calculated such that the failure by tension 

occurred in one hour (Ellingwood et al. 1980): 

R = 6.4a::;; 
3600 

(2.44) 

The coefficients of variation for the compressive strength provided in Table 2.4 were also 

determined from relationships developed by Mirza et al. (1979): 

(2.45) 

where CVcstrR is the coefficient of variation of the in-situ compressive strength of concrete at a 

given load rate, C~cyl is the coefficient of variation of test cylinders, CV;n-test is the coefficient 

of variation of the test due to testing procedure, CV;n-situ is the coefficient of variation of concrete 

strength in a structure with respect to the compressive strength of test cylinders, and CVR is the 

coefficient of variation due to the rate of loading effect. 

The in-test variation, CVm-teso was taken by Mirza et al. (1979) as 4 percent; and the 

variation of concrete strength in a structure with respect to the test cylinders, cv;n-situ , was taken 

as 10 percent. The effect of loading rate on the variation of concrete strength was assumed to be 

negligible. Therefore, 

CVcstrR ::: ~CV~I + 0.0084 (2.46) 

Mirza et al. (1979) reported that the coefficient of variation of concrete cylinders was 

about 15 percent for "average control" for compressive strengths below 4000 psi (27.6 MPa). 

The standard deviation of concrete with compressive strengths above 4000 psi (27.6 MPa) was 

approximately constant at 600 psi ( 4.1 MPa) for "average control." As a result, the coefficient of 
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variation of concrete cylinders having a compressive strength of 5000 psi (34.5 MPa) was taken 

as 12 percent. The coefficient of variation of the in-situ compressive strength was estimated as 

18 percent and 15 percent for 3000 (20.7 MPa) and 5000 psi (34.5 MPa) concrete, respectively 

(Ellingwood et al. 1980). The coefficient of variation for the splitting tensile strength was 

assumed to be 18 percent for 3000 psi (20.7 MPa) to 5000 psi (34.5 MPa) concrete. The 

distributions of the compressive strength and splitting tensile strength were assumed to be 

normal, which were determined by Mirza et al. (1979) to be reasonable assumptions based on 

available data. 

Very limited data are available on the statistical properties of compressive strength and 

other material properties for HSC. Tabsh and Aswad (1995) reported statistical properties of 

compressive strength of the steam-cured, plant-produced HSC from producers in Pennsylvania. 

The results are shown in Table 2.5. The researchers found that the lognormal distribution is 

more appropriate for the compressive strength of HSC. 

Table 2.5. Statistical Parameters for Pennsylvania HSC (Tabsh and Aswad 1995). 
Parameter Warm Cold Season Year Long For f'c > 7 ksi I 

Season (48.3 MPa) i 

Bias Factor from Test 1.28 1.18 1.23 1.12 
CV from Test(%) 0.15 0.08 0.13 0.07 i 

In-situ Bias Factor 1.15 1.06 1.11 1.01 
In-situ CV (%) 0.17 0.12 0.15 0.11 

The in-situ bias factors in Table 2.5 were taken as 90 percent of the bias factor from the 

test. This is due to differences such as placing, curing conditions, bleeding of water in deep 

members, casting conditions, and stress contours in the member and test cylinders. The 

statistical parameters in Table 2.5 do not include an adjustment for load rate effects. The load 

rate of the in-situ compressive strength here is the same as that of the test cylinders, 35 psils 

(0.24 MPa/s). The coefficients of variation of the in-situ compressive strength were calculated 

using Equation 2.46, consistent with the development of the AASHTO LRFD Specifications. 
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Table 2.6 shows another analysis of the same data from the same authors (Tabsh and Aswad 

1997). 

Table 2.6. Statistical Parameters for Pennsylvania HSC by Compressive Strength Range 
(Tabsh and Aswad 1997). 

Compressive Strength Range Bias Factor from Test CV from Test (%) 

f'c 6000 psi (41.1 MPa) 1.396 0.125 

6000 psi (41.4 MPa) < f'c < 
1.208 0.076 

7000 psi (48.3 MPa) 
f'c > 7000 psi (48.3 MPa) 1.123 0.065 

Note: Data for bndge structures only 

Comparing the statistical parameters from Tabsh and Aswad (1995 and 1997) and 

Ellingwood et al. (1980), it can be seen that the HSC produced by precasters seems to have 

greater bias and a lower coefficient of variation. The lower variation of the material properties 

will result in lower overall variability of the resistance, and a higher bias for HSC will contribute 

to a higher mean resistance. Therefore, the study by Tabsh and Aswad indicates that there is a 

potential to increase the resistance factors used for the design of HSC members without reducing 

the target reliability index ( flr ). However, it should be noted that Tabsh and Aswad (1995, 

1997) and Ellingwood et al. (1980) reported a decrease in the bias factor with an increase in the 

compressive strength. Therefore, more studies may be needed to evaluate the effect of the 

decrease in the bias factor in the overall resistance and to determine an appropriate value for the 

development of a design code. 

The resistance of a structural member depends not only on the uncertainties in the 

material and geometry, but also on the uncertainties in the analysis method used. Ellingwood et 

al. (1980) suggested that the resistance could be assumed in the following form: 

(2.47) 

where Rn is the nominal resistance, M is the material factor (ratio of actual to nominal material 

properties), F is the fabrication factor (ratio of actual to nominal cross-sectional properties), and 
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P is the professional factor (ratio of in-situ capacity to the capacity determined using prediction 

models). The mean value of R (JJR) is calculated as: 

(2.48) 

where fJM, JJF, and fJp are the mean values of the M, F, and P factors, respectively. The 

coefficient of variation of R (CVR) is calculated as: 

cvR = Jcv~ + cv; + cv; (2.49) 

where CVM, CVp, and CVp are coefficients ofvariation of theM, F, andP factors, respectively. 

Resistance parameters for prestressed concrete members determined by Ellingwood et al. 

(1980) and Nowak et al. (1994) are summarized in Table 2.7 and Table 2.8 respectively. The 

data from Table 2.8 were used in the calibration of the AASHTO LRFD Specifications. The 

resistance parameters in both tables were obtained from Monte Carlo simulations using the 

concrete statistical parameters in Table 2.4. Moment-curvature analysis was used for the 

determination of mean flexural resistance for both studies. The mean shear capacity ( R) for the 

shear resistance parameters in Table 2.7 was predicted using the equation from Zsutty (1971), 

while the modified compression field theory (Vecchio and Collins 1986) was used for the 

estimation of shear resistance ( R) for the calculation of parameters in Table 2.8. The nominal 

moment and shear strength (Rn) presented in Table 2. 7 were determined using the 1977 edition of 

the ACI 318 design code (ACI Committee 318 1977). The nominal moment and shear 

resistances (Rn) in Table 2.8 were calculated using the 1989 edition of the AASHTO Standard 

Specifications (AASHTO 1989). The simulations were done using concrete with a compressive 

strength of 5000 psi (34.5 MPa) for the girders and a concrete with a compressive strength of 

3000 psi (20.7 MPa) for the deck. The professional factor was included in the simulation, along 

with the material and fabrication factors, for the resistance parameters in Table 2.7. On the other 

hand, in Table 2.8, Equations 2.48 and 2.49 were used to incorporate the professional factor to 
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the resistance parameters that were determined from simulations using only material and 

fabrication factors. 

Table 2.7. Resistance Parameters for Prestressed Concrete Members (Ellingwood 
et al. 1980). 

Bias Factor I 
Designation 

(RI Rn) 
CV(%) 

Flexure, Plant Precast Pretensioned Beams 1.06 8.0 
Flexure, Cast-in-Place Post-tensioned Beams 1.04 9.5 
Shear, Minimum Stirrups 1.00 19 
Shear, Moderate Stirrups 1.09 17 

le 2.8. Resistance Parameters for Prestressed Concrete Members (Nowak et al. 1994 
Bias Factor 

Designation - CV(%) 
(R/ Rn) 

Moment 1.05 7.5 
Shear with Steel 1.15 14 

2.4 IDGH STRENGTH CONCRETE 

This section provides a summary of the current literature on the microstructure, 

production, mechanical properties, and testing of HSC. 

2.4.1 Definition 

The definition of HSC has changed over the years. The strength level limit for defining 

HSC depends on the current practice and location. With the recent developments in concrete 

production technology, it is possible to produce concrete with a compressive strength of up to 

20,000 psi (138 MPa) commercially using conventional materials (Burg and Ost 1992). 

Therefore, concrete having a maximum compressive strength of 5000 psi (34 MPa), which was 
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considered to be high strength in the past, is now considered NSC (ACI 363 1997). The 

definition of HSC for this project is that defined by ACI Committee 363 (1997), which defines 

HSC as concrete with a compressive strength exceeding 6000 psi (41 MPa) made without using 

exotic materials or techniques. 

The term "HSC" is often used interchangeably with the term "high performance concrete 

(HPC)." Many investigators use the word high performance as a new term for HSC because, by 

using chemical and mineral admixtures to produce HSC, several other characteristics have also 

been improved consequently, such as workability and durability. On the other hand, some 

investigators define high performance concrete as concrete that meets some specific performance 

requirements such as workability, durability, or strength; it does not necessarily have a high 

compressive strength, although a majority of high performance concrete mixes exhibit high 

strength in addition to enhanced performance. ACI also defines HPC as concrete meeting 

special performance requirements that are not routinely met using conventional materials and 

normal practices (Russell 1999). 

2.4.2 Microstructure of HSC 

Concrete is a heterogeneous material, and its mechanical properties are influenced by the 

properties of its components and their interactions. Concrete can be divided into three major 

phases: hydrated cement paste, aggregate, and the transition zone. The mechanical properties of 

concrete are influenced by the microstructure features of these three phases, particularly the 

porosity of the hydrated cement paste and the transition zone, and the characteristics of the 

aggregate. Feret (1892) gave the expression that relates the volume of cement, water, and air to 

the strength of the hydrated cement paste as follows: 

!' =k c 
( )

2 

c c+w+a 
(2.50) 

where f 'c is the compressive strength of the hydrated cement paste; k is a constant; and c, w, 

and a are the volume of cement, water, and air, respectively. The volume of air entrapped in the 
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cement paste is usually only a small percentage and can be neglected. Therefore, for cases where 

air content is small, this equation can be rewritten as (Aitcin 1998): 

(2.51) 

A reduction in the water-cement ratio increases the strength of the hydrated cement paste. 

The water-cement ratio affects the microstructure and strength of the hydrated cement paste. 

During the early stage of hydration, when there is an abundant supply of water and sufficient 

space between cement particles, the hydration products react outside the original boundary of the 

cement particles. These products of hydration, often called "outer products," are composed of 

large crystals of hydration products and contain a large amount of voids. As the hydration 

continues, the water supply in the system becomes scarce. This condition favors the formation 

of hydration products inside the original boundary of the cement particle. These hydration 

products, called "inner products," have fewer pores and are poorly crystalline which give them 

the higher strength. As a result, the fracture of the hydrated cement paste often passes through 

the outer products (Attcin 1998). Therefore, the strength of concrete can be increased by 

promoting the formation of the inner products. This can be done by reducing the water-cement 

ratio. 

The transition zone adjacent to the coarse aggregate is usually weaker than the bulk 

cement paste because the bleeding water tends to accumulate around the coarse aggregate, 

resulting in a cement paste with a higher water-cement ratio near the aggregate. Maso (1980) 

reported that the structure of the transition zone is composed of ettringite and large calcium 

hydroxide crystals formed in oriented layers. This results in a more porous structure in the 

transition zone. Another cause of the reduced strength of the transition zone is the presence of 

microcracks in this zone. The amount of microcracks depends on the water-cement ratio, the 

cement content, the size and gradation of aggregate, the consolidation of fresh concrete, and the 

curing history (Mehta and Monteiro 1993). The reduced strength of the transition zone is often 

the reason why the strength of concrete is usually lower than that of the cement mortar with the 

same water-cement ratio and cement content. 
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2.4.3 Production 

Because the water-cement ratio is one of the most important factors affecting the strength 

of concrete, the objective in proportioning HSC is to minimize the water-cement ratio as much as 

practicable without sacrificing other properties, such as workability and durability. In addition, 

the production cost must be reasonable. ACI Committee 211 (1993) provides guidelines for 

proportioning HSC mixes with portland cement and fly ash. 

The composition of portland cement in the United States has to conform to the American 

Society of Testing and Materials (ASTM) standard specification C 150 (2000a). Portland 

cement is mainly composed of four compounds: dicalcium silicate (C2S), tricalcium silicate, 

tricalcium aluminate (C3A), and tetracalcium aluminoferrite (CotAf). The hydration of cement 

paste can be taken as the combination of the hydrations of each compound under similar 

conditions. Typical hydration reactions of each compound are as follows (Taylor 1997): 

C3A (Without Sulphate): 

C3S2H4+CH 

(C-S-H) 

C3Sz~+3CH 

(C-S-H) 

2C3A + 27H ~ C~H19 (or C4AH13) +CzARs 

(Hexagonal hydrate) 

C3A (With Sulphate): 
-

CcAS3H32 

(Ettringi te) 
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2C3A.I4 

(Cubic hydrate) 



- -
C6AS 3H32 + 2CJA + 4H 3c~SH12 

(Monosulphoaluminate hydrate) 

where C stands for CaO, S stands for Si02, A stands for Ah03, F stands for Fe20 3, S stands for 

S03, H stands for H20, and CH stands for Ca(OH)2. 

The hydration product that contributes to strength is the calcium silicate hydrate (C-S-H) 

from the hydration of calcium silicates. The hydration process and the product of hydration of 

the C4AF are similar to those of C3A. 

The rheological properties and strength properties of the same type of portland cements 

may vary considerably when they are used with a superplasticizer in a low water-cement ratio 

mix. Mehta and Aitcin (1990) reported that high tricalcium aluminate (C3A) contents in cement 

could result in the rapid hardening of fresh concrete by increasing the formation of ettringite. As 

a result, more water is needed to obtain sufficient workability and the hardened concrete may 

contain large voids. Such cement should be avoided for the production of HSC. 

In some cases, the coarse aggregate for HSC has to be carefully selected because the 

hydrated cement paste can be as strong as the aggregate itself. The size of the coarse aggregate 

in HSC is usually smaller than that in NSC. Smaller particles of coarse aggregates are generally 

stronger than large particles because the size reduction eliminates internal defects in the particles 

(Mehta and Artcin 1990). Moreover, smaller aggregates have less stress concentrations around 

them so bond failure is not prevalent. Shapes and surface textures of both coarse and fine 

aggregates are also important. Crushed aggregates are more commonly used than river gravels 

because of their additional mechanical bond. 

One aspect that distinguishes the production of HSC from NSC is the use of various 

admixtures. An important admixture is a high-range water-reducing admixture, commonly 

known as a superplasticizer. Because the amount of water needed for complete hydration is 

much less than the amount needed for workability, the role of the superplasticizer is to reduce the 
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amount of water required for a given consistency by giving cement particles negative charges. 

The repulsive force from electrostatic charges leads to the dispersion of cement particles. By 

dispersing cement particles, not only does the fresh concrete have better workability, but also the 

hydration process is greatly improved because more cement particles are better dispersed and are 

available to react with water. Consequently, the hardened concrete tends to have higher strength 

because of the reduced water-cement ratio and better hydration. Superplasticizers can be 

classified based on their chemical base as (Aitcin 1998): 

• melamine sulfonate or polycondensate of formaldehyde and melamine, 

• naphthalene sulfonate or polycondensate of formaldehyde and naphthalene sulfonate, 

• lignosulfonate-based, or 

• polyacrylates. 

The choice of the superplasticizer should not only be based on the cost, but also on the 

compatibility with the cement and other admixtures used. Incompatibility of the cement and 

superplasticizer can result in slump loss shortly after mixing. However, it is not possible at this 

time to determine the compatibility analytically from the properties of the cement and the 

superplasticizer; this has to be done experimentally. 

Fly ash and silica fume are often used in HSC as a mineral admixture. The silica fume is 

a by-product of silicon metals or silicon alloys. The composition of these admixtures is mostly 

SiOz with a typical mean particle size similar to and much smaller than cement particles (Aitcin 

1998). The SiOz reacts with water and lime (CH) from the hydration ofC2S and C3S to produce 

calcium silicate hydrate (C-S-H), which is the strength-contributing component. The additional 

reactions are as follows: 

2CzS + 5H 

c3sz~+3CH 

(C-S-H) 

C3S2H4 + 3CH 

(C-S-H) 
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2Si02 + 3CH + H 

(SF) 

In fresh concrete, silica fume's small spherical particles help improve the workability by 

acting like ball bearings (Altcin 1998). Silica fume's high specific surface area also increases the 

water demand of concrete. This results in reduced bleeding and a more compact structure in the 

transition zone. In addition, the fine particles help fill the pores between cement particles and 

reduce the porosity of concrete, thus increasing the strength and reducing the permeability of 

concrete. Silicon fume is usually used in low quantities between 3 and 1 0 percent of the mass of 

cement (Altcin 1998). A higher dosage of silica fume results in a small increase of strength but 

requires substantially more superplasticizer to maintain the workability of fresh concrete, 

resulting in a smaller cost-benefit ratio. 

Fly ash particles are mostly solid and spherical, but often hollow and angular-shaped 

particles are formed. Fly ash is categorized into two classes, class C fly ash and class F fly ash. 

Class C fly ash is derived from the burning of lignite or subbituminous coal, found mostly in the 

southern and western United States. Typically, class C fly ash contains less than 50 percent of 

Si02, Ah03, and Fe203 and greater than 10 percent of CaO. Class F fly ash is obtained from 

burning anthracite or bituminous coal, found in the eastern United States. Class F fly ash 

contains less than 10 percent of CaO. Class C fly ash is more reactive than the class F fly ash. 

The benefit of using fly ash is to increase the workability by the ball bearing effect and to reduce 

bleeding. It also helps reduce the temperature of the fresh concrete, preventing cracking of 

concrete due to exothermic reactions, which result in high temperatures and thermal gradients. 

Fly ash is often used in large quantities. ACI Committee 211 (1993) recommends 15 to 

25 percent replacement for class F fly ash and 20 to 35 percent replacement for class C fly ash. 

Other constituents such as fibers, polymers, epoxies, and specially processed aggregates may be 

added to produce very HSC having compressive strengths up to 80,000 psi (550 MPa) (Burg and 

Ost 1992). Such HSC is out of the scope of this investigation. 
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Curing is also critical for HSC. HSC has a very low water content, so it does not bleed 

as much as NSC. Therefore, without proper curing after placing, shrinkage cracks may develop 

on exposed surfaces (ACI Committee 363 1997). Water curing is the most common type of 

cunng. For prestressed concrete production, where turnover time is critical, it can be 

advantageous to implement steam curing to accelerate the hydration process, especially in a cold 

climate. The rate of hydration of concrete, like any chemical reaction, is increased with 

increasing temperature. However, the long-term strength could be adversely affected by steam 

curing because the thermal expansion of air bubbles in the cement paste induces tensile stresses 

and causes very fine cracks (Neville 1996). These cracks actually result in a reduction of 

strength at all ages, but at early ages, the increase in the strength due to accelerated hydration 

offsets the reduction in the strength due to cracking. 

2.4.4 Mechanical Properties of HSC 

As a result of the low water content, the behavior of HSC may be different from low 

strength or NSC. Many relationships between material properties developed for NSC are not 

appropriate for HSC, and new relationships have been developed. Some of these relationships 

are described in the following subsections. 

The strength of concrete is viewed as a series of links where the weakest part of the chain 

controls the strength. In NSC having higher water-cement ratios, the hydrated cement paste and 

the transition zone are usually weaker than the aggregate. Therefore, the strength of aggregate 

has very little influence on the strength of concrete when the failure occurs in the hydrated 

cement paste (HCP) and the transition zone. On the other hand, reduction of the water-cement 

ratio greatly improves the structure of the transition zone. The bond between the cement and 

aggregate is very strong. In many cases, the failure plane passes through the hydrated cement 

paste and the aggregate. Hence, the aggregate can be the weakest link in HSC. In addition, HSC 

has a denser and stronger cement paste and transition zone. The following sections review the 

current knowledge of the mechanical properties of HSC. 
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2. 4. 4.1 Stress-Strain Characteristics 

Typically, the ascending part of the stress-strain curve of HSC has a greater linear 

portion than that of NSC. The curvature of the stress-strain curve can be attributed to the 

formation of microcracks. The microcracks in NSC usually form at a stress level of 

approximately 40 percent of the compressive strength, where the stress-strain curve departs from 

the linear trend. For HSC, the bond between the aggregate and mortar is stronger, resulting in 

fewer microcracks and a higher stress level at which the microcracks begin to form (Carrasquillo 

et al. 1981 b). Therefore, the stress-strain curve of HSC retains its linearity up to a higher stress 

level than that of NSC. In addition, it was also found that the strain at the maximum stress was 

greater in HSC (Carrasquillo et al. 198la). Typical stress-strain curves of NSC and HSC are 

shown in Figure 2.4. 

Figure 2.4. Typical Stress-Strain Curves of Concrete (Carrasquillo et al. 198la). 
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2. 4. 4.2 Compressive Strength 

Compressive strength is the most common material property used in the design of 

concrete structures. Its importance lies in the fact that concrete is strong in compression but 

weak in tension. In the ASTM C 39 standard (1999b), the compressive strength is tested using 

6x12 inch (150x300 mm) or 4x8 inch (lOOx200 mm) cylindrical specimens. Test specimens 

may be made in the laboratory, cast in the field, or cored from an existing structure. 

The compressive strength of concrete is influenced by several factors including time, 

water-cement ratio, constituent materials, curing conditions, mixture proportions, gradation of 

aggregates, use of admixtures, and the method of testing. The factor that is considered the most 

important is the water-cement ratio. HSC typically has a lower water-cement ratio when 

compared with NSC. A higher water-cement ratio leads to higher void content. The relationship 

between porosity and compressive strength of concrete is defined as (Neville 1996): 

(2.52) 

where fc is the strength of concrete with porosity p , where p is defined as a ratio of the 

volume of voids and the total volume of concrete, fc,o is the strength at zero porosity, and n is a 

coefficient. 

The compressive strength at 28 days is the most common value specified in the design of 

most NSC structures. For prestressed concrete, where high early strength is usually required, the 

compressive strength at the time the prestressing strands are released (usually at 24 hours) is also 

specified. The compressive strength at 56 or 90 days is sometimes used as a long-term strength, 

especially when mineral admixtures are used. ACI Committee 209 (1992) uses the following 

equation to predict the development of compressive strength with time: 

(2.53) 
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where (/'J1 is compressive strength at time t in days, (f'c) 28 is the compressive strength at 

age of 28 days, and a and P are constants. Typical values of a and p are shown in Table 2.9. 

Table 2.9. Values of the Constant a and P(ACI Committee 2091992). 
Type of Curing Moist Cured Steam Cured 
Cement Type Type I Type III Type I Type III 

a 4.0 2.3 1.0 0.70 
p 0.85 0.92 0.95 0.98 

The failure under uniaxial compression of HSC is somewhat different from NSC. In 

NSC, numerous bond microcracks at the coarse aggregate interface are connected together by the 

cracks through the mortar as the load increases to form complex combined cracks that eventually 

lead to the failure. The coarse aggregate in the NSC acts as a crack arrestor. Therefore, there are 

many potential failure planes formed before ultimate failure occurs. The strength of the 

aggregate has little or no influence on the strength ofNSC, unless the aggregate is weak and very 

porous, because large pores and microcracks at the transition zone prevent effective stress 

transfer between the aggregate and hydrated cement paste (Mehta and Artcin 1990). In HSC, the 

number of bond microcracks is less because of the higher tensile bond strength and better 

compatibility of the elastic properties and strength of the coarse aggregate and mortar 

(Carrasquillo et al. 1981b). The formation of combined microcracks occurs at a higher load. 

The number of potential failure planes in HSC is less than in NSC because once the failure plane 

is developed, it grows continuously and passes through the aggregate, resulting in sudden failure. 

The coarse aggregate is no longer a crack arrestor (Neville 1996), and the strength of the 

aggregate becomes an important factor in the strength of the concrete. 

2.4.4.3 Modulus of Elasticity 

The modulus of elasticity is one of the most important properties for prestressed concrete 

applications because a significant amount of the predicted prestressing loss is due to the elastic 

shortening of the concrete, which depends on this property. The modulus of elasticity is 

typically determined from the slope of the stress-strain curve of concrete under uniaxial 
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compression. There are several different definitions of modulus of elasticity, namely secant 

modulus, tangent modulus, and initial modulus. ASTM C 469 (1994b) defines the modulus of 

elasticity as the secant modulus of the stress-strain curve from a strain of 50 J.lS to a stress equal 

to 40 percent of the compressive strength at the age of testing. 

The modulus of elasticity of concrete depends on the age, water-cement ratio, the 

modulus of elasticity of the coarse aggregates used in the mixture, the type of cement, the load 

rate, the type of specimen, and the testing conditions. Many relationships have been developed 

to predict the modulus of elasticity from the compressive strength, which is easier to test and is 

usually found to verify that the specified design strength has been met. Moreover, the many 

factors that influence the modulus of elasticity are the same as those influencing the compressive 

strength. The following formula is recommended by the ACI Committee 318 (1999) and 

AASHTO LRFD Specifications (2000) to predict the modulus of elasticity ofNSC: 

E = 33wt.5 IF' c c VJ c (2.54) 

where Ec is the modulus of elasticity in psi, we is the unit weight of concrete in lb per fe (pet), 

and f 'c is the compressive strength in psi. The unit weight of concrete is included in the 

estimation formula because the modulus of elasticity of concrete is affected by the stiffness of 

the aggregate. The stiffuess of aggregate is directly related to its porosity, and the unit weight of 

concrete is the easiest way to estimate the porosity of aggregate (Mehta and Monteiro 1993). 

For HSC, ACI Committee 363 (1997) recommended the following empirical 

relationship, based on the work of Carrasquillo et al. (1981a): 

( )

1.5 

Ec = ( 40, OOO.JT': + 1 06
) we 

145 

45 

(2.55) 



where the variables have the same definition and units as in Equation 2.54. Note that this 

equation is the same as the equation recommended by the Canadian Code A23.3-94 (Canadian 

Standards Association 1994). 

There are many more equations recommended by different standards and investigators 

that may be suitable for certain strength ranges, specific types of applications, or particular 

regions. The following is a list of prediction formulas in recent literature and standards: 

Gardner and Zhao (1991) (in GPa): 

Ec = 9(/'J113 for f'c > 27 MPa (2.56) 

Norwegian Code (1992) (in GPa): 

E = 9 .5(/' )0
·
3 _!!_ GPa 

( )

1.5 

c c 2400 
(2.57) 

where p is the unit weight of concrete in kg/m3
• 

CEB-FIP Model Code 1990 (CEB 1993) (in GPa): 

E =21.5 _c (/ ' )1/3 
c 10 (2.58) 

where Ec in this case is defined as the tangent modulus of elasticity at the origin of the stress­

strain diagram at the age of 28 days. The equation can be used to predict the modulus of 

elasticity from a specified compressive strength, fck , by substituting the mean compressive 
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Baalbaki (1997) (in GPa): 

Ec = K
0 
+0.2f'c GPa (2.59) 

where Ko is the factor depending on the type of aggregate ( Ko 9.5 GPa for sandstone 

aggregate, Ko 19 GPa for granite aggregate, and Ko 22 GPa for limestone aggregate). A 

comparison of these formulas is shown in Figure 2.5. Note that a unit weight of 150 pcf(2400 

kg/m3
) is used in the plot. 
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Figure 2.5. Comparison of Prediction Formulas for Modulus of Elasticity of Concrete. 

Baalbaki et al. ( 1992a) reported that the modulus of elasticity of HSC is not controlled by 

the weaker hydrated cement paste as in NSC because the low water-cement ratio can cause 

hydrated cement paste to be as strong as, or stronger than, the aggregate. Thus, the modulus of 

elasticity prediction formula for NSC cannot be used for HSC. In their study, they compared the 

prediction formulas for modulus of elasticity of HSC and found that the ACI 363 formula 

performed better than the CEB-FIP Model Code 1990 (CEB 1993) and Norwegian Code 
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formulas. They found that the ACI 363 formula can predict the values of the moduli of elasticity 

of concrete made with limestone, quartzite, and granite aggregate with relatively good accuracy. 

However, significant error occurred when using this formula for concrete made with sandstone. 

2.4.4.4 Splitting Tensile Strength 

Even though concrete is not used primarily to resist tension, the tensile strength of 

concrete is of importance because it controls the cracking stress. Because the direct tensile test is 

very difficult to perform due to the difficulties in gripping and aligning test specimens in a 

testing machine, indirect tensile tests such as the splitting tensile test and the flexural strength 

test are usually performed instead. The tensile strength from the splitting tensile test is 

considered a close approximation of the direct tensile strength (Raphael 1984). In the CEB-FIP 

Model Code 1990 (CEB 1993), the splitting tensile strength is considered to be 90 percent of the 

direct tensile strength. The splitting tensile strength of concrete plays an important role in 

determining the shear resistance of prestressed concrete members. Splitting tensile strength is 

tested by loading a concrete cylinder on its side. The cylinder fails by induced tensile strength in 

the loading plane. 

The splitting tensile strength is approximately 5 to 10 percent of the compressive strength 

of concrete and about 70 percent of the flexural tensile strength (Dewar 1964). Mokhtarzadeh 

and French (2000a) also reported that the ratio between the splitting tensile strength and 

compressive strength was between 5 and 8 percent with the average of 6 percent. ACI 

Committee 318 ( 1999) recommended the following equation for the estimation of the splitting 

tensile strength from the compressive strength of concrete: 

J; ==6.7ff. (2.60) 

where J; is the splitting tensile strength in psi and f 'c is the compressive strength in psi. This 

equation is not developed specifically for HSC. For HSC, Carrasquillo et aL (198la, 1982) and 

ACI 363 (1997) recommended the following formula to predict the splitting tensile strength for 

normal weight concrete: 
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J; 7.4..J/': psi for 3000 psi< f'c < 12,000 psi (2.61) 

This equation is the same equation as specified by AASHTO LRFD Specifications (2000) for 

prediction of the splitting tensile strength of concrete. 

Many investigators and standards also report recommended prediction formulas for the 

splitting tensile strength based on the compressive strength. Some of these are listed here: 

Raphael (1984): 

J; = 1.7(/'J213 for f'c < 7000 psi (2.62) 

Ahmad and Shah (1985): 

J; = 4.34(/'Jo.ss for f'c < 12,000 psi (2.63) 

Oluokun (1991): 

J; = 1.38(/'J0.69 (2.64) 

Burg and Ost (1992): 

J; = 7.3..J/': for moist-cured specimens (2.65) 

CEB (1993): 

(2.66) 
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The equation can also be used to predict the splitting tensile strength from a specified 

compressive strength, fc~~: , by substituting the mean compressive strength, f 'c , by ( fc~~: + 8 ) 

MPa. 

The comparison of the above formulas is shown in Figure 2.6. 

Compressive Strength (MPa) 

35 55 75 95 

8 

Figure 2.6. Comparison of Prediction Formulas for Splitting Tensile Strength of Concrete. 

Many factors influence the relationship between compressive strength and splitting 

tensile strength, including the strength level, the size and type of aggregates, the water-cement 

ratio, the cement content, the curing conditions, and the use of air entrainment admixtures (Mirza 

et al. 1979). 

2.4.4.5 Modulus of Rupture 

In designing prestressed concrete girders, the prestressing force required and the location 

of prestressing tendons are usually controlled by the allowable tensile stress at the top and 
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bottom of the beam. The allowable tensile stress is based on the flexural tensile strength of the 

concrete measured as the modulus of rupture. It is important to limit the tensile stress at the 

extreme fiber because cracking can expose prestressing strands to environments that promote 

corrosion, which can result in the loss of prestressing force and ultimately lead to failure of the 

member. 

The modulus of rupture is determined by loading a concrete beam at third points such 

that, in the middle third of the beam, there is no shear force and the bending moment is constant 

(ASTM 1994a). The failure will occur at the weakest area in the middle third section. 

Carrasquillo and Carrasquillo (1987) found that the standard deviations of the moduli of rupture 

tested using third-point loading were lower than those tested using center-point loading. In 

addition, the center-point loading yielded the modulus of rupture value approximately 14 percent 

higher than that of third-point loading. This behavior is because the failure section in the center­

point loading is not necessarily the weakest section. 

The modulus of rupture tends to overestimate the true tensile strength of concrete 

because it is calculated based on a linear stress distribution over the specimen depth instead of 

the actual parabolic distribution. However, this test is a good representation of the tensile 

strength of concrete in typical application, because concrete is used more in flexural tension than 

in direct tension. 

Because the modulus of rupture test reqmres a relatively large spectmen and the 

variability of the test results can be large, ACI Committee 318 (1999) and AASHTO LRFD 

Specifications (2000) recommend the following empirical formula to predict the modulus of 

rupture from the compressive strength, which can be more easily tested: 

fr = 1 .s.Jf': (2.67) 

where fr is the modulus of rupture in psi and f 'c is the compressive strength in psi. 
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Carrasquillo et al. (1981a) and ACI 363 (1997) recommended that for HSC the 

coefficient be increased for the relationship between compressive strength and the modulus of 

rupture: 

/,. = 11.7jl'; for 3000 psi< f'c < 12,000 psi (2.68) 

Other prediction formulas reported in the current literature are also listed here: 

Raphael (1984) and Ahmad and Shah (1985): 

/,. = 2.3(/ 'J213 for f 'c < 12,000 psi (2.69) 

Burg and Ost (1992): 

/,. == 12.4jl'; for moist-cured specimens (2.70) 

CEB (1993) (in MPa): 

(2.71) 

where hb is the depth of beam (mm) and ho is equal to 100 mm. The equation can be used to 

predict the modulus of rupture from a specified compressive strength, fc~c , by substituting the 

mean compressive strength, f 'c , by ( fc~c + 8) MPa. 

Khayat et aL (1995) (in MPa): 

/,. = 0.23 + 0.12/'c- 2.18x 10--4(/'J2 (2.72) 

Figure 2. 7 provides a graphical comparison of these formulas. 
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Figure 2.7. Comparison of Prediction Formulas for Modulus of Rupture 
of Concrete. 

2.4.4. 6 Creep and Shrinkage 

2.4.4.6.1 General 

Creep and shrinkage of concrete are both considered important factors in prestressed 

concrete members because they result in the loss of prestressing force. Creep is defined as the 

time-dependent deformation of concrete under sustained stress. Shrinkage is the time-dependent 

deformation of concrete from the loss of water through evaporation and chemical reactions. It is 

difficult to separate the effects of creep and shrinkage. 
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2.4.4.6.2 Shrinkage 

Shrinkage can be categorized into four types: 

a. Plastic shrinkage occurs from the loss of water while the concrete is still in the plastic 

state. The loss of water can be from the evaporation at the top surface or infiltration of 

water into the sub-base. When the water is removed, it creates negative capillary 

pressures and causes the volume of paste to contract. HSC is more susceptible to plastic 

shrinkage than NSC because it has less bleeding water due to the low water-cement ratio 

and typically more paste volume. 

b. Autogenous shrinkage is the volume change that takes place after the concrete hardens by 

the withdrawal of water from the capillary pores by the hydration of the unhydrated 

cement. Concrete with very low water-cement ratios, as is the case for HSC, has been 

found to have greater autogenous shrinkage than NSC (Neville 1996). 

c. Drying shrinkage is caused by the withdrawal of water from the concrete surface. Some 

part of drying shrinkage is recoverable upon rewetting. However, the large amount of 

drying shrinkage that occurs during the first drying is irreversible. The irreversible part 

of the shrinkage varies linearly with the porosity of the cement paste. As a consequence, 

the water-cement ratio and the degree of hydration affect the irreversible shrinkage 

because they influence the porosity. The irreversibility is strongly affected by the drying 

history of the concrete because of changes in bonding and pore size distribution. 

d. Carbonation shrinkage occurs as a result of the reaction of carbon dioxide in the 

atmosphere and calcium silicate hydrate (C-S-H) in the hardened cement paste. The 

amount of carbonation shrinkage depends on the relative humidity. At very high relative 

humidities, carbonation shrinkage is small because the water prevents the diffusion of 

carbon dioxide into the paste. Carbonation shrinkage is also small at very low relative 

humidities (less than 25 percent) because the amount of water is insufficient for carbon 

dioxide to form carbonic acid that will react with the C-S-H. 
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The most important type of shrinkage in NSC is the drying shrinkage. The autogenous 

shrinkage of NSC is usually small and can be neglected. However, it was found that the 

autogenous shrinkage of HSC could be very significant. Ailcin ( 1998) commented that the 

standard shrinkage testing method (ASTM C 157) was not appropriate for HSC because a large 

portion of autogenous shrinkage occurring at early ages (before 24 hours) is not measured. 

Shrinkage of concrete is influenced by many factors. The most important factors are the 

following: 

• Ambient conditions: Drying shrinkage is greatly affected by the relative humidity; the 

lower the relative humidity, the higher the rate of shrinkage. The temperature also affects 

the maturity of concrete, which influences the ability of concrete to resist deformation. 

• Water-cement ratio: The water-cement ratio affects the shrinkage in two ways. First, as 

the water-cement ratio increases, the strength and the stiffness of the cement paste 

decrease. The decrease in the stiffness of the cement paste makes it more susceptible to 

deformation. Second, the increase in the water-cement ratio increases the porosity of the 

hardened cement paste. As a result, the shrinkage potential increases. 

• Aggregate: Aggregate restrains the cement paste from shrinking. Therefore, the 

shrinkage of concrete is considerably less than that of cement paste. Key factors in 

resisting shrinkage are the modulus of elasticity and the surface textures of the aggregate; 

the higher the modulus of elasticity and the rougher the surface of the aggregate, the 

lower the shrinkage of concrete. 

• Cement content: For a given water-cement ratio, an increase in cement content increases 

the shrinkage of concrete. This is because it reduces the amount of aggregate that can 

resist the shrinkage. HSC tends to have higher cement content than NSC and, therefore, 

can exhibit more shrinkage. 

• Member size and shape: Because the magnitude of drying shrinkage depends on the 

amount of water loss, concrete with more exposed surface area exhibits higher rate of 
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shrinkage because water can travel to the surface at a faster rate. This factor is usually 

expressed in term of a volume-surface ratio. 

• Age at first exposure to dry conditions: Concrete exposed at early ages to dry conditions 

can exhibit more shrinkage. This early shrinkage can be a result of water loss from the 

concrete microstructure. 

• Effect of carbonation: Carbonation has a significant influence on the shrinkage in areas 

where carbon dioxide concentration is high. 

2.4.4.6.3 Creep 

Creep can also be categorized into two types: 

a. Basic creep: Basic creep is the creep that occurs when there is no moisture exchange to 

the environment. It is measured on sealed specimens. 

b. Drying creep: Drying creep is the difference between the total creep of unsealed 

specimens and the basic creep. 

Creep is usually expressed in terms of a creep coefficient, which is the ratio of creep 

strain to elastic strain. The magnitude of creep is affected by the ambient conditions, water­

cement ratio, cement content, aggregate quantity and type, and member geometry in the same 

manner as shrinkage. In addition, creep is affected by: 

• Age at loading: Concrete having higher strength has greater resistance to deformations. 

Therefore, concrete loaded at later ages will exhibit less creep strain. HSC has been 

found to be more sensitive to the age of loading than normal and medium strength 

concrete (Khan et aL 1997), and significantly higher creep occurred when HSC was 

loaded at very early ages (less than 24 hours) than at later ages. 

• Magnitude of stress: Creep strain is proportional to the applied stress at lower stress 

levels. For NSC, the limit of proportionality is between 40-60 percent of the compressive 
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strength. The limit is due to the extent of microcracks in concrete. However, HSC 

develops microcracks at a higher level of stress. Therefore, the proportionality limit of 

HSC is higher. Smadi et al. (1987) found that the limit was about 20 percent higher than 

that ofNSC. 

• Temperature: An increase in temperature increases the rate of creep. 

2.4.4.6.4 Prediction Equations 

At this time, accurately predicting creep and shrinkage is challenging because there are 

many factors affecting these characteristics and these factors are not independent from each 

other. Many investigators have proposed several prediction formulas with different levels of 

complexity, but none of them has been widely accepted as an accurate model. Descriptions of 

some of the more common models are as follows. 

The AASHTO LRFD Specifications (2000) recommends the following equation for the 

prediction of creep: 

(2.73) 

where lf/(t,t) is the creep coefficient defined as a ratio between the creep strain and the initial 

strain from the sustained load. His the relative humidity in percent, t is maturity of concrete in 

days, 1_; is the age of concrete in days when the prestressing force was applied, kc is the correction 

factor for the effect of the volume-surface ratio, and kt is the factor for the effect of concrete 

strength. The factors kc and kt are determined from: 

k =[26e0.36~V/S) +f](}.80+1.77e-0.54(V/S)J 
c t 2.587 

45+1 

(2.74) 
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k, 
1 

(2.75) 

0.67+(~ ') 

where VIS is the volume-surface ratio in inches and f'c is the specified compressive strength at 

28 days (ksi). 

The AASHTO LRFD Specifications (2000) provides the following relationships for 

estimating the shrinkage of concrete: 

(2.76) 

where tis the drying time in days, ks is the size factor, and kh is the humidity factor. The factors 

ks and kh are determined from: 

k = [ 26eo.36:vts) + t ](1064 -94(V/S)) 
s t 923 

45+t 

(2.77) 

140-H 
kh = for H~ 80% 

70 
(2.78) 

kh = 3(100-H) for H> 80% 
70 -

(2.79) 

where His the average ambient relative humidity in percent. 

The AASHTO LRFD Specifications (2000) also allows the use of other prediction 

formulas such as the CEB-FIP Model Code 1990 (CEB 1993) and the ACI Committee 209 

(1992) formulas. 
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ACI Committee 209 (1992) recommends equations for the prediction of creep and 

shrinkage for both normal and lightweight concrete, using either steam curing or moist curing, 

and made with either Type I or Type III cement. Creep is predicted by the following equation: 

(2.80) 

where V1 is the creep coefficient defined as the ratio of creep strain to initial strain, vu is the 

ultimate creep coefficient, and t is the time in days after loading. 

The following equation is recommended by ACI Committee 209 (1992) for the 

prediction of shrinkage: 

(2.81) 

where tis the time in days after the end of curing, (esh)t is the shrinkage strain at time t, and 

(esh)u is the ultimate shrinkage strain. When the ultimate creep coefficient and the ultimate 

shrinkage are not available for the specific mix, they can be estimated from: 

(2.82) 

(2.83) 

where Yc and Ysh are products of correction factors for nonstandard conditions. There are 

correction factors for loading or drying ages, ambient relative humidity, average thickness of 

member, slump of fresh concrete, percentage of fine aggregate, cement content, and air content. 

Mokhtarzadeh and French (2000b) found that the drying shrinkage ofHSC (with 28-day 

compressive strengths from 8000 to 18,600 psi [55.2 to 128 MPa]) in their study was between 63 

59 



and 83 percent of values predicted by the ACI Committee 209 (1992) equations. Modifications 

to the ACI Committee 209 (1992) equations were suggested for the prediction of shrinkage of 

HSC. The researchers also recommend that the shrinkage for moist-cured HSC can be predicted 

as: 

(2.84) 

where (s,.h)u 530 J..lS. Researchers found the ACI Committee 209 (1992) equation for creep to 

be appropriate for HSC provided that the ultimate creep coefficient was determined from the test. 

The ultimate creep coefficient was found to be between 0.92 and 2.46 for HSC, as compared 

with the range of 1.30 to 4.15 for NSC reported by the ACI Committee 209 (1992). 

In the CEB-FIP Model Code 1990 (CEB 1993), a total strain at any time is the 

combination of initial strain at loading, creep strain, shrinkage strain, and thermal strain. The 

creep strain of concrete depends on time, magnitude of sustained stress, modulus of elasticity of 

concrete, age of concrete at loading, compressive strength of concrete, size and shape of the 

member (expressed as a ratio of the cross-sectional area and the perimeter of the member in 

contact with the atmosphere), ambient relative humidity, and the type of cement. The shrinkage 

of concrete depends on time, size and shape of the member, age at the beginning of shrinkage, 

ambient relative humidity, compressive strength, and the type of cement. The equations for 

creep and shrinkage are valid for normal weight concrete having compressive strengths from 

1,740 psi (12 MPa) to 11,600 psi (80 MPa). Khan et al. (1997) reported that the CEB-FIP model 

predicted creep results from their work reasonably well for normal, medium, and HSC with the 

exception of HSC loaded at very early ages. 

Bazant and Panula (1984) proposed a modification to their previous models (Bazant and 

Panula 1978a, 1978b, 1978c, 1978d, 1979a, 1979b) for prediction of creep and shrinkage of 

HSC. In the model, creep is expressed in terms of a creep function. The total creep strain is the 

summation of strain due to initial loading, basic creep, and drying creep as: 
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(2.85) 

where J(t,t') is the creep function defined as a strain at time t caused by a unit sustained stress 

applied at time t', E0 is the modulus of elasticity of concrete, C0 (t,t)is the basic creep, t0 is 

the time of drying, CAt,t',t0 ) is the drying creep, and Cp(t,t',t0 ) is the decrease of creep from 

drying before loading. The variables considered in the prediction of creep are ambient relative 

humidity, size and shape of the member, temperature, modulus of elasticity of concrete, 

compressive strength, density of concrete, type of cement, and proportions of coarse aggregate, 

fine aggregate, cement, and water. This model makes a distinction between the development of 

the basic creep and the drying creep, with the intent to make the prediction more accurate. 

Shrinkage strain can be predicted by using the following formula (Baiant and Panula 

1978a, 1984): 

(2.86) 

where esh (i, t0 ) is the shrinkage strain at time t when the drying began at time t0 , i = t- t0 is the 

duration of drying, es""" is the ultimate shrinkage strain, k, is a humidity dependence factor, and 

S(i) is the square-root ofthe hyperbolic law in time. The shrinkage strain depends on ambient 

relative humidity, modulus of elasticity of concrete, size and shape of the member, and 

temperature. 

Creep and shrinkage strains of HSC have been reported to be less than that of NSC 

because HSC usually hydrates much faster and attains a higher strength and modulus of elasticity 

by the age of loading. Therefore, there is a greater resistance to the deformation. In addition, the 

hydrated cement paste of HSC is denser and typically has smaller pores than that of NSC. The 

smaller pores and denser paste hinder the diffusion of water within the hydrated cement paste. 

As a result, deformations from creep and shrinkage of HSC are typically smaller than for NSC 

and take place at a much slower rate (Bazant and Panula 1984). 
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Smadi et al. (1987) studied the creep and shrinkage of concrete having 28 day 

compressive strengths ranging from 3000 to 10000 psi (20.7 to 68.9 MPa) and found that the 

long-term creep and shrinkage of HSC was lower than those of medium and low strength 

concrete. Hindy et al. (1994) reported a similar trend. The drying shrinkage of a 14,200 psi 

(98 MPa) concrete with a water-cement ratio of 0.22 was less than that of 11,600 psi (80 MPa) 

concrete with a water-cement ratio of0.28. On the other hand, Ngab et al. (1981) found that the 

shrinkage of HSC is slightly greater than that of NSC. But the creep coefficient of HSC was 

only 50 to 75 percent of that ofNSC. 

De Larrard (1990) studied the creep and shrinkage of concrete having a 28-day 

compressive strength between 8700 and 9400 psi (60 to 65 MPa) with and without silica fume 

and found that the autogenous shrinkage of HSC is higher than that of NSC but the drying 

shrinkage is lower. As for the creep, he reported that the basic creep and drying creep was less 

for the HSC than those of NSC samples. In concrete with the silica fume content greater than 

7 percent, the drying creep was nearly zero because the silica fume reduces the size of pores and 

lowers the permeability of concrete. Therefore, the creep of such concrete does not depend on 

the size of the member or the relative humidity. De Larrard's finding for the drying creep of 

silica fume concrete agrees with that of Buil and Acker (1985). 

Penttala and Rautanen (1990) compared the creep and shrinkage behavior and porosity of 

HSC made using several types of cement. Creep and shrinkage of low heat portland cement 

(Type IV) with silica fume, blast furnace slag cement, and rapid hardening cement (Type III) 

were compared with those of NSC made using Type III portland cement. It was found that the 

creep and shrinkage of the HSC was significantly lower than that of the NSC. The creep and 

shrinkage of HSC occurred quickly during the first 40 days. Measurements of weight loss 

showed that the shrinkage specimens had greater weight loss than the creep specimens. 

Therefore, the application of stress does not increase the loss of water by squeezing the water out 

of the pores but instead narrows the pores such that evaporation is prevented. As a result, the 

change in the ambient relative humidity does not affect the creep as much as it affects the 

shrinkage. 
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2.4.5 Effects of Testing Variables 

The measured mechanical properties of concrete can be affected by many variables in 

testing, such as specimen type, testing machines, and how the specimens are tested. These 

testing variables will contribute to the overall variances and biases of the material properties in 

the design of a structure and, consequently, the reliability of the structure. It is known that HSC 

is more sensitive to testing variables than NSC. Many effects that were considered insignificant 

for NSC can become pronounced for HSC. Therefore, the tolerance limits given in the current 

ASTM standards for NSC may not be sufficient to limit the variances and biases among 

laboratories in a satisfactory range. 

The following section is the review of current research on the effect of testing variables 

on compressive strength and other material properties of HSC. 

2.4.5.1 Specimen Size and Shape 

The standard cylindrical specimen size specified in ASTM C 31 (1998a) is 6x 12 inch 

(150x300 mm). However, a smaller specimen size such as a 4x8 inch (lOOx200 mm) cylindrical 

specimen is now widely used. The benefits of the 4x8 inch (lOOx200 mm) cylinder over the 

standard 6x 12 inch (150x300 mm) cylinder are less concrete required to be cast, easier handling, 

easier transportation, and less storage space. In addition, when the cylinder is made of HSC, the 

capacity of existing testing machines may be insufficient to fail a 6x 12 inch (150x300 mm) 

cylinder. Therefore, a smaller specimen may be needed for the test. 

The influence of the size of the specimen on the measured strength can be attributed to 

two effects, the compaction and the probability of the weakest link. The effect of size on the 

compaction depends on the relative size of the coarse aggregate and the mold. When the size of 

aggregate is large relative to the size of the mold, the coarse aggregate prevents concrete from 

being compacted densely near the wall of the mold. This effect is called the "wall effect." The 

poorly compacted concrete near the walls results in a lower strength of the specimen. ASTM C 

31 (1998a) requires that the mold size has to be at least three times the maximum size of the 

coarse aggregate to minimize this effect. 

63 



In addition, there can also be differences in the compaction of specimens having different 

sizes because there is no guarantee that compaction requirements specified for each size will 

result in the same degree of compaction. Carino et al. (1994) found that the specific gravities of 

4x8 inch (lOOx200 mm) cylinders were greater than the companion 6xl2 inch (150x300 mm) 

cylinders cast from the same mix. 

In the weakest link theory, the failure strength of concrete is controlled by the weakest 

part, not the average strength. When the specimen size becomes larger, there is a higher 

possibility that the specimen will contain a lower strength part and result in a lower measured 

strength. The variability of strengths among specimens also decreases with increasing size 

because the lower strength part that controls the strength will be more similar in each specimen. 

However, the size effect due to the weakest link may become insignificant when the specimen 

size increases to a certain size. 

The effect of specimen size on the compressive strength of concrete was found to be 

negligible for NSC (Gonnerman 1925, Forstie and Schnormeier 1981, Date and Schnormeier 

1984). However, for HSC, French and Mokhtarzadeh (1993) investigated the effect of cylinder 

size on the compressive strength and concluded that the 4x8 inch (100x200 mm) cylinders tested 

6 percent higher than the companion 6x12 inch (150x300 mm) cylinders. Similarly, Lessard et 

al. (1993) reported that the compressive strengths of 4x8 inch (lOOx200 mm) cylinders are 

5 percent higher than those tested using 6x12 inch (150x300 mm) cylinders for the compressive 

strength between 10,400 psi to 18,300 psi (72 to 126 MPa). However, Pistilli and Willems 

(1993) reported that there was no significant difference at 95 percent confidence between 

compressive strengths tested using 4x8 inch (lOOx200 mm) and 6x12 inch (150x300 mm) 

cylinders in the range of 4000 to 15,000 psi (27.5 to 103.4 MPa) when the cylinders were capped 

with sulfur mortar. For cylinder tests using polymer pads, the researchers found the difference 

was insignificant in the range of 4000 to 9000 psi (27.5 to 62.1 MPa). From 9000 to 16,000 psi 

(62.1 to 110.3 MPa), the 4x8 inch (100x200 mm) cylinders yielded higher strengths. Based on 

test data from various investigators, Carino et al. (1994) concluded that the compressive strength 

of 4x8 inch (lOOx200 mm) cylinders was expected to be about 4 percent greater than that of 

6xl2 inch (150x300 mm) cylinders, and this difference was independent of compressive 

64 



strength. Kim et al. (1999) used nonlinear fracture mechanics to explain the strength difference 

between cylinders of various sizes and height-diameter ratios. They found that the effect of 

compressive strength and maximum aggregate size was negligible within practical ranges. Using 

their proposed equation, the compressive strength of a 4x8 inch (1 00x200 mm) cylinder would 

be 3 percent higher than the companion 6x12 inch (150x300 mm) cylinder. 

The variation of the compressive strength results has also been investigated. Malhotra 

(1976) reported that 4x8 inch (lOOx200 mm) cylinders produce higher variability in the 

compressive strength than the 6x12 inch (150x300 mm) cylinders. Therefore, more specimens 

are required for 4x8 inch (100x200 mm) cylinders to achieve the same precision as 6x 12 inch 

(150x300 mm) cylinders. In contrast, a more recent study from Pistilli and Willems (1993) 

showed that the variances of 6x12 inch (150x300 mm) cylinders and 4x8 inch (lOOx200 mm) 

cylinders are not significantly different for compressive strengths from 2000 to 15,000 psi 

(13.8 to 103.4 MPa) and 2000 to 13,000 psi (13.8 to 89.6 MPa) when tested with sulfur caps and 

polymer pads, respectively. From 13,000 psi to 17,000 psi (89.6 to 117.2 MPa), 4x8 inch 

(1 00x200 mm) cylinders show lower variances than 6x 12 inch (150x300 mm) cylinders when 

tested with polymer pads. 

The size of test cylinders can also affect the failure mode ofHSC. Senor (1997) reported 

that the failure of larger specimens tends to be more brittle than that of smaller specimens. 

Very little data are available for the effect of size on the modulus of elasticity test of 

HSC. Baalbaki et al. ( 1992b) reported that the modulus of elasticity found using a 6 x 12 inch 

(150x300 mm) cylinder is approximately 5 percent higher than that found using a 4x8 inch 

(100x200 mm) cylinder. However, the consolidation method used in their study for 4x8 inch 

(lOOx200 mm) cylinders did not follow ASTM standard C 31 (1998a) or C 192 (1998c). 

Therefore, their results cannot be directly compared to others. Nevertheless, the researchers 

suggested that the difference in the modulus of elasticity might be attributed to the compaction in 

specimens of different sizes and the friction on the bearing plates of the testing machine. In 

contrast, Mokhtarzadeh and French (2000a) reported that the modulus of elasticity values of 

HSC tested using 4x8 inch (1 OOx200 mm) cylindrical specimens were 620,000 psi ( 4.3 GPa) 
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higher than those tested using 6xl2 inch (150x300 mm) cylindrical specimens for compressive 

strength between 8000 to 18,600 psi (55.2 to 128 MPa). 

Indirect tensile test results are also influenced by the size effect of the specimen. In 

general, the larger the specimen, the lower the strength. Malhotra (1970) found that for all three 

tensile strength tests (direct-tension test, ring-tension test, and splitting-tension test), the tensile 

strength values decreased with an increase in the size of the specimens. For the splitting-tension 

test, the measured strength tested by using 4x8 inch (lOOx200 mm) cylinders was approximately 

7 percent higher than the results from tests of 6x 12 inch (150x300 mm) cylinders. 

For creep and shrinkage tests, the size and shape of the test specimen affects the distance 

the water needs to travel to the surface. Therefore, the creep and shrinkage strains in test 

specimens are typically much higher than that of the structural member. To predict the creep and 

shrinkage in the actual structure from the test specimens, ACI Committee 209 (1992) uses an 

average thickness and a volume-surface ratio to account for the size and shape differences, 

respectively. The AASHTO LRFD Specifications (2000) uses only a volume-surface ratio in the 

prediction of creep and shrinkage. Bazant and Panula (1978a, 1979a, 1980) included the effect 

of size and shape in terms of a volume-surface ratio and shape factors for their prediction 

models. 

2.4.5.2 End Preparation 

For the compressive strength and modulus of elasticity tests, it is important that the ends 

of the concrete cylinder specimen are perpendicular to the longitudinal axis and sufficiently 

smooth such that the load from the testing machine can be applied to the specimen without 

resulting in stress concentrations that can reduce the apparent strength. To achieve this level of 

smoothness, additional end surface preparation is required. For NSC, end preparation is usually 

done by capping with sulfur capping compound. For HSC, specimen end capping with sulfur 

capping compound can result in lower strength values if the compressive strength of the capping 

is lower than that of the concrete. However, due to the confinement effect, it may be possible to 
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use a capping compound with a lower cube strength than the cylinder strength of concrete to cap 

the ends of the specimen, provided that the cap thickness is small enough. 

In the past decade, polymer pads became an alternative way to cap the ends of a concrete 

cylinder specimen. The polymer pad (usually made with neoprene) is placed snugly in a metal 

retaining ring. The neoprene will deform to the contour of the ends of the specimen to prevent 

high localized stresses and will result in better load distribution. The retaining ring is used to 

prevent the pad from expanding laterally and prevents induced tensile stresses (Carino et al. 

1994). This method has several benefits over sulfur capping. First, it can be done immediately 

before the test, reducing the time required for specimen preparation. Second, the pads are 

reusable so the test is very economical. Lastly, it is safer to use when compared with the use of 

sulfur compound, which has risks associated with toxic fumes and handling of hot liquid. 

In the case of NSC, neoprene pads have been shown to produce results comparable to 

those obtained using sulfur caps (Ozyildirim 1985). However, at higher strength levels, the pads 

tend to flow out of the restraining ring, resulting in higher compressive strengths due to end 

confinement. Therefore, it is important to select an appropriate hardness of pads for the level of 

the strength of concrete tested. Neoprene pads with a shore A durometer hardness of 70 are 

specified in ASTM C 1231 (2000b) for use with concrete having compressive strengths from 

7000 to 12,000 psi (48.3 to 82.7 MPa). 

Carrasquillo and Carrasquillo (1988b) compared the compressive strength of cylinders 

capped with sulfur compound and two different polymer cap systems. For polyurethane caps 

having durometer hardness values of 40 and 50, the compressive strength was within 5 percent of 

the results from sulfur caps in the range of 4000 to 10000 psi. The compressive strengths up to 

11,000 psi (75.8 MPa) of cylinders tested using neoprene caps with durometer hardness values of 

70 were within 3 percent of the compressive strength values obtained from sulfur caps. At 

strengths higher than 10000 psi (68.9 MPa) for polyurethane caps and 11,000 psi (75.8 MPa) for 

neoprene caps, the pads produced higher strength results. This could be because of the 

inadequacy of sulfur capping for higher strengths of concrete, either material or capping 

procedure, or the confinement effect at the ends of the cylinders when polymer pads were used. 
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The researchers also investigated the effect of the size of the rings on the measured compressive 

strength and found that the compressive strength was independent of the ring dimensions. The 

dimensions of the rings only affected the damage of the polymer inserts. 

Another alternative to capping is grinding the ends of the specimen. Grinding is 

considered the best method of end preparation for HSC. Because there is no effect of capping, 

this method is considered to give the true compressive strength of concrete. However, it is very 

time consuming and expensive. Therefore, it is usually only used in research. The compressive 

strength from ground cylinders was found to be, on average, 2.1 percent higher than the 

compressive strength from sulfur-capped cylinders (Carino et al. 1994). 

French and Mokhtarzadeh (1993) reported that the compressive strength values of HSC 

(9000 to 15,000 psi [62.0 to 103.4 MPa]) tested using unbonded neoprene caps is similar to 

results obtained from samples with ground ends and about 1 percent higher than compressive 

strength values of cylinders capped with high strength capping compound. Similar results were 

obtained from Pistilli and Willems (1993). It was concluded that, for 4x8 inch (IOOx200 mm) 

cylinders, there is no significant difference between compressive strength values when using 

sulfur caps and polymer pads with cylindrical test specimens with a compressive strength below 

13,000 psi (89.6 MPa). 

The effects of neoprene capping pads on the variation of compressive strength have been 

reported extensively in the literature. According to the data from Ozyildirim (1985), the use of 

these pads was found to be not statistically different from samples tested with sulfur capping for 

concretes having compressive strengths up to approximately 5500 psi (37.9 MPa). This result 

agrees with the data from a more recent study of Pistilli and Willems (1993). It was found that 

the test variability is not statistically different between sulfur capping and neoprene capping in 

the compressive strength range of 2000 to 7000 psi (13.8 to 48.3 MPa) for 6x 12 inch 

(150x300 mm) cylinders and 2000 to 10000 psi (13.8 to 68.9 MPa) for 4x8 inch (lOOx200 mm) 

cylinders. Above these ranges, the sulfur capping had greater variability at 95 percent 

confidence level. The possible reason is that the strength of sulfur becomes lower than that of 

concrete. Carrasquillo and Carrasquillo ( 1988b) also found that the compressive strength from 
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both polyurethane and neoprene pads were more uniform than the compressive strength from 

sulfur caps. Richardson (1990) investigated the effects of testing variables on the compressive 

strength tested with neoprene caps and sulfur caps. It was found that many testing variables, 

while affecting the compressive strength tested using sulfur caps, did not cause the compressive 

strengths to be statistically different from those of standard specimens when tested using 

neoprene caps. 

2.4.5.3 Other Considerations 

In addition to the size and end preparations of the specimen, there are many other factors 

that can affect the test results of HSC. These factors are discussed in this section. 

Several investigators reported slightly lower compressive strengths for specimens cast in 

single use plastic molds than that of cylinders cast in reusable steel molds. French and 

Mokhtarzadeh (1993) found that compressive strengths from specimens cast in steel molds were 

2.5 percent higher than those cast in plastic molds. Hester (1980) explained that the strength 

difference came from the difference in the degree of compaction. The consolidation is more 

effective with rigidly constructed molds. Carino et al. (1994) observed that the density of the 

concrete cylinders cast in single-use plastic molds were lower than the same concrete cast in 

heavy gage steel molds, confirming the conclusion from Hester (1980). However, Carrasquillo 

and Carrasquillo (1988a) reported no strength difference between 4x8 inch (lOOx200 mm) 

cylinders cast in rigid steel, plastic, or cardboard molds, but the steel molds resulted in 

compressive strengths about 5 percent higher than those using plastic molds for 6x 12 inch 

(150x300 mm) cylinders. Another possible explanation for the strength difference may be the 

ability to retain the shape of the plastic cylinders. Plastic cylinders can deform slightly and 

produce an out-of-round specimen. Richardson (1990) found that, for specimens that are only 2 

percent out-of-round, significantly different compressive strengths could occur for concrete 

having compressive strengths between 2700 to 16,000 psi (18.6 to 110.3 MPa). 

The stiffuess of the testing machine has been reported to affect the compressive strength 

test. A longitudinally stiff machine is generally preferred to avoid the explosive failure mode. A 
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laterally stiff testing machine is also preferred in order to obtain a uniform rate of loading when 

the specimen is eccentrically loaded (Carino et al. 1994). However, Carino et al. (1994) reported 

that there are conflicting data regarding the effect of the testing machine stiffness on the 

compressive strength value. 

The rate of loading can also affect the compressive strength. It is generally known that 

the faster the rate of loading, the higher the measured strength. It is important to use the standard 

load rate in testing so that the test result is comparable with others. However, Carrasquillo et al. 

(198la) reported that HSC was not affected as much as NSC by different load rates. 
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3 EXPERIMENTAL PROGRAM 

The objective of the experimental project is to evaluate several important material 

properties for the design of prestressed concrete and their relationships to each other, as well as 

statistical parameters such as the bias factor and coefficient of variation of each property. This 

project consists of collecting samples from prestressed concrete manufacturers (precasters) and 

then testing the material properties in the laboratory. 

3.1 COLLECTION OF SAMPLES 

To evaluate the material properties of HSC for the design of prestressed concrete 

members, the concrete used in this project must be the same materials and mixture proportions as 

those used to cast the actual members so that the variability in the materials and mixing 

procedures can be captured. HSC samples were collected from several precasters in Texas to 

identify variability in HSC produced in the state. Because the properties of HSC can be 

influenced by many factors, the precasters to be used in the project were selected to provide a 

good representation of the precasters in the state who produce prestressed concrete bridge 

girders. The following sections address the selection of the precasters and the collection plan. 

3.1.1 Selection of Precasters 

TxDOT identified a total of eight precasters as suppliers of prestressed bridge girders for 

TxDOT projects. Each of the eight precasters was contacted to gather information on plant 

production practices and product details. Three of the eight precasters were selected as 

representative plants from which samples would be collected for the material testing program. 
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The main selection criteria used include the following: 

• Geographical location: It is desirable to choose plants that are in different parts of the 

state because the climate and materials source influence the design of concrete mixture 

proportions. Nevertheless, due to the limitation in the ASTM standard C 31 (1998a) that 

the transportation time to the laboratory should not exceed four hours, some precast 

plants that required significantly more travel time were not selected. 

• Production capacity: Production capacity of a plant is determined by the volume of 

concrete produced annually. It is important to include plants with different production 

capacities because of possible differences in the number of mixes used, quality control, 

and other production practices. 

• Member types produced: This project focuses on girders used in longer span Texas 

highway bridges, particularly AASHTO Type IV girders and Texas U beams. 

• Ability to produce HSC: The plant must be able to produce HSC. 

• The frequency of HSC work: It is desirable to determine the variability in HSC that is 

produced on a routine basis versus HSC produced infrequently at a plant. 

• Willingness to participate in the research project. 

Table 3.1 provides a summary of information obtained through interviews with the eight 

precasters. Information relevant to the eight precasters as a group is given, along with specific 

information for each of the three selected precasters. 
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Table 3.1. Summary of Precaster ( uestionnaires. 
Description 

All Precasters Precaster A Precaster B Precaster C 
Parameter 

Location South Texas Central Texas Central Texas 
Mostly A, B, C, 

TxDOTType TxDOTType 
andAASHTO TxDOTType 

A, B, C, and U, A, B, and C, 
Section Types Type IV. Some A, B, C, and U, 

AASHTOType AASHTO 
Provided Produce U AASHTO 

IV, and Various Type IV, 54, 
Beams and Box Type IV 

Box Sections 72, VIM 
Sections 

Annual Production Range from 
280,000 (2) 166,000 (1) 225,000 

(fllvear) 56000 - 890,000 

Standard Release 
Range from 

8000 4000-6500 -
Strength 4000-8000 
Supplied 

Design 
Range from 

4000-9000 (3) 5000-8000 4000-10000 . (psi) 5000-11000 

6250-8000 6250-8000 
Release 8000 Release Release > 9000 psi HSC Definition 

7000-9000 9000 Design 7000-9000 
Design Design 

Everyday for 
4-5 Projects/ 

HSC Production 
Rarely-Everyday Year (30,000 Regularly 

Frequency 6000-8000 psi 
ft/year) 

Ability to Provide 
Yes for 6 out of Strengths Other 

Yes Yes No 
! than Standard 8 Precasters 

Strengths 
Ability to Supply 

Yes for 2 out of Yes No 0.6 inch (15 mm) Yes 
(U Beams only) 8 precasters 

Diameter Strands 

Test Performed to 
Compression, Compression, 
Modulus of Modulus of 

Compression Compression Obtain Concrete 
Rupture (If Rupture (If 

• Properties 
Requested) Requested) 

Specimens Used 
4x8 inch 

4x8 inch (100x200 mm) 4x8 inch 4x8 inch 
for Testing of 

or 6xl2 inch (lOOx200 mm) (lOOx200 mm) (lOOx200 mm) 
Compressive 

(150x300 mm) Cylinder Cylinder Cylinder 
I Strengths Cylinder 
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Table 3.1. Summary of Precaster Questionnaires (Continued). 
Description 

All Precasters Precaster A Precaster B 
Parameter 

WetMatand 

WetMatand 
May-Oct: Wet Tarps in 

First 24 
Tarps, Steam 

Mats and Warm 
Hours Tarps Weather, 

Curing, Water 
Nov-Apr: Steam Curing Curing Pond 

Conditions Steam Curing in Cold 
Weather 

No Curing, 
Cure until the 

After 24 
Cure until the 

Release 
Hours 

Release 
Strength is 

No Curing 
Strength is 

Reached 
Reached 
Cost of 

Production, 
Problems with 

Heat of 
the Heat of 

Hydration, 
Availability of Hydration, 

Limitations in Release 
Producing HSC Strength Not 

Local Release 

Met in One 
Materials Strength not 

Day, 
Met in One 

Availability of 
Day 

Materials 
8-10 Mixture 
Proportions 

More Cement 
Seasonal Variations in 

Depending on 
and 

Mixture Proportions 
Mostly Yes Time, 

Admixtures 
Weather, 

During Winter 
Temperature, 
and Strength 

Limits on the Ambient Most Cannot 

Temperature during Cast in Very 
No 

UseTxDOT 

Casting Low Specification 
Temperature 
Some Do Not 
Have, Some 

Plant Certification HaveTxDOT, PCI PCI 
OK DOT or 

PCI 
Notes: 

(1) Calculated by LF = 100ft/beam x no. ofbeams produced 
(2) Calculated by LF = 50,000 cyd/ (0.18 cyd/ft) 
(3) Compressive strength up to 14,000 psi has been produced 
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3.1.2 Sample Collection Schedule 

The collections of concrete samples were categorized into several compressive strength 

ranges so that the effect of strength level on the relationships of material properties and their 

statistical parameters could be evaluated. Because many precasters did not design a specific 

mixture proportion for each project, it was not possible to obtain several mixture proportions 

having different mixture design compressive strengths to complete the entire experimental plan. 

In addition, the required nominal design compressive strength was deemed to be the critical 

selection criterion for the reliability study. Therefore, the selection of samples to be collected 

was based on the required 28-day compressive strength specified by the designer, rather than the 

mixture design compressive strength of the concrete mix. The plan was to collect the samples in 

the following compressive strength classes: 

• 6000 ± 1000 psi (41.1 ± 6.8 MPa) 

• 8000 ± 1000 psi (55.2 ± 6.8 MPa) 

• 10000 ± 1000 psi (68.9 ± 6.8 MPa) 

Although it would be desirable to test mixes for compressive strengths greater than 10000 

psi (68.9 MPa), these higher strengths were not available from the selected precasters during the 

testing program. 

It was initially expected that there would be a variation between concrete mixture 

proportions and curing methods during the summer and winter based on initial interviews with 

the precasters. Therefore, two collections, a summer collection and a winter collection, of each 

compressive strength class were required from each precaster to account for this variability. 

However, it was later found that two of the three selected precasters do not have different 

mixtures for different seasons and use the same mixture for both summer and winter. For the 

precaster that has different mixtures, it was found that the time of casting is often more 

significant in the selection of the mixture proportions than the ambient temperature. Therefore, 

the seasonal effect was not considered in later collections. Nevertheless, two collections of the 

same strength range were still collected from each precaster to account for possible variations of 
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the mix. For each collection day, two sets of concrete specimens were collected from two 

different batches of the same mixture proportion. The purpose of having two sets was to 

determine the variation of concrete properties between batches with the same mixture 

proportions. This reflects the quality and consistency of the hatching and mixing of concrete. 

Table 3.2 shows the sample collection plan for each precaster. A minimum of six visits to each 

precaster were required (two for each of the three strength classes), for a total of 18 sample 

collections (36 batches). 

a e .. T bl 3 2 S ample 0 ec IOn 1 C ll f PI an per p t recas er. 

Compressive Strength Range Set 1 Set2 
Batch 1 Batch 2 Batch 1 Batch 2 

6000 ± 1000 psi (41.1 ± 6.8 MPa) ./ ./ ./ ./ 

8000 ± 1000 psi (55.2 ± 6.8 MPa) ./ ./ ./ ./ 

10000 ± 1000 psi (68.9 ± 6.8 MPa) ./ ./ ./ ./ 

It should be noted that there were three collections where the required compressive 

strengths were not based on the actual specified compressive strength of a girder in production, 

but rather the specified strength given by the research team. This was because these strength 

requirements were not available during the testing program. Precasters were asked to provide 

mixtures that they would use for an actual structure for the given specified strength. Details on 

the compressive strength requirements and mixture proportions for each set of samples collected 

are provided in Appendix A. 

3.1.3 Collection Protocol 

The following sections discuss the selection of specimens, the casting of specimens, and 

the curing of specimens. 
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3.1.3.1 Selection of Specimens 

Four inch (100 mm) by eight inch (200 mm) cylindrical specimens were used to evaluate 

the compressive strength, modulus of elasticity, splitting tensile strength, and creep. These 

specimens were used for the following reasons: 

• To prevent the wall effect on the compaction, the smallest dimension of the specimen 

must be at least three times the maximum size of the aggregate. For the precasters used 

in this research, the maximum size of aggregate was less than 1 inch (25 mm). 

Therefore, the use of 4><8 inch (100><200 mm) cylinders was deemed adequate. 

• Only one truck was required to transport the specimens back to the laboratory when using 

the smaller 4><8 inch (100><200 mm) specimens. 

• The capacity of the testing machine limits the maximum compressive strength that can be 

tested safely using standard 6><12 inch (150><300 mm) specimens. 

• Based on the current literature, the difference in the strengths between the 6>< 12 inch 

(150x300 mm) and 4x8 inch (100><200 mm) cylindrical specimens is expected to be 

small (on the order of 3 to 5 percent). 

• The 4><8 inch (100><200 mm) specimens were used for the compressive strength tests 

conducted at each of the precast plants that participated in the project. Therefore, using 

the same specimen size allows a more direct comparison between the strength from the 

laboratory and the strengths determined by the precasters. 

• The 4x8 inch (lOOx200 mm) specimens were used in the development of many of the 

ACI Committee 363 (1997) formulas for determining properties of HSC. Again, direct 

comparison could be done if the same specimen size was used. 

• Past research in Texas on HSC (Gross and Bums 2000, Myers and Carrasquillo 1998) 

used 4><8 inch (100x200 mm) cylinders. 
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The compressive strength and the splitting tensile test required three specimens per batch 

for each test. Two specimens per batch were required for each test of the modulus of elasticity. 

The beam specimens for the flexural strength (modulus of rupture) test were 6x6x20 

inches (150xl50x500 mm), the smallest size allowed to be cast in the field by the ASTM C 31 

(1998a). The span length used in the test was 18 inches (450 mm), resulting in a 1 inch (25 mm) 

overhang on each side of the support. Three beam specimens were required from each batch for 

the modulus of rupture test. 

The test specimen size for the shrinkage tests was selected based on the maximum 

aggregate size used by the precasters. A prism of 4x4xll.25 inches (lOOxlOOx285 mm) was 

used because this is adequate when all the aggregates pass a 2 inch (50 mm) sieve. Two to three 

specimens were cast for each batch. 

The specimens were tested at the age of 7, 28, and 56 days. The total numbers of 

specimens required per trip were 72 cylinders, 18 beams, and four to six prisms. Additional 

specimens were added to these numbers to allow for damage to specimens that could occur 

during the transportation or during preparation for testing. The specimen types and sizes and the 

number of specimens required for each test are summarized in Table 3.3. 
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Table 3.3. Summary of Specimen Types and Number of Specimens Required for Each 
Batch. 

Number of Specimens 
Standard Test Method Specimen Type and Size Required 

Per Age Tested Total 

Compressive Strength 
Cylinder, 4x8 inch 

3 9 (100x200 mm) 

Modulus of Elasticity 
Cylinder, 4x8 inch 

2 6 l (lOOx200 mm) 

Splitting Tensile Strength 
Cylinder, 4x8 inch 

3 9 (lOOx200 mm) 
Beam, 6x6x20 inch I 

Flexural Strength 
(150x 150x500 mm) 3 9 

Creep 
Cylinder, 4x8 inch - 3 (lOOx200 mm) 

Shrinkage 
Prism, 4x4x 11 Y4 inch 

2-3 (lOOx100x285 mm) -

3.1.3.2 Field Casting of Specimens 

For most collections, test specimens were cast at the same time the precasters were 

casting girders. The fresh concrete used in the casting was sampled directly from the concrete 

used for the girders. Two sets of specimens were made for each collection: one was collected 

near the beginning of the pour, and the other was collected near the end. Approximately 7.0 ff 
(0.18 m3

) of concrete was needed for each set of specimens. 

The specimens were cast according to ASTM C 311C 31M (1998a). All cylinders except 

the creep specimens were cast in single-use plastic molds. Cylindrical specimens used in the 

creep test were cast in reusable steel molds. The reason for this is that the steel molds have 

better dimension stability than the plastic molds. It is considered important for the creep test 

because the specimens have to be capped with sulfur and stacked one on top of the other in a 

creep frame. If the side of the specimen is not perpendicular to the base, it will become difficult 

to obtain a perfectly level cap. Small inclinations of the caps of each specimen can produce a 

large inclination at the top when they are stacked together. It was observed that the plastic molds 

are approximately 1116 to 118 inches (1.6 to 3.2 mm) larger in diameter at the top of the cylinder 

than at the bottom. Although this difference is still within the allowable limit specified in ASTM 
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C 470 (1998d), the steel molds were used to minimize error in the creep test. The beam molds 

for the modulus of rupture test and the prism molds for the shrinkage test were also reusable steel 

molds. A thin layer of hydraulic oil was used to coat the steel molds to prevent concrete from 

bonding with the molds. It was unnecessary to coat the single-use plastic molds. 

All the specimens were compacted by means of manual tamping. The dimensions of the 

tamping rods were governed by the dimension of the molds according to ASTM C 31 (1998a). 

Table 3.4 provides a summary of the compaction requirements for each specimen type. 

After compaction, the top surface of each specimen was finished using a trowel. The 

total casting time for each batch was approximately 45 minutes. The casting environment was 

not controlled, but the ambient temperature and humidity at the time of casting were recorded. 

The temperature at the time of casting ranged from 60 to 125 °F (16 to 52 °C), and the relative 

humidity ranged from 40 percent to more than 98 percent. 

a e • . T bl 3 4 C ompac Ion eqmremen s or ac ipecimen ype. f R t ti E hS T 

Specimen Type and Size Number of Layers 
Number ofRoddings per 

Layer 
Cylinder, 4x8 inch 

3 25 
(lOOxZOO mm) 
Prism, 4x4x 11 I;4 inch 

2 45 (1 OOx 1 OOx285 mm) 
Beam, 6x6x20 inch 

2 60 (150x150x500 mm) 

3.1.3.3 Curing and Sample Preparation 

After finishing the casting, all cylinders in plastic molds were covered with plastic lids. 

All other specimens were covered with plastic sheets to prevent moisture loss from evaporation. 

All specimens were then covered with wet burlap and plastic tarps to retard the evaporation. 

Figure 3.1 shows specimens in the field after finishing, before being covered with wet burlap and 

plastic tarps. Specimens were cured overnight at the precast plant. On the next day, all 
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specimens were loaded on a truck and transported back to the laboratory. The transportation 

time ranged from 2 to 3 hours. During that time, moisture loss was prevented by means of wet 

burlap covers and plastic tarps. Immediately upon arrival at the laboratory, specimens were 

unloaded and removed from the molds, labeled, and stored in a moist room for fmal curing. The 

temperature and humidity in the moist room were controlled at 73 ± 3 °F (23 ± 2 °C) and greater 

than 98 percent, respectively. 

Figure 3.1. Specimens after Finishing. 

ASTM C 157 ( 1999c) requires that an initial reading of shrinkage specimens must be 

taken at 24 ± Y:z hours after casting. As a result of this requirement, the specimens cast in the 

morning were removed from the molds at the precast plant on the next morning and submerged 

in a lime solution at 73 op (23 °C) for 30 minutes before the initial reading was taken. After that, 

they were transported to the laboratory. During the transportation, the shrinkage specimens were 

stored in the lime solution. Upon arrival at the laboratory, they were transferred to another lime 

solution container in the moist room with a temperature-controlled environment until the second 

reading at the age of 28 days. For specimens cast in the afternoon, sufficient time was available 

to transport the specimens back to the laboratory before they reached the age of 24 ± Y:z hours. 

Therefore, the initial reading was taken at the laboratory. These specimens were then cured in 

the same manner as the morning cast shrinkage specimens until the second reading. 
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One day before testing, specimens were randomly selected for preparation for the tests. 

The specimens for the compressive strength test and the modulus of elasticity test were labeled, 

measured, and, when necessary, capped with sulfur compound according to ASTM C 61 7 

(1994c ). Splitting tensile strength test specimens were labeled and measured. Creep specimens 

were capped with sulfur mortar, and strain gages were glued on the surfaces according to the 

recommended procedures from the strain gage manufacturer. Plastic sheets and a water sprayer 

were used to keep the specimens moist when they were not being prepared. After the sample 

preparation was fmished, the specimens were taken back to the moist room until testing. 

The beam specimens for the modulus of rupture test were placed in water saturated with 

calcium hydroxide one day before the test. The temperature of the bath was the same as the 

laboratory temperature, which varied between approximately 70 and 75 °F (21 and 24 °C). 

On the testing day, all cylindrical specimens were placed on a cart and transported from 

the moisture room to the testing laboratory. Before being tested, the specimens were covered 

with plastic sheets to prevent moisture loss. A water sprayer was also used when needed to keep 

the specimen surfaces moist. 

The shrinkage specimens were stored in the lime-saturated water under a controlled 

temperature of 73 ± 3 °F (23 ± 2 °C) for 28 days before recording a second reading. ASTM C 

157 (1999c) requires that specimens be moved to a drying room with a temperature of73 ± 3 °F 

(23 ± 2 °C) and a relative humidity of 50 percent for air drying. However, due to the 

unavailability of a humidity-controlled room, the specimens were stored in a laboratory. The 

temperature and relative humidity in the laboratory were recorded at the time of shrinkage 

reading. The temperature of the laboratory room was approximately 70 to 75 °F (21 to 24 °C), 

and the relative humidity was between 40 to 50 percent. The specimens were placed on metal 

racks with a clearance of at least 1 inch on each side as required by ASTM C 157 (1999c). 
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3.2 TEST APPARATUS 

3.2.1 Testing Machines 

Three testing machines were used in the material testing program. These machines are 

all servo-controlled closed-loop hydraulically operated machines that can be programmed to run 

in a displacement-controlled or load-controlled mode. The three machines were manufactured 

by MTS with loading capacities of 20 kips (89 kN), 100 kips ( 445 kN), and 500 kips (2224 kN). 

They are located in the Texas Engineering Experiment Station (TEES) Testing, Machining, and 

Repair Facility (TMRF) on the Texas A&M University (TAMU) campus. 

The 500 kip (89 kN) MTS machine was used for all compressive strength tests, modulus 

of elasticity tests, and all splitting tensile strength tests. Some of the modulus of ruptures tests 

were done on this machine by changing the support and loading head. The time, displacement of 

the hydraulic piston, load magnitude, and strain readings from Linear Variable Displacement 

Transducers (L VDTs) (if used) were recorded with a computerized data acquisition system. 

The 20 and 100 kip (445 and 2224 kN) MTS machines were used for the flexural strength 

test of concrete beams. The time, displacement of the hydraulic piston, and load magnitude were 

recorded with a computerized data acquisition system. 

3.2.2 Neoprene Pads 

Commercially available neoprene pads and steel retaining rings were used for the 

compressive strength test and the modulus of elasticity test (see Figure 3.2). The neoprene pads 

had a durometer hardness of 70, determined according to ASTM D 2240 (2000c ). This is 

required by ASTM C 1231 (2000b) for HSC having compressive strength from 4000 to 12,000 

psi (27.6 to 82.7 MPa). Neoprene pads were changed frequently when damage occurred from 

testing or when the pads became worn. Usually they were replaced before 30 reuses. 
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Figure 3.2. Neoprene Pads in Steel Retaining Rings. 

3.2.3 Compressometer 

The compressometer shown in Figure 3.3 was used for the modulus of elasticity test. It is 

composed of two aluminum yokes. These yokes were attached to the cylindrical specimen by 

means of three screws on the perimeter spaced at 120 degrees from each other. The vertical 

distance between the yokes was 4.0 inches (100 mm). Two temporary support legs were used to 

keep the yokes at 4.0 inches (1 00 mm) apart during the installation and were removed before the 

test. Two L VDTs were installed 180 degrees from each other to measure the strain in the 

concrete. The L VDTs were connected to the computer that controls the testing machine so that 

the load and strain could be recorded simultaneously. 
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Figure 3.3. Compressometer. 

3.2.4 Aligning Jig 

An aligning jig, shown in Figure 3.4, was used to facilitate the splitting tensile tests by 

holding the plywood bearing strips and bearing bar in place. The jig was similar to that specified 

in ASTM C 496 (1996) but was scaled down for 4x8 inch (lOOx200 mm) cylindrical specimens. 
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Figure 3.4. Aligning Jig for SpJitting Tensile Test. 

3.2.5 Creep Frame 

Creep was tested using creep frames as shown in Figure 3.5. The frame was primarily 

composed of two springs, four threaded rods, and three metal plates. The springs were used to 

maintain constant load on the specimens. A circular steel plate and a steel ball were used at each 

end to adjust to the ends of specimens. The creep frame was loaded in the 500 kip (2224 kN) 

MTS testing machine to the desired load, compressing the springs. The nuts over the top plate 

were then tightened, and the load from the testing machine was released. Some elastic 

elongation in the rods occurred after the release of the load, resulting in a load loss. The amount 

of the elongation could be determined by measuring the change in the spring length before and 

after releasing the load. The load lost is equal to the product of the change in the spring length 

and the average stiffness of the springs. It was assumed that the deformation of the plates was 

negligible. Four smaller threaded rods were then placed adjacent to the specimens to help hold 

the cylinders in place during assembly and for safety purposes. Each frame accommodated four 

4x8 inch (lOOx200 mrn) cylinders and two 4x4 inch (lOOx lOO mm) concrete plugs. 
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Figure 3.5. Creep Frame at Loading. 

3.2.6 Length Comparator 

The change in length of the shrinkage prisms was measured with the length comparator 

shown in Figure 3.6. It was composed of a frame with an elevating screw and an anvil support 

for a contact point at the base and a digital gage at the top. An invar rod was used as a standard 

length to calibrate the digital gage before each reading. The difference in the lengths of the 

specimen and the invar rod can be read from the electronic display. The gage had a precision of 

0.000 I inch (0.0025 mrn). 
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Figure 3.6. Length Comparator. 

3.3 MATERIAL TESTING 

All the material properties reported were obtained from the tests conducted at T AMU, 

except the 1-day compressive strength data, which were obtained from testing performed by the 

precasters. A summary of data obtained in this project is shown in Table 3.5. The following 

section describes the test methods and procedures for each test conducted at T AMU. The testing 

notes provided in Appendix F describe any modifications that occurred during a test. 
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a e . . T bl 3 5 S ummaryo a a nc u e lD e rOJCC • f D t I l d d . th P . t 
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A 
Set 1 

A 
Set2 

B 
Set 1 

B 
Set 2 

c 
Set 1 

c 
Set2 

e :::-
-1< "' «< 
~,::, Q 

= Compressive = t' = CIJQ ;I Strength ·; if <.1 

~ Cl.l-
Q «< = u u 7 28 56 

6000 06/20/01 X X X 

8000 
09115/00 X X X 
06/18/01 X X X 

10000 06/25/01 X X X 
6000 03119/01 X X X 
8000 04/02/01 X X X 
10000 05/23/01 X X X 

6000 
09/20/00 X X X 
06/21/01 X X X 

8000 09/04/01 X X X 
10000 06/07/01 X X X 
6000 06/14/01 X X X 
8000 08/27/01 X X X 
10000 06/04/01 X X X 
6000 07/18/01 X X X 

8000 
09/25100 X X X 
06/13/01 X X X 

10000 09/07/01 X X X 
6000 04/04/01 X X X 
8000 04/26/01 X X X 
10000 04/24/01 X X X 

Notes: 
* = Nominal range 
X =Tested 
NT Not tested 

Test Ages 

Modulus of 
Splitting 
Tensile 

Elasticity 
Strength 

7 28 56 7 28 56 

X X X X X X 
NR NR NR X X X 
X X X NT NT NT 
X X X X X X 
X X X X X X 
X X X X X X 
X X X X X X 

NR NR NR X X X 
X X X NT NT NT 
X X X X X X 
X X X X X X 
X X X X X 
X X X X X X 
X X X X X X 
X X X X X X 

NR NR NR X X X 
X X X NT NT NT 
X X X X X X 
X X X X X X 
X X X X X X 
X X X X X X 

NR Not reported (insufficient data) 

3.3.1 Test Standards 

Modulus of 
Rupture 

7 28 56 

X X X 
X X X 

NT NT NT 
X X X 
X X X 
X X X 
X X X 
X X X 

NT NT NT 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 

NT NT NT 
X X X 
X X X 
X X X 
X X X 

Last 
Readine 

i: 4> 
ell :f";;; -= .._, ,.:..:..:.1: = 4> c. ·- Cl.l Cl.l .a~ e 
u 00 

NT NT 
NT NT 
NT NT 
NT 64 
670 64 
650 64 
600 64 
NT NT 
NT 64 
NT 64 
NT 64 
580 64 
510 64 
590 64 
NT 64 
NT NT 
NT NT 
NT 64 
650 64 
630 64 
630 64 

In this project, all tests are performed according to the appropriate TxDOT or ASTM 

standards. Precasters in Texas use the TxDOT standards. It was found that there is no 

significant difference between the procedures specified by the TxDOT standards and ASTM 

standards for all the tests conducted in this project. Therefore, the ASTM standards were 

followed for all the tests. The test methods and corresponding standards are summarized in 

Table 3.6. 
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a e . . T bl 3 6 S ummaryo es tan ar s. fT t S d d 
Test Method ASTM Standards TxDOT Standards 

Compressive Strength C 39/C 39M-99 Tex-418-A 
Modulus of Elasticity c 469-94 -

• Splitting Tensile Strength c 496-96 Tex-421-A 
Flexural Strength c 78-94 Tex-448-A 
Creep c 512-87 -
Shrinkage c 157-99 -

3.3.2 Compressive Strength Test (ASTM C 39/C 39M-99) 

Compressive strength was determined according to the standard ASTM C 39/C 39M 

(1999b) test method at the age of 7, 28, and 56 days. For each test date, three 4x8 inch (100 x 

200 mm) cylinders from each batch were randomly selected for testing. The specimens were 

loaded at a constant stress rate of 35 psi/s (0.24 MPals) until failure. The specimens were tested 

using neoprene caps because it was determined from early tests that specimens tested using 

sulfur caps did not provide consistent results. It is believed that this was due to the effect of the 

cap thickness and the shape of the specimen. It was found that when the cap was thick (as in the 

case when the ends of the cylinder are not perpendicular to its longitudinal axis), a low strength 

result can occur. It was also found that lower strength can result when the specimens are out-of­

round. The plastic molds were not sufficiently stiff to retain their cylindrical shape, especially 

on hotter days. Moreover, neoprene capping was used for verification of compressive strength 

by all precasters participating in the project. Using the same capping system eliminates an 

additional variable that could affect the results. 

3.3.3 Modulus of Elasticity Test (ASTM C 469-94) 

According to ASTM C 469 (1994b), the modulus of elasticity of concrete is defined as a 

secant modulus between the strain of 50 J..l.E to the stress of 40 percent of the compressive 

strength at the age of testing. The modulus of elasticity (E) is calculated as: 

(3.1) 
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where S2 is the stress corresponding to 40 percent of the ultimate load; S1 is the stress 

corresponding to the longitudinal strain c1 , which is approximately 50 Jl~; and c2 is the 

longitudinal strain at stress s2 . 

Two 4x8 inch cylinders from each batch were used for each test date for determining the 

modulus of elasticity. Both specimens were capped with neoprene pads. Another study was 

conducted to compare the effect of capping on the modulus of elasticity, and it was found that 

the result from sulfur mortar capping and neoprene capping were not statistically different (see 

Appendix C). A compressometer (Section 3.2.3) was used to measure the longitudinal strain. 

Cylindrical specimens were tested at a constant stress rate of 35 psi/s (0.24 MPa/s) up to 

approximately 40 percent of the average compressive strength. Each specimen was loaded at 

least three cycles as required by ASTM C 469 (1994b). Only the stress-strain relationships from 

the last two cycles were used for the calculation of the modulus of elasticity. Figure 3.7 shows 

the test setup. 

Figure 3.7. Modulus of Elasticity Test. 
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3.3.4 Splitting Tensile Strength Test (ASTM 496-96) 

Splitting tensile strength tests were perfonned by placing a 4x8 inch (lOOx200 mm) 

cylinder on its side between the upper and lower bearing blocks of the testing machine. An 

aligning jig (Section 3.2.4) was used for the majority of the splitting tensile tests to assist in 

aligning the cylinder, as shown in Figure 3.8. Two plywood strips, Ys inch (3 mm) thick by 

1 inch (25 mm) wide were placed between the specimen and the bearing blocks to help distribute 

the load unifonnly to the specimen. Three specimens from each batch were used for the test. 

The standard rate of loading was 150 psi/min (1.03 MPalmin) of tensile stress, or the equivalent 

of the load rate of7.5 kips/min (33.4 kN/min) for the 4x8 inch (lOOx200 mm) cylinders. 

Figure 3.8. Splitting Tensile Test. 

The splitting tensile strength was calculated as follows: 

T= 2P 
trld 

(3.2) 

where T is the splitting tensile strength (in stress units), P is the maximum applied load, I ts 

the average length of cylinder, and d is the average diameter of the cylinder. 
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3.3.5 Flexural Strength Test (ASTM C 78-94) 

Three 6x6x20 inch (150x150x500 mm) concrete beams from each batch were used to 

test the modulus of rupture. The test setup is shown in Figure 3.9. The span length of the 

support was 18 inches ( 450 mm). The load was applied at the third points at the rate of 

150 psi/min ( 1.03 MPalmin) of the tensile stress at the bottom fiber until the failure occurred. 

After failure, the width and depth at three locations and the location of failure of the beam were 

measured for the calculation of the modulus of rupture. 

Figure 3.9. Modulus of Rupture Test on 20 kip MTS Machine. 

The modulus of rupture, when the failure occurs between the loading points (all 

specimens tested failed in this mode), is calculated as: 

(3.3) 
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where R is the modulus of rupture (in stress units), P is the maximum load, Lis the span length 

of the beam specimen, b is the average width of the specimen, and d is the average depth of the 

specimen. 

3.3.6 Creep Test (ASTM C 512-87) 

Dimensional changes in the concrete cylinder result from movement of moisture, thermal 

changes, and creep. To evaluate the creep, the dimensional change resulting from moisture 

movement and temperature variation need to be determined and subtracted from the overall 

dimensional change. Three cylinders from each batch of a mixture were used for the creep tests. 

Two cylinders from a batch were loaded in the creep frame with another two cylinders from the 

second batch of the same mixture proportion collected on the same day. In addition, one 

cylinder from each batch was used as a control specimen to determine the drying shrinkage. 

Two strain gages were glued longitudinally on opposite sides of a specimen to measure the 

longitudinal strain. Another two strain gages were placed on a steel block. The strain gages 

used had a gage length of2 inches (50 mm). Because concrete is not a homogeneous material, a 

long gage length is needed to obtain a more accurate measurement. Some strain gages used on 

the steel blocks had a gage length of 0.125 inches (3.18 mm). A longer gage length is not 

necessary because steel is more homogeneous than concrete. 

The strain gages were connected in a Wheatstone bridge circuit to increase the sensitivity 

of the measurement and to reduce the number of channels required to record the data. In 

addition, the purpose of having strain gages on the steel block is to compensate for the 

temperature strains. Because the coefficient of thermal expansion of steel is similar to that of 

concrete, most of the thermal expansion in concrete can be canceled out by thermal strain 

measured from the steeL It is not possible to place the strain gages for thermal expansion on 

concrete because this would include the effect of shrinkage resulting from moisture loss. The 

strain gage configuration on the concrete specimen and the steel block are shown in Figure 3.10. 

Appendix D provides more details on the strain gage circuit. 
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The creep frames were loaded at the age of 7 days to a load of approximately 30 percent 

of the concrete compressive strength at that age using the 500 kip (2224 kN) MTS testing 

machine. The load in the creep frame was monitored over time by measuring the change in 

length of the spring. According to ASTM C 512 (1992), if the load changed by more than 2 

percent of the original load, it was necessary to readjust the load. Figure 3.11 shows the creep 

test frames. 

(b) Steel Block 
(a) Concrete Specimen (2 inch Gage Length) 

(c) Steel Block 
(0.125 inch Gage Length) 

Figure 3.10. Strain Gage Configuration. 

Figure 3.11. Creep Test Setup. 
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3.3.7 Shrinkage Test (ASTM C 157/C 157M-99) 

The shrinkage tests were performed according to ASTM C 157 (1999c). Two to three 

specimens of the same batch were used for the test. The change in length (shrinkage) was 

determined by comparing the length of a 4x4x 11 1,4 inch (1 OOx lOOx285 mm) concrete prism to 

the length of the reference invar rod using the length comparator. Before each reading, the 

comparator gage was calibrated by placing the reference rod in the comparator and resetting the 

gage reading to zero. The readings were taken at 1 day after casting (initial reading); at 28 days 

(second reading); at 4, 7, 14, and 28 days after the second reading; and at 8, 16, and 32 weeks 

after the second reading. The ambient temperature and relative humidity were also recorded at 

each reading. The change in length is calculated as: 

M = CRD- initial CRD x 100 
X G (3.4) 

where Mx is the change in length of the specimen in percent, CRD is the difference between the 

comparator reading of the specimen and the reference rod, and G is the gage length of 10 inches 

(250 mm). 

96 



4 EXPERIMENTAL RESULTS AND EVALUATION 

In this chapter, the methodology for the data analysis and a summary of the experimental 

results are presented. The experimental results include compressive strength, modulus of 

elasticity, splitting tensile strength, modulus of rupture, creep, and shrinkage data. Statistical 

analyses determined the mean, standard deviation, and bias factor for the compressive strength, 

modulus of elasticity, splitting tensile strength, and modulus of rupture. The effects of precaster, 

age of concrete, and specified strength level on the mechanical properties are investigated. An 

evaluation of prediction formulas for modulus of elasticity, splitting tensile strength, modulus of 

rupture, creep, and shrinkage is also presented. Test results and measurements of each specimen 

can be found in Appendix B. 

4.1 ANALYSIS OF DATA 

The data analysis is discussed in this section. The methodologies for determining the 

statistical parameters are described in Sections 4.1.1, 4.1.2, and 4.1.3 for mean, bias factor, and 

coefficient of variation, respectively. Section 4.1.4 outlines the methodology for determining the 

probability distribution of the data. Analysis of variances is discussed in Section 4. 1.5. Section 

4.1.6 describes the evaluation of the goodness of fit for prediction formulas. 

4.1.1 Mean 

In general, the mean (X) of a set of n data points, X"X2 , ... ,Xn, is calculated as: 

n 

- L:x~ 
X - 1=1 --- (4.1) 

n 

In the analysis, three types of mean (or average) value are calculated, namely batch 

average, mixture average, and average of mixture averages. 
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4.1.1.1 Batch Average 

The batch average is the average of the test results from the specimens within the same 

batch. Test results from three specimens are used to calculate the batch average for compressive 

strength, splitting tensile strength, and modulus of rupture. For the modulus of elasticity test, 

results from only two specimens are used. The batch average is considered to be the primary 

response variable because the material properties are usually obtained or verified from tests of 

samples within the same concrete batch. Batch averages are used in the calculation of the 

coefficient of variation within a mixture, as will be discussed later. 

4.1.1.2 Mixture Average 

The mixture average is calculated by averaging two batch averages from the same 

collection day. These two batches that are averaged have the same mixture proportion and 

specified (nominal) compressive strength. This mixture average value can be taken as an 

average strength of a prestressed beam because several batches are required to cast a beam. 

Mixture averages are used in the calculation of the coefficient of variation of mixture averages. 

4.1.1.3 Average of Mixture Averages 

The average value of mixture averages across various categories such as precaster, age, 

or strength categories (based on nominal strength) represents the strength characteristic in a 

particular group; for instance, compressive strength for concrete from Precaster A at the age of 

28 days. 

4.1.2 Bias Factor 

The bias factor is defined as the ratio of the mean value to the nominal (specified) value 

as: 
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(4.2) 

where JlR is the mean value that can be approximated by the sample mean X and Rn is the 

nominal value (specified value). The mean value is obtained from material testing, and the 

nominal value is specified by the designer. 

Bias factors are calculated for concrete at the age of 1 and 28 days. The 1-day bias factor 

is the ratio of the batch average of release strength (obtained from the precasters) to the specified 

release strength. The 28-day bias factor is calculated as the ratio of the batch average of the 

28-day compressive strength to the specified design strength. 

The bias factor value indicates the amount of additional strength provided in practice. A 

bias factor greater than one is desirable for design because the corresponding mean actual 

strength is greater than the design strength for this case. However, a bias factor much greater 

than one may not be economical. 

4.1.3 Coefficient of Variation 

Coefficient of variation ( CV) is defined as the ratio of the standard deviation to the mean. 

It measures the variability of the data from the mean value with respect to the mean. CV is often 

expressed in percent as: 

s 
CV =-::-X 100% 

X 
(4.3) 

where S is the standard deviation calculated by the following equation: 

n ( n J2 n~X/- ~xi 
n(n-1) 

(4.4) S= 
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For this project, four types of CVs are calculated. These CVs are described in the 

following sections. 

4.1.3.1 Coefficient ofVariation within a Batch 

The coefficient of variation within a batch ( CVsarch) is calculated from the test values 

from specimens of the same batch at the same age. For the compressive strength, splitting tensile 

strength, and modulus of rupture, the mean and the standard deviation of three specimens are 

used for the calculation of CVsarch· For modulus of elasticity, values from only two specimens 

are used. This coefficient of variation captures the variation of the concrete properties in a batch 

and any variation in the test procedures. 

4.1.3.2 Coefficient of Variation within a Mixture 

The coefficient of variation within a mixture ( CV Mix) is calculated from two batch average 

values from the same mixture. This coefficient of variation captures the variation of the concrete 

between the two batches. Therefore, it indicates the consistency of the proportioning and mixing 

processes. 

4.1.3.3 Coefficient of Variation of Mixture Averages 

The coefficient of variation of mixture averages ( CV Mu:Avg) is calculated from several 

mixture average values for a particular material property. This coefficient of variation captures 

the variation of a mechanical property within a group, such as the variation among precasters. 

4.1. 3. 4 Coefficient of Variation of Batch Averages 

The coefficient of variation of batch averages ( CVsatchAvg) provides a measure of the 

relative variation in batch average values. Because the batch average value is considered to be 

the primary response variable of the analysis, this coefficient of variation is the value that will be 
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used in the determination of the resistance parameters. The variation of the batch average is a 

combination of the variation of mixture averages and the variation within a mixture. CVaatchAvg is 

calculated from CV Mix and CV MixAvg as: 

CVBatchAvg = ~ cv;ithin Mix + cv~ixAvg (4.5) 

4.1.4 Determination of Probability Distribution 

In addition to the statistical parameters (mean and coefficient of variation), the 

distribution of a mechanical property is important for the development of a probability-based 

design code. The statistical parameters of mechanical properties and their distribution are 

required for simulations of resistance parameters (Section 2.3.3). This section outlines the 

methodology for evaluating the distribution of mechanical properties based on the observed data. 

There are several ways to determine the distribution of the data. One is to plot the 

arranged data with the quantile of a distribution. If the data follow the distribution, the points in 

the plot should lie approximately on a straight line. This plot is called a quantile plot or 

probability paper plot. To determine normal distribution, the quantile can be calculated as: 

(4.6) 

where <l>-1(x) is the inverse of the cumulative distribution function (CDF) of the standard 

normal distribution of x, Ri = rank(x;), and Xi= XJ, x2, ... , Xn are random samples of continuous 

data. If the data are normally distributed with mean f.l and standard deviation a , then: 

(4.7) 
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where z; is the standard variate of Xi. It can be seen that by plotting Xi and Qi, the plot should 

look approximately linear with slope a and intercept f1 . 

In fact, one could test the distribution of the data against any distribution function by 

changing the inverse CDF of the standard normal distribution in Equation 4.6 to an appropriate 

inverse of the distribution function to be tested. There may be a number of standard distribution 

functions that provide an appropriate description of this data. In this project, only the normal and 

lognormal distribution functions are evaluated. As will be seen later, these standard distribution 

functions provide a reasonable fit to the data. 

Because the concrete samples collected in this project are not based on the same mixture 

proportion, the actual values of the mechanical property cannot be used directly. Instead, 

differences between an individual measurement of the specimen within a batch and the batch 

average (called residual) are used for the plot. If the data follow the normal distribution, the 

average will also follow the normal distribution. In addition, linear combinations (adding or 

subtracting) of normal variables are also normal. As a result, the residual will follow the normal 

distribution. Similarly, if the data follow the lognormal distribution, the logarithm of the data 

will be normal. Hence, the mean of the logarithm of the data and the residual of the logarithm 

will follow the normal distribution. Therefore, by plotting the residuals of the data (denoted as E 

in the plots) or the residuals of the logarithm of the data (denoted as EL in the plots) with their 

corresponding normal quantiles, one can test the distribution of the data with the normal 

distribution or lognormal distribution, respectively. In this project, the quantile plots are 

performed using SAS statistical analysis software (SAS Institute Inc. 1999). The vertical axis of 

the plot is the value of the variable, either the residual or the residual of the logarithm. The 

horizontal axis is the quantile of the normal distribution. The label N _variable name is used by 

the software to indicate that the normal quantile is plotted. 
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4.1.5 Analysis of Variances 

In this section, the methodology for the analysis of variances is outlined. Details of this 

procedure can be found in many statistics textbooks, such as that by Milton and Arnold (1995). 

The objective of this analysis is to determine the effect of several factors on the measured 

response. The measured responses that will be investigated include the mean and coefficient of 

variation within a batch, coefficient of variation within a mix, and the mean of the logarithm of 

batch averages. There are three factors of interest: precasters, design compressive strength 

range, and age of concrete. The model for three-factor factorial design with interactions is: 

(4.8) 

where Yykl is the fh observation from group AiBjCk, f.liJk is the average response Y for group 

AtBjCk, and Eukl is the random difference between the observation Yiikl and the mean of the group 

A~jck. The model can be also expressed as an "effects" model as: 

Yykl f.l··· + al + Pj + Yk + (aP)u + ( ay );k + (py) jk + (apy )iik + EiJkl (4.9) 

where J.l ... is the overall average, a1 is the effect of A irrespective of B and C; pj is the effect of 

B irrespective of A and C; yk is the effect of C irrespective of A and B; (ap)ii, (ay)1k, and 

(py)jk are the effects of interaction between two factors; and (apy)iJk is the three-way 

interaction term. Parameters a1, Pj, and yk measure the main effect of factor A, B, and C, 

respectively. The two-way interaction effects indicate the non-additivity of the combined effect 

(i.e., the change in slope of the response with respect to one factor when the other factor changes 

value). The three-way interaction effect indicates the effect of one factor to the non-additivity of 

the interaction of the other two factors. 
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To determine whether the effects are significant on the mean value of the variable, 

hypothesis tests are performed. The hypotheses include null hypothesis (Ho), which is the model 

to be tested; and the alternative hypothesis (Ht), which will be accepted if Ho is rejected. The 

first hypothesis to be tested is the null hypothesis of the three-way interaction term: 

Ho: (apy)ifk = 0 for all i, j, k 

Ht: some (apy)ifk * 0 

Then, the following are tested: 

Ho: (ap)ij = 0 for all i, j 

Ht: some (ap)if * 0 

Ho: (ay);k = 0 for all i, k 

Ht: some (ay);k * 0 

Ho: (fiy)jk = 0 for allj, k 

H1: some (py)jk * 0 

If no interaction is present, the main effect will then be tested, as follows: 

Ho: a; = 0 for all i 

Ht: some a;* 0 

Ho: pj = 0 for allj 

H1: some Pj * 0 
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Ho: r k = 0 for all k 

The appropriate test statistic is: 

MSEffect 
FE!Ject = MS 

Error 

(4.10) 

where FEffect is the test statistic, MS Effect is the mean square of the effect (main effects or 

interactions), and MSError is the mean square of errors. 

When the null hypothesis Ho is true, this FEffect ratio has an F distribution with the degree 

of freedom of the effect and error. A large value of FEffect indicates that the influence of the 

effect (expressed as MS Effect) is large relative to the variation of the sample (expressed as 

MS Error ); in other words, the effect is too large to occur by chance and will result in the rejection 

of Ho. The criterion that is used to judge the significance is the p-value, which is defined as the 

probability of having equal or greater evidence in favor of H1 than the current sample. The p­

value is the area on the right of FEffect in Figure 4.1. A small p-value indicates that the effect is 

significant. In this project, a p-value less than 0.05 is considered significant. 

105 



PDF 

Area p-value 

F 

FEffict 

Figure 4.1. F-Probability Density Function. 

The result of the analysis is usually summarized in a table format called an analysis of 

variance (ANOVA) table. For this project, the analysis of variance was performed using SAS 

statistical analysis software (SAS Institute Inc. 1999). A typical ANOVA table generated by the 

software is shown in Table 4.1. 

Table 4.1. Example of an ANOV A Table. 
( 1 ) Dependent variable: CVBatch 

Sum of 
(2) Source OF Squares Mean Square F Value Pr > F 

(3) Model 26 0.07376835 0.00283724 1 .11 0.3481 

(4) Error 81 0.20657570 0.00255032 

(5) Corrected Total 107 0.28034405 

(6) R·Square Coeff Var Root MSE CVBatch Mean 

(7) 0.263135 59.04048 0.050501 0.085536 

{8) Source OF Type I SS Mean Square F Value Pr > F 

(9) Precaster 2 0.02989685 0.01494843 5.86 0.0042 
( 10} Age 2 0.00419556 0.00209778 0.82 0.4429 
( 11 ) Precaster*Age 4 0.01344105 0.00336026 1.32 0.2705 
( 12) Class 2 0.00705763 0.00352882 1.38 0.2565 
(13) Precaster*Class 4 0.00062223 0.00015556 0.06 0.9930 
(14} Age*Class 4 0.00883789 0.00220947 0.87 0.4879 
( 15} Precaster*Age*Class 8 0.00971713 0.00121464 0.48 0.8696 
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The first line of the table indicates the name of the variable being tested. The next part 

(lines 2 to 5) is called a utility F-test. This part is the test to determine whether there is any 

difference among the means of various groups (for this case, 33 combinations of three 

compressive strength groups, three precasters, and three ages). The F statistic and its 

corresponding p-value (denoted as "Pr>F") is given in the last two columns. The R-Square value 

given in line 7 indicates the proportion of the total variability in the data that is explained by the 

linear model containing 33 variables (group means). Root MSE value is the square root of the 

mean square of error given in line 4. Coefficient of variation is the ratio of the Root MSE to the 

variable mean. This coefficient of variation is not meaningful for the analysis and should be 

neglected. Lines 8 to 15 are hypothesis tests of the group means for each design strength group, 

age, precaster, and interactions ofthese variables. The DF column is the degree of freedom. It is 

equal to (nt -1), (nrl)(nrl), and (nrl)(nrl)(nrl) for main effect, two-way interaction, and three­

way interaction, respectively; where nt, nk, and nk are the number of groups for the variable i, j, 

and k, respectively. The F statistics and the corresponding p-values are given in the last two 

columns. The test in this part is more informative than the utility F -test as it indicates which 

group has different means. 

4.1.6 Evaluation of Goodness of Fit 

In this analysis, the goodness of fit of the prediction formulas is evaluated. Evaluations 

are made when the formulas are calculated using both the actual compressive strength from tests 

and specified compressive strength. Batch averages are used in the calculation. 

The evaluations are made visually by plotting the test data with the predicted values and 

analytically by using an appropriate criterion. There are several ways to evaluate the goodness 

of fit analytically. For this project, the goodness of fit is evaluated using a relative prediction 

error as: 

l n (/' J2 RPE=-'L --1 
n i=l f 

(4.11) 
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where f is the value of material property (tensile strength, modulus of elasticity, etc.) from the 

test and/' is the predicted value from the corresponding compressive strengths. A large value of 

the relative prediction error indicates that the error in the prediction is large. Therefore, the best 

prediction formula is the one that yields the smallest relative prediction error. The coefficient of 

determination (R2
) is not appropriate for this analysis because the equations are not linear. 

The goodness of fit of a prediction formula can vary for different ages of testing because 

many formulas were developed using test data only at the age of 28 days. Therefore, calculation 

of the relative prediction errors and plots of relationships are made separately for each age. 

Relationships of mechanical properties with compressive strength at early ages are 

important for the design of prestressed concrete members. For example, the modulus of 

elasticity of concrete at transfer is used to calculate the prestress loss due to elastic shortening, 

and the modulus of rupture at transfer is used to determine whether the concrete will crack in 

tension. 

In addition, the effect of precaster is investigated because the relationships between 

material properties and compressive strengths of concrete from different precasters may vary 

because of the differences in materials and mixture proportions. 

4.2 ANALYSIS RESULTS 

In this section, the analyses for the mean, coefficient of variation, and bias factor of the 

compressive strength, modulus of elasticity, splitting tensile strength, and modulus of rupture are 

presented. In addition, the creep and shrinkage measurements are documented. For all 

properties, except the compressive strength, comparisons are made to existing prediction 

relationships. The SAS source code used for the statistical analysis is provided in Appendix E. 
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4.2.1 Compressive Strength 

Table 4.2 provides a summary of samples included in the analysis for compressive 

strength. Results from 325 specimens were included in this analysis. 

Table4 2 S . . ummaryo f D t U d . th A I . fi C a a se In e natys1s or ompreSSIVe r St ength. 
Designf'c Test Ages 

Precaster Classification* Batch No. 
7Days 28 Days 56 Days 

(psi) 

Precaster A 6000 A15-Al6 X X X 
A5-A6 NI NI NI 

8000 
Al3-A14 X X X 

Set 1 
10000 Al7-Al8 X X X 

Precaster A 6000 A7-A8 X X X 
8000 A9-Al0 X X X 

Set2 10000 All-Al2 X X X 

Precaster B 6000 
B3-B4 NI NI NI 

Bll-B12 X X X 

Set 1 
8000 B15-Bl6 

t3 
X X 

10000 B7-B8 X X 
PrecasterB 6000 B9-B10 X X 

8000 B13-Bl4 X X 
Set 2 10000 B5-B6 X X X 

PrecasterC 
6000 C15-C16 X X 

C3-C4 NI NI NI 
8000 

Cl3-C14 X X X 
Set l 

10000 C17-C18 X X X 
Precaster C 6000 C7-C8 X X X 

8000 Cll-C12 X X X 
Set2 10000 C9-C10 X X X 

Notes: 
* Nominal range 
X =Tested 
NI = Not included in this analysis 

Specimens were tested using neoprene caps and loaded using a constant stress rate of 

35 psi/s (0.24 MPa/s). Due to the release of the energy stored in the neoprene pads, the 

specimens typically fail into small pieces. The specimens under compression fail in a brittle, 

explosive manner. Figure 4.2 shows a typical failure of a specimen tested using neoprene pads. 
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Figure 4.2. Failure of Compressive Strength Specimen. 

4.2.1.1 Development of Compressive Strength with Time 

Table 4.3 provides a summary of the mean ratio of batch average to the 28-day batch 

average for each precaster. Individual values for each batch are provided in Appendix B. It can 

be seen (Table 4.3) that the increases in the compressive strength before 28 days are substantial. 

The compressive strength at release is approximately 69 percent of the compressive strength at 

28 days, and the compressive strength at 7 days is about 88 percent of the compressive strength. 

On the other hand, the increase in the compressive strength from 28 days to 56 days was found to 

be relatively small with about a 4 percent increase. In fact, some batches have smaller 56-day 

compressive strength than the 28-day value, indicating that the increase in the compressive 

strength between 28 days and 56 days is small and can be overcome by the randomness of the 

strength among specimens or by variations associated with the test. The ratios of compressive 

strength at different ages appear to be similar for all precasters. 

Comparison of the data with the predicted value from the equation recommended by the 

ACI Committee 209 (1992) (Section 2.4.4.2) using parameters for moist-cured concrete and 

portland cement Type III are also provided in Table 4.3. The time of 1 day was used for the 
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prediction of compressive strength at release. It can be seen that the actual compressive strength 

at 7 days and at release {expressed as ratios of the 28-day compressive strength) from the tests 

are higher than the predicted value, especially for the release strength. The possible explanation 

is that the use of superplasticizer allows the cement particles to be better dispersed, which could 

result in a faster and more complete hydration. Another possible explanation is that the 

properties of cement can vary significantly among different suppliers even though they are all the 

same type. The behavior of the cement used in the mixtures of concrete in this project may not 

be predicted well by this model. 

Table 4.3 R r f B t h A . a 10 o ac vera2e o - ay a c t 28 D B t hA fi c vera2e or ompressiVe Strength. 
Precaster Ratio to 28-Day Average 

Release 7Days 28Days 56 Days 

PrecasterA 0.64 0.87 1.00 1.05 
PrecasterB 0.68 0.87 1.00 1.05 
PrecasterC 0.75 0.90 1.00 1.03 

Overall 0.69 0.88 1.00 1.04 
ACI Committee 209 (1992) 0.31 0.80 1.00 1.04 

4.2.1.2 Probability Distribution 

Quantile plots for the compressive strength data are shown in Figure 4.3. It can be seen 

that the quantile plots based on the assumption of normal and lognormal distribution of 

compressive strength appear to be reasonably linear. Therefore, it is appropriate to analyze the 

data based on the assumption of either a normal or lognormal distribution of the compressive 

strength. A constant CV is a characteristic of lognormally distributed data, whereas normally 

distributed data has a constant standard deviation or variance. The use of CV in the analysis 

based on the assumption of a lognormal distribution is convenient because it provides more 

information about the relative variation of the data than the use of standard deviation or variance. 

Therefore, a lognormal distribution was assumed in this project. 
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Figure 4.3. Quantile Plots for Compressive Strength. 

4.2.1.3 Mean and Coefficient of Variation 

The CVsatch and batch average values are plotted with the design strengths, ages, and 

precasters in Figure 4.4. The results from the ANOV A of the CVsatch are summarized in Table 

4.4. It can be seen from Figure 4.4 that the CVsatch appears to have a constant mean for all 

ranges of design strength, ages, and precasters. The analysis of variance also shows large p­

values (denoted in Table 4.4 as "Pr > F") for precaster, age, strength classification, and 

interaction of these factors, which confirm the observation that the CVsatch is not dependent on a 

group. Therefore, it can be concluded that the CVsatch has the same mean for all groups. The 

mean value of the CVsatch can be determined by averaging all the CVsarch values and was found to 

be 2.4 percent 
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Figure 4.4. Scatter Plots of Batch Average and Coefficient of Variation within a Batch for 
Compressive Strength. 

Table 4.4. ANOV A Table of Coefficient of Variation within a Batch for Compressive 
Stren th. 

Dependent Variable: CVBatch 

Source 

Model 

Error 

Corrected Total 

A-Square 

0.253619 

Source 

Precaster 
Age 
Precaster*Age 
Class 
Precaster*Class 
Age*Class 
Precaster*Age*Class 

Sum of 
DF Squares Mean Square F Value Pr > F 

26 0.00537080 0.00020657 1.06 0.4077 

81 0.01580585 0.00019513 

107 0.02117665 

Coeff Var Root MSE CVBatch Mean 

57.69156 0.013969 0.024213 

DF Type I SS Mean Square F Value Pr > F 

2 0.00050695 0.00025348 1.30 0.2784 
2 0.00077098 0.00038549 1.98 0.1453 
4 0.00021095 0.00005274 0.27 0.8963 
2 0.00068454 0.00034227 1.75 0.1796 
4 0.00143565 0.00035891 1.84 0.1293 
4 0.00044051 0.00011013 0.56 0.6892 
8 0.00132121 0.00016515 0.85 0.5650 
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Next, the CV Mix is investigated. The scatter plots of the CV Mix are provided in Figure 4.5, 

and its ANOVA is summarized in Table 4.5. From Figure 4.5, the CVMix appears to have a 

constant mean across all design strengths (both actual design strengths and design strength 

classifications), ages, and precasters. Table 4.5 also shows large p-values for all of the groups, 

which confirm the observation of Figure 4.5. Therefore, the CV Mix can be assumed to be 

constant. A constant CV is the assumption for the lognormal distribution of data (batch average). 

Therefore, the assumption of the lognormal distribution appears to be valid. The mean of the 

CV Mix is determined by averaging all the CV Mix values. It was determined to be 2.4 percent. 

If the batch average follows a normal distribution, the mean of the batch averages 

(mixture average) will be of interest. However, because the batch average is found to follow a 

lognormal distribution, the mean value of the log of the batch average is of interest instead. 

Scatter plots of mixture average values for different categories are shown in Figure 4.5. The 

ANOVA table of the log ofbatch average values is shown in Table 4.6. 
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Figure 4.5. Scatter Plots of Mixture Average and Coefficient of Variation within a Mixture 
for Compressive Strength. 
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Table 4.5. ANOV A Table of Coefficient of Variation within a Mixture for Compressive 
Strength. 

Dependent Variable: CVMix 

Sum of 
Source OF Squares Mean Square F Value Pr > F 

Model 26 0.00649338 0.00024975 0.63 0.8766 

Error 27 0.01065819 0.00039475 

Corrected Total 53 0.01715158 

R-Square Coeff Var Root MSE CVMix Mean 

0.378588 81.95266 0.019868 0.024244 

Source OF Type I ss Mean Square F Value Pr > F 

Precaster 2 0.00038031 0.00019016 0.48 0.6229 
Age 2 0.00025647 0.00012823 0.32 0.7254 
Precaster*Age 4 0.00014772 0.00003693 0.09 0.9837 
Class 2 0.00077649 0.00038824 0.98 0.3870 
Precaster*Class 4 0.00149978 0.00037495 0.95 0.4507 
Age*Class 4 0.00123905 0.00030976 0.78 0.5451 
Precaster*Age*Class a 0.00219356 0.00027419 0.69 0.6930 

Table 4.6. ANOV A Table of the Mean of the Logarithm of Batch Average Values for 
Com ressive Stren h. 

Dependent Variable: MLogBAvg 

Sum of 
Source OF Squares Mean Square F Value Pr > F 

Model 17 0.10395570 0.00611504 7.66 <.0001 

Error 36 0.02874689 0.00079852 

Corrected Total 53 0.13270259 

R-Square Coeff Var Root MSE MLogBAvg Mean 

0.783374 0.708938 0.028258 3.985987 

Source DF Type III SS Mean Square F Value Pr > F 

Design 1 0.00045607 0.00045607 0.57 0.4547 
Precaster 2 0.00069043 0.00034522 0.43 0.6523 
Age 2 0.00037159 0.00018579 0.23 0.7936 
Precaster*Age 4 0.00040482 0.00010120 0.13 0.9718 
Oesign*Precaster 2 0.00116712 0.00058356 0.73 0.4885 
oesign*Age 2 0.00036699 0.00018350 0.23 0.7959 
Design*Precaster*Age 4 0.00029322 0.00007330 0.09 0.9844 
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It can be seen from Table 4.6 that the means of the log of batch average are not 

significantly different among design strength categories, precasters, ages, and interaction of these 

groups. Although the hypothesis test shows that the mean of the log of the batch average is not 

significantly different among concrete ages, it contradicts the fact that concrete typically gains 

strength with time. Therefore, it will be assumed that the mean is different among ages, and 

analyses will be performed separately for each age. The possible explanation of the insignificant 

difference among ages is that all of the samples are made with Type III portland cement. The 

majority of the long-term strength of concrete made with Type III portland cement occurs within 

a few days after casting. As a result, the strength differences between 7 and 56 days are not 

substantial and can be overcome in the statistical analysis by the variations in the mixture 

proportions and testing variables. 

The reason for the constant mean of the log of batch average across all the design 

strength ranges is because two of the three precasters do not design specific mixture proportions 

for different design strength requirements, but simply use only one mixture proportion for all of 

the required design strengths, as long as the required strength does not exceed the actual strength 

of the mixture proportion. As a result, the same mixture proportion may be used, for example, 

from the required strength of 6000 psi (41.4 MPa) to 10000 psi (68.9 MPa). For that reason, it 

can be expected that all the concrete samples collected from these precasters will yield very close 

compressive strengths. The differences in the compressive strengths at different strength 

requirements of concrete from these precasters can only be attributed to variations in 

proportioning, mixing, curing conditions, and testing. 

Although one of the precasters uses different mixture proportions for different strength 

requirements, several other factors, such as time of casting, temperature, and required release 

strength appear to be as least as important in the selection of the mixture proportion as the design 

compressive strength. In fact, the mixture proportion is selected so that the prestressing strands 

can be released as soon as possible on the next day. The longer the girder has to sit on the 

casting bed, the lower the productivity and, hence, less profits. Therefore, the same mixture 
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proportion could have been used for either a higher release strength girder cast in the morning or 

a lower release strength beam cast in the afternoon. As a result, the increase in the actual 

compressive strength with the required compressive strength becomes unclear. 

Because the design compressive strength does not appear to significantly affect the 

average compressive strength (in terms of the batch average and the mean of the log of the batch 

average), this effect will not be considered in the following analysis. Although the precasters do 

not appear to have a significant effect on the mean of the log of batch average, the analyses will 

be carried out separately for each precaster because the precasters were not randomly selected. 

Conservative statistical parameters among the precasters will be used. 

The mean of mix averages (denoted as "Mean") and CV MixAvg (denoted as "Coeff of 

Variation") are summarized in Table 4.7. The lowest mean of the 28-day mixture average is 

9240 psi (63.7 MPa) for Precaster C. The largest coefficient of variation is 8.8 percent for 

Precaster A. Note that the CV MixAvg is smaller for Precasters B and C than for Precaster A 

because Precasters B and C typically use only one mixture proportion per precaster for this 

strength range, whereas several mixture proportions are used by Precaster A. As a result, the 

variation of the compressive strengths for samples collected from Precasters B and C can be 

expected to be small. Using Equation 4.5, the CVsatchAvg is estimated to be 9.1 percent. 

If the mean values for the CV MixAvg and the mixture averages of all precasters are 

considered instead of the more conservative values provided above, the mean mixture average at 

28 days is determined by averaging the mean of the three precasters and is found to be 10000 psi 

(68.9 MPa). The mean CVMixAvg (CVMixAvg,Mean) for 28-day compressive strengths is determined 

by the following equation: 

CVMixAvg,Mean = 
cv~vg,A + cv~u:Avg.a + cv~xAvg,c 

3 
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where CV MixAvg,A , CV MixAvg,B, and CV MixAvg,C are the values of CV MixAvg for Precasters A, B, and C, 

respectively. The CV MixAvg,Mean is found to be 6.4 percent. Using Equation 4.5, the CVnarchAvg is 

estimated to be 6.9 percent. 

Table 4.7. Summary of the Mean and Coefficient of Variation of Mixture Averages for 
Com ressive Stren h. 

N Coeff of 
Precaster Age Obs N Mean Variation 
...... ------- ........ ------ ___ .. ---- .. ---- .. "" .. "'-- .... "' .... - ---- ............. 
A 07 7 6 9563.43 7.6979418 

28 7 6 10983.58 8.7951669 

56 7 6 11513.02 7.3388738 

B 07 7 6 8503.69 5.2754406 

28 7 6 9772.89 5.2916986 

56 7 6 10286.17 3.8755338 

c 07 7 6 8348.67 4.0998105 

28 7 6 9242.12 4.2312474 

56 7 6 9523.30 4.3900905 
,.,. .. _____ ....... "' ...... -----

The comparisons of the coefficients of variation for compressive strength are provided in 

Table 4.8. The coefficient of variation developed from this project is smaller than those reported 

by Ellingwood et al. (1980), which were used in the development of the AASHTO LRFD 

Specifications (2000). The reason is probably because the data from Ellingwood et al. (1980) 

were not specifically developed for precast bridge girders. Larger variations can be expected for 

cast-in-place concrete, especially when the concrete is mixed at the construction site. In 

addition, improvements in manufacturing of materials and quality control of productions in 

recent years can contribute to lower variations for the concrete in this project. Note that the non­

in-situ value for the Ellingwood et al. ( 1980) data were calculated using the equation proposed 

by Mirza et al. (1979), which Ellingwood et al. used to relate the coefficient of variation of the 

test to the in-situ coefficient of variation. The result from this research appears to lie between the 

maximum and minimum values reported by Tabsh and Aswad (1997), which are based on data 

obtained from precasters in Pennsylvania. However, the study from Tabsh and Aswad (1997) 

did not include the variation of the concrete between batches in the study. Therefore, the 
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coefficients of variation from their analyses would be larger had the batch variation been 

accounted for. 

Table 4.8. Companson of Coefficients of Variation of Compressive Strength. 

Source 

This Study 

Ellingwood et al. 
(1980) 

Specified Compressive Strength Coefficient of Variation 
Level (%) 

5900-9200 psi (40.7- 63.4 MPa) 9.1 (6.9} 
3000 psi (20.7 MPa) 15.5 (18*) 
4000 psi (27.6 MPa) 15.5 (18*) 
5000 psi (34.5 MPa) 11.9 (15*) 

~~;~)and Aswad 6000-7000 psi (41.4- 48.3 MPa) 7.6 
. > 7000 psi (48.3 MPa) 6.5 

< 6000 psi (41.4 MPa) 12.5 

Notes: 
+ = Value based on the mean values of all precasters 
* =Values for in-situ condition (originally reported), calculated using Equation 2.46 

4.2.1.4 Bias Factors 

Bias factor is defined as the ratio of the mean value to the nominal value (see Section 

4.1.2). The analysis of the mixture averages in Section 4.2.1.1 indicates that all the concrete 

samples appear to have a constant mean regardless of the design compressive strength due to the 

fact that precasters do not use the design compressive strength as a main selection criterion in 

choosing a mixture proportion, but rather the release strength. The resulting bias factors were 

calculated for the purpose of comparison with bias factors from previously reported data. 

The bias factors are plotted with the compressive strengths in Figure 4.6. It can be seen 

from the Figure 4.6 (a) that the 28-day bias factor (ratio of the batch average of the 28-day 

compressive strength to the specified design strength) decreases with an increase in the specified 

design strength. On the other hand, from Figure 4.6 (c), the 1-day bias factors are close to 1.0 

above the release strength of 6000 psi (41.4 MPa). The mean of the 1-day bias factor appears to 

be constant regardless of the specified compressive strength or the bias factor at 28 days as 

shown in Figure 4.6 (b) and (d). It must be noted that the 1-day compressive strengths obtained 
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from precasters are not necessarily at 24 hours, nor do they reflect the same curing time. 

Precasters usually conduct compressive strength testing to verity the release strength early in the 

morning. If the release strength is not achieved, then additional tests are conducted later in the 

day until the strength is met. At that point, the prestressing strands are released, and the prestress 

force is transferred to the girder. Therefore, a bias factor close to 1.0 is expected for 1-day data. 
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The decrease of the 28-day bias factor with the increase in the specified compressive 

strength of the samples from Precasters B and C is clearly because one mixture proportion was 

used by these two precasters for all the strength requirements sampled in this project (although 

Precaster B did change the coarse aggregate type during the project). The 28-day bias factors for 

the samples from Precaster A also decrease with the increase in the specified compressive 

strength despite the fact that several different mixture proportions were used by this precaster. 

This is because the increase in the 28-day compressive strength did not match the corresponding 

increase in the specified compressive strength, or because other factors also considered in the 

selection of the mixture proportion masked the effect of the design compressive strength. 

Although the extrapolation of the data in the Figure 4.6 (a) and (b) suggests that the bias 

factor may be less than 1.0 for the compressive strength values greater than 10000 psi, this is not 

realistic. Precasters must verifY that the 28-day compressive strength is achieved before a girder 

can be put into service. If the 28-day compressive strength is less than the required strength, 

then the girder must be replaced or retrofitted. Therefore, it is not possible to have a bias factor 

less than 1.0 for a prestressed concrete application as long as these requirements are met. 

The bias factors for the 28-day compressive strength data within a batch (without any 

adjustments) range from 0.99 to 1.89. When the compressive strength within a mixture is 

considered, the 28-day bias factors range from 1.01 to 1.89. A summary of bias factors for each 

batch is provided in Appendix B. 

Mirza et al. ( 1979) suggested a reduction in the compressive strength due to the effect of 

loading in the actual structure being at a much slower rate than the standard rate of loading used 

in compression tests of cylindrical specimens. Ellingwood et al. (1980) utilized this relationship 

in developing statistical data for normal strength concrete, assuming a load rate of one hour to 

reach the specified compressive strength in a structure. The use of this relationship does not 

seem appropriate for prestressed bridge structures because the load that would cause failure in a 

bridge is dynamic and closer to an impact load than a static load. 
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Limited data are available for the difference between the compressive strength of 

concrete in a structure (in-situ strength) and the compressive strength of the companion test 

specimens for HSC. For NSC, Mirza et al. (1979) suggested that the compressive strength of 

concrete in a structure could be taken as 90 percent of the compressive strength from the test 

cylinders. Assuming that this is applicable to HSC, the modified bias factor will range between 

0.91 and 1.70. Even when adjusted for the concrete in a structure, the bias factor for HSC is sti11 

greater than those for NSC reported by Ellingwood et al. (1980) and used for the calibration of 

the AASHTO LRFD Specifications (Nowak 1999). 

Table 4.9 provides comparisons of the bias factors reported by other researchers and from 

this project. All of the data show that the bias factor decreases with an increase in the 

compressive strength regardless of the design strength considered. 

a e • • 1as ac or or T bl 4 9 B. F t ~ C ompress1ve St th ren21 • 
Source Specified Compressive Strength Bias Factor 

Level 
5900- 9200 psi (40.7- 63.4 MPa) 1.01-1.89** 

This Study 6000 ± 1000 psi (41.4 ± 6.9 MPa) 1.59 
8000 ± 1000 psi (55.2 ± 6.9 MPa) 1.24 
10000 ± 1000 psi (68.9 ± 6.9 MPa) 1.10 

Ellingwood et al. 
3000 psi (20. 7 MPa) 0.92* 
4000 psi (27.6 MPa) 0.85* 

(1980) 
5000 psi (34.5 MPa) 0.81 * 

Tabsh and Aswad 
< 6000 psi (41.4 MPa) 1.4 

6000 - 7000 psi (41.4 - 48.3 MPa) 1.2 
(1997) 

> 7000 psi_(48.3 MPa) 1.1 
Notes: * Values for in-situ condition 

* * Bias factor decreases with an increase in compressive strength 
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4.2.1.5 Discussion of Implications for Design Provisions 

Compressive strength is used in the design of prestressed concrete members in the 

calculation of moment resistance and in estimations of other material properties for the 

calculation of shear resistance and prestress losses. In addition, compressive strength is used as a 

criterion in specifying concrete for construction. Therefore, the bias and variation in the 

compressive strength can affect various aspects of prestressed concrete members. A smaller 

coefficient of variation of the compressive strength could lead to a smaller coefficient of 

variation of the moment resistance, resulting in a greater reliability index for a member in 

flexure. A larger bias factor of the compressive strength could also result in a greater reliability 

index for a member in flexure. However, a bias factor considerably larger or smaller than 1.0, 

indicating that the design compressive strength is substantially different from the actual 

compressive strength, could influence the accuracy in the prediction of material properties 

because the prediction formulas are often developed based on actual compressive strength, not 

the design compressive strength. 

The compressive strength data in this project have a smaller coefficient of variation and 

larger bias factor than those used in the determination of the resistance parameters for the 

calibration of the AASHTO LRFD Specifications. The difference will be even larger if the 

effect of size of the test specimen on the coefficient of variation is considered. The coefficient of 

variation of compressive strength tested using a 4x8 inch (lOOx200 mm) specimen, which is 

used in this project, has been reported to be larger than that tested using a standard 6x 12 

(150x300 mm) specimen, which was used in the past. The coefficient of variation in this study 

can be taken as a conservative estimation of the coefficient of variation tested using 6x 12 

(150x300 mm). Therefore, there is a potential that the design provisions in the AASHTO LRFD 

Specifications related to the compressive strength can be modified for HSC. However, it should 

be noted that the bias factor and coefficient of variation for the compressive strength in this 

project are applicable only to the portion of resistance provided by the precast girder section. 
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Where the deck provides a portion of the resistance, such as in positive bending, the bias factor 

(or mean) and coefficient of variation of the deck concrete should also be considered. 

4.2.2 Modulus of Elasticity 

In this section, the experimental data and analyses for modulus of elasticity are presented. 

The summary of samples included in the analysis is provided in Table 4.10. For each test age, 

two 4x8 inch (IOOx200 mm) cylindrical specimens per batch were used to determine the 

modulus of elasticity. Results from 216 specimens are included in this analysis. 

Table 4.10. Summary of Data Used in the Analysis for Modulus of Elasticity. 

Precaster Designfc 
Classification* 

(psi) 

Precaster A 6000 

8000 
Set 1 

10000 
Precaster A 6000 

8000 
Set2 10000 

Precaster B 6000 

Set 1 
8000 
10000 

PrecasterB 6000 
8000 

Set2 10000 

Precaster C 
6000 

8000 
Set 1 

10000 
PrecasterC 6000 

8000 
Set2 10000 

Notes: 
* = Nominal range 
X =Tested 

Batch No. 

Al5-Al6 
A5-A6 

A13-A14 
A17-A18 
A7-A8 
A9-AIO 

All-A12 
B3-B4 

Bll-B12 
B15-B16 
B7-B8 
B9-BIO 

Bl3-Bl4 
B5-B6 

C15-CI6 
C3-C4 

Cl3-C14 
C17-Cl8 

C7-C8 
Cll-Cl2 
C9-Cl0 

NR =Not reported (insufficient data) 
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7Days 28Days 56 Days 

X X X 
NR NR NR 
X X X 
X X X 
X X X 
X X X 
X X X 

NR NR NR ! 

X X X I 
X X X 
X X X ! 

X X X I 
X X X 
X X X 
X X X 

NR NR NR 
X X X 
X X X 
X X X 
X X X 
X X X 



A typical stress-strain plot for the determination of the modulus of elasticity is shown in 

Figure 4.7. This plot is obtained by averaging strains measured by two LVDTs mounted 

180 degrees apart on a compressometer (Section 3.2.3). Figure 4.7 shows that the relationship 

between the stress and strain is linear. According to ASTM C 469 (1994b), modulus of elasticity 

is defined as a secant modulus between a strain of 50 J..l& and a stress of 40 percent of the 

compressive strength at the same age (determined from the compression test of the specimens 

within the same batch). Modulus of elasticity values for each specimen and stress-strain plots 

are provided in Appendix B. 
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0.0000 0.0005 0.0010 

6000 +-------1----i 40 
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Figure 4. 7. Typical Stress-Strain Plot for Determination of Modulus of Elasticity. 

4.2.2.1 Development of Modulus of Elasticity with Time 

The ratio of batch average to the 28-day batch average is provided in Table 4.11. 

Individual values for each batch are provided in Appendix B. Comparing the values in Table 

4.11 with those in Table 4.3, it can be seen that the modulus of elasticity does not change much 

with age compared with the compressive strength. An increase of 4 percent is found between 

7 and 28 days. Only about a 2 percent increase is found between 28 and 56 days. Because the 

increase of the modulus of elasticity with time is small, it can be overcome by the effect of 
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variations in the modulus of elasticity due to random sampling of the test specimens and various 

testing variables. This helps explain why some batches have larger 7 -day average modulus of 

elasticity or smaller 56-day average modulus of elasticity than the average at 28 days (see 

Appendix B). 

Table 4.11. Ratio f B t h A 0 ac verage o - ay a c verage or 0 t 28 D B t hA ti M dulus of Elasticity. 
Precaster Ratio to 28-Day Average 

7Days 28Days 56 Days 
Precaster A 0.97 1.00 1.03 
PrecasterB 0.95 1.00 1.02 
PrecasterC 0.95 1.00 1.02 

Overall 0.96 1.00 1.02 

4.2.2.2 Probability Distribution 

Quantile plots for modulus of elasticity are shown in Figure 4.8. Figure 4.8 shows that 

either normal or lognormal distribution can be reasonably assumed. A lognormal distribution 

was assumed in the statistical analyses of modulus of elasticity, because of the convenience of 

using the CV in the analysis. 
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Figure 4.8. Quantile Plot for Modulus of Elasticity. 

4.2.2.3 Mean and Coefficient of Variation 

Scatter plots of the batch average and CVsatch for the modulus of elasticity versus 

specified design strength, age, and precaster are shown in Figure 4.9. ANOVA of CVsarch for the 

modulus of elasticity is provided in Table 4.12. From Figure 4.9, the batch average does not 

seem to increase with the design strength and only increases slightly with age. However, the 

batch average appears to be different among precasters with a higher value for Precaster A than 

for Precasters B and C. The CVsatch seems to have a constant mean for all design strengths but 

seems to be different among ages and precasters. The hypothesis tests of the mean of the CVsatch 

in Table 4.12 show that the mean of the CVsatch is significantly different at a 0.05 level among 

ages. 
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Figure 4.9. Scatter Plots of Batch Average and Coefficient of Variation within a Batch for 
Modulus of Elasticity. 

Table 4.12. ANOVA Table of Coefficient of Variation within a Batch for Modulus of 

Dependent Variable: CVBatch 

Source 

Model 

Error 

Corrected Total 

R-Square 

0.316719 

Source 

Precaster 
Age 
Precaster*Age 
Class 
Precaster*Class 
Age*Class 
Precaster*Age*Class 

Elasticity. 

Sum of 
OF Squares Mean Square F Value Pr > F 

26 0.02424574 0.00093253 1.44 0.1083 

81 0.05230716 0.00064577 

107 0.07655290 

Coeff Var Root MSE CVBatch Mean 

70.08276 0.025412 0.036260 

DF Type I SS Mean Square F Value Pr > F 

2 0.00284687 0.00142343 2.20 0.1169 
2 0.00404304 0.00202152 3.13 0.0490 
4 0.00430476 0.00107619 1.67 0.1658 
2 0.00088612 0.00044306 0.69 0.5064 
4 0.00061493 0.00015373 0.24 0.9161 
4 0.00436897 0.00109224 1.69 0.1600 
8 0.00718106 0.00089763 1.39 0.2134 
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The mixture average and CV Mix for the modulus of elasticity are plotted in Figure 4.1 0. 

Table 4.13 provides ANOV A of the CV Mix· According to Table 4.13, the mean of the CV Mix is 

significantly different at 0.05 level among precaster-age interaction, strength classification, 

precaster-strength classification, and age-strength classification interaction groups. This appears 

to be due to high CVMix values from two sample sets for Precaster C at 8000 psi (55.2 MPa) 

strength category and tested at 56 days. However, these two outliers appear to be only a 

coincidence because the mixture proportions are all the same for Precaster C regardless of the 

design strength. Therefore, it is not expected that the mixture at 8000 psi (55.2 MPa) will exhibit 

different properties from the others. In addition, other material properties from these two sets at 

the same age and the modulus of elasticity from these two sets at early ages do not have high 

CV Mix values. When these two sets of samples were excluded in the analysis, it was found that 

the CV Mix was not significantly different among any groups. As a result, the modulus of 

elasticity will be analyzed as if the CV Mix is not different among groups. The mean of the CV Mix 

calculated by averaging all the CVMix values can be taken as 3.3 percent. 

= 
. . : : 

= M . I • M . ! 
I M I M • I 

A7E6-
. . 

A7E6- • . 
A7E6- A 7E&: 

. . ; . 
v 6E6- i v 6E6- . i 

v 
6E6- i 

. 
v 6E& i I I I I 

g I I I 
. !' g I g I g ! i :, .. . = . . . I 

5E&: 
I 

5E6- : 5E& 
. 

5E6-
. : . 

6000 9000 07 28 56 A B c 6 8 10 

Design Age Precaster Oass 
. . . . 

c c c c . . . . 
v v v v 
M 0.08- . . M 0.0& . . M 0.0& . : M 0.0&. . 

. . . . : . . I . ! . I i . . i . ; i : . I . . I • 

X 0.02 
. . . ... ,, 

0.02-
I I I 

X 0.02-
I . I 

X 0.02- i I . . . .. X I i i I I . 
• I : I • . . ... •• . I : . i I 

6000 9000 07 28 56 A B c 6 8 10 

Design Age Precaster Oass 

Figure 4.1 0. Scatter Plots of Mixture Average and Coefficient of Variation within a 
Mixture for Modulus of Elasticity. 
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Table 4.13. AN OVA Table of Coefficient of Variation within a Mixture for Modulus of 
Elastici . 

Dependent Variable: CVMix 

Sum of 
Source OF Squares Mean Square F Value Pr > F 

Model 26 0.02676111 0.00102927 2.67 0.0069 

Error 27 0.01042755 0.00038621 

Corrected Total 53 0.03718866 

R·Square Coeff Var Root MSE CVMix Mean 

0.719604 60.18189 0.019652 0.032655 

Source OF Type I SS Mean Square F Value Pr > F 

Precaster 2 0.00096672 0.00048336 1.25 0.3021 
Age 2 0.00025721 0.00012861 0.33 0.7197 
Precaster*Age 4 0.00574340 0.00143585 3.72 0.0155 
Class 2 0.00285077 0.00142538 3.69 0.0383 
Precaster*Class 4 0.00485445 0.00121361 3.14 0.0304 
Age*Class 4 0.00479127 0.00119782 3.10 0.0319 
Precaster*Age*Class 8 0.00729729 0.00091216 2.36 0.0453 

Because the data (batch averages) follow the lognormal distribution, the mean of the 

logarithm of the batch average should be used in hypothesis tests instead of the mixture average. 

Table 4.14 shows that the mean of the logarithm of the batch average appears to be significantly 

different among precasters. This is because the moduli of elasticity of samples from Precaster A 

are higher than those from Precasters Band C. A possible reason is the different type of coarse 

aggregate used by Precaster A, as compared to Precaster C and most Precaster B samples. This 

topic will be discussed in the following section. 

Table 4.15 provides the summary of the mean and the CVMixAvg for the modulus of 

elasticity by precaster and age. Because precasters were not selected in a completely random 

manner, the CVMixAvg can be conservatively taken as the highest of these values, which is 5.2 

percent. The corresponding CVBatchAvg is calculated according to Equation 4.5 and was found to 

be 6.1 percent. If the mean value CV MixAvg and the mean mixture average are considered, the 

mean mixture average of the modulus of elasticity at 28 days was determined to be 6,360,000 psi 

(43.9 GPa), and the CVMixAvg was 4.3 percent. Using Equation 4.5, the CVBatchAvg can be 

estimated as 5.4 percent. 
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Table 4.14. ANOVA Table of the Mean of the Logarithm of Batch Averages for 
Modulus of Elasticity. 

Dependent Variable: MLogBAvg 

Source 

Model 

Error 

Corrected Total 

A-Square 

0.922836 

Source 

Design 
Precaster 
Age 
Precaster*Age 
Design*Precaster 
Design* Age 
Design*Precaster*Age 

Sum of 
DF Squares Mean Square F Value Pr > F 

17 0.14505732 0.00853278 25.33 <.0001 

36 0.01212921 0.00033692 

53 0.15718654 

Coeff Var Root MSE MLogBAvg Mean 

0.270075 0.018355 6.796429 

OF Type III SS Mean Square F Value Pr > F 

1 0.00013094 0.00013094 0.39 0.5369 
2 0.00648750 0.00324375 9.63 0.0004 
2 0.00105984 0.00052992 1.57 0.2214 
4 0.00009398 0.00002349 0.07 0.9907 
2 0.00169009 0.00084504 2.51 0.0956 
2 0.00063528 0.00031764 0.94 0.3990 
4 0.00011638 0.00002909 0.09 0.9861 

Table 4.15. Summary of the Mean and Coefficient of Variation of Mixture Averages for 
Modulus of Elasticity. 

N Coeff of 
Precaster Age Obs N Mean Variation __________ ........ ______ ..,. ______________ .. ___ ----·------------ .............. -
A 07 7 6 7128755.29 3.2122695 

28 7 6 7348146.42 4.1076421 

56 7 6 7527249.06 2.9308168 

B 07 7 6 5773167.83 4.0336634 

28 7 6 6069332.19 5.2092584 

56 7 6 6157808.07 2.5011094 

c 07 7 6 5363982.61 4.3626726 

28 7 6 5663300.40 3.2690910 

56 7 6 5754257.97 6.2074934 
- ---- ......... -- ------ ---- .. -- . --. -- ------ --- --.- - --- ------ .. --.--

4.2.2.4 Bias Factors 

The bias factors for the modulus of elasticity are shown in Figure 4.11. The plot is based 

on the nominal value calculated by AASHTO LRFD Specifications (2000) using the specified 

compressive strength for design. 
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Figure 4.11. Bias Factor for Modulus of Elasticity (Using AASHTO Equation). 

It can be seen from Figure 4.11 that the bias factor decreases slightly with the increase in 

the specified compressive strength. This is because the actual modulus of elasticity does not 

increase with the specified compressive strength, while the predicted value increases with the 

specified compressive strength. As a result, the bias decreases with an increase in the specified 

compressive strength. When the AASHTO LRFD Specifications (2000) equation is used, the 

bias factors range from 0.94 to 1.64 for modulus of elasticity within a batch. For modulus of 

elasticity within a mixture, the bias factors range from 0.98 to 1.63. Table 4.16 provides a 

summary of the bias factors for modulus of elasticity calculated using AASHTO LRFD 

Specifications (2000) equation . 

Table4 uation). • 16. Bias Factors for Modulus of Elasticity (Using AASHTO Eq1 
Specified Compressive Strength Bias Factor I 

Level 
6000 ± 1000 psi (41.4 ± 6.9 MPa) 1.31 
8000 ± 1000 psi (55.2 ± 6.9 MPa) 1.13 
10000 ± 1000 psi (68.9 ± 6.9 MPa) 1.09 
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4.2.2.5 Prediction Formulas 

In this section, prediction formulas that relate the modulus of elasticity to the 

compressive strength are investigated to determine the goodness of fit for the experimental data 

collected in this project. The equations are summarized in Table 4.17. A description of terms 

for these equations is provided in Section 2.4.4. 

Table 4.17. Equations for Determining the Modulus of Elasticity (MOE) from the 
C ' S h fC ompressiVe tren2t o on crete. 

I Author(s) Equation 

I ACI Committee 318 (1999) 
33( wJL5 .fJ: 

AASHTO LRFD Specifications (2000) 

Carrasquillo et al. (1981) 

(4o.ooo.(.a)+ w· t:sr Canadian Code (CSA 1994) 

ACI Committee 363 (1997) 

CEB-FIP Model Code 1990 (CEB 1993) 

Gardner and Zao ( 1991) 

Norwegian Code (1992) 

Baalbaki (1997) 

Note: 
We is the unit weight of the concrete (lb/ft3

) 

p is the unit weight of concrete (kg/m3
) 

Ko is a factor dependent on aggregate type 

2u{{it 
9 · (J;'f for fc > 27 MPa 

9.5·(1;·)''( _p_ r 
c 2400 

K0 +0.2·fd 

133 

Units of 

MOE 

ps1 

ps1 

GPa 

GPa 

GPa 

GPa 

I 
i 



The modulus of elasticity values are plotted with corresponding compressive strength 

values in Figure 4.12. Each data point is obtained from the average of the modulus of elasticity 

values determined for two specimens and the average of the compressive strengths determined 

for three specimens, all within the same batch and at the same test age. Overall, it can be seen 

that all of the prediction formulas presented here underestimate the modulus of elasticity of the 

sampled HSC. From observations, the AASHTO LRFD Specifications (2000) equation and the 

CEB-FIP Model Code 1990 (CEB 1993) equation appear to be the best prediction formulas 

mainly because they give relatively higher prediction values than the rest of the formulas. 
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Figure 4.12. Modulus of Elasticity versus Compressive Strength. 

Table 4.18 summarizes the relative prediction errors (see Section 4.1.6 for determination 

of relative prediction error) for each formula and for each test age. A small value of the relative 

prediction error indicates that the error in the prediction is small and, therefore, the equation fits 

the data well. From this table, the equation from AASHTO LRFD Specifications (2000) is the 
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best prediction formula presented here. The equation recommended by the ACI Committee 363 

(1997) for HSC does not give a good prediction for the data in this project as it underestimates 

the modulus of elasticity. From Table 4.18, the age of testing does not seem to have an effect on 

the relative goodness of fit of the prediction formulas because the ranks of the formulas are the 

same for each age and for the overall data (all ages). However, for each formula, the relative 

prediction error tends to be smaller at 28 days than at 7 or 56 days. This may be because these 

prediction formulas were developed for 28-day data. 

Table 4.18. Relative Prediction Errors of Prediction Formulas for Modulus of Elasticity 
When Usine Compressive Strength Values from Tests. 

Equation 
Age of Concrete 

7Days 28 Days 56 Days Overall 

AASHTO LFRD Specifications (2000) 0.0072 0.0048 0.0061 0.0088 

ACI Committee 363 (1997) 0.0242 0.0229 0.0249 0.0358 

Baalbaki (1997) 0.0249 0.0239 0.0261 0.0373 

CEB-FIP Model Code 1990 (CEB 1993) 0.0087 0.0073 0.0091 0.0124 

Gardner and Zhao (1991) 0.0192 0.0189 0.0214 0.0298 

Norwegian Code (1992) 0.0357 0.0372 0.0405 0.0565 

Best Fit 0.0068 0.0048 0.0062 0.0084 

The best fit curve shown in Figure 4.12 is determined using the following equation: 

Ec = 63, OOOJT': (4.13) 

where Ec is the modulus of elasticity in psi and f 'c is the compressive strength in psi. This 

equation was determined by finding a coefficient to be multiplied by the square root of 

compressive strength such that the relative prediction error values in Table 4.17 are minimized. 

Because the data in this project cover a relatively small range of compressive strength and there 

are considerable variations in the data, the square root model used by ACI Committee 318 (1999) 

and AASHTO LRFD Specifications (2000) was chosen for consistency with current accepted 
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relationships. In addition, no substantial improvement in the prediction error would be achieved 

with a more complex equation. 

It can be seen from Figure 4.12 that the best fit equation gives slightly higher predicted 

values than the AASHTO LRFD Specifications (2000) equation and has lower relative prediction 

error values in Table 4.18. Nevertheless, considering the variation in the data, the AASHTO 

LRFD Specifications (2000) may be acceptable for the prediction of modulus of elasticity. 

The above comparisons use the actual compressive strength data. In the design process, 

however, it is the design compressive strength that is used for estimation of other material 

properties. Therefore, it. is useful to evaluate how well the prediction formulas estimate the 

modulus of elasticity when the design strength is used. Figure 4.13 shows the plot of the 

modulus of elasticity and the design compressive strength. Only the batch averages at 28 days 

are plotted. It can be seen that all the prediction formulas underestimate the modulus of 

elasticity values from the tests even more than when the actual compressive strengths were used. 

This is expected because the actual compressive strengths from the tests are greater than the 

specified compressive strength (at 28 days) for all the batches in this project. Table 4.19 is the 

summary of the relative prediction values when the design compressive strength is used. In this 

case, the CEB-FIP Model Code 1990 equation (CEB 1993) gives the closest predictions overall, 

followed by the AASHTO LRFD Specifications (2000) equation. 

The effect of age of testing and the effect of precasters were further investigated. Figure 

4.14 shows plots of modulus of elasticity and compressive strength (both actual and design) at 

different test ages and with different symbols for each precaster. Note that the specified 

compressive strengths used in the plots shown in Figure 4.14 (b), (d), and (f) are the same at all 

ages because the compressive strength is specified for 28 days only. The actual compressive 

strength values (Figure 4.14 [a), [c], and [e]) are the average measured values for each age tested. 

From Figure 4.14 (b), (d), and (f); it can be seen that the modulus of elasticity from each 

precaster does not appear to increase with the specified design compressive strength. For 
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Precasters B and C, the reason is that only one mixture proportion was used in the proportioning 

of the concrete used for all the samples in this project even though the design compressive 

strength varied. 
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Figure 4.13. Modulus of Elasticity versus Specified Compressive Strength. 

Table 4.19. Relative Prediction Errors of Prediction Formulas for Modulus of Elasticity 
When Using Specified Compressive Strength. 

Equation 28Days 
AASHTO LFRD Specifications (2000) 0.0385 
ACI Committee 363 (1997) 0.0717 
Baalbaki (1997) 0.0688 
CEB-FIP Model Code 1990 (CEB 1993) 0.0218 
Gardner and Zhao ( 1991) 0.0576 
Norwegian Code (1992) 0.0875 

Best Fit 0.0299 
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Figure 4.14. Modulus of Elasticity versus Compressive Strengths by Age. 
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From Figure 4.14 (a), (c), and (e), the age does not seem to have a substantial effect on 

the relationship between the modulus of elasticity and the compressive strength since the 

relationships appear to be similar for all ages at each precaster. On the other hand, the precaster 

that the samples were collected from appears to have a more significant effect on the modulus of 

elasticity. The moduli of elasticity of the samples from Precaster A are substantially higher than 

those from Precasters B and C, whereas the moduli of elasticity of the samples from Precasters B 

and Care similar to each other. This can be clearly seen in Figure 4.15. 
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Figure 4.15. Differences in Modulus of Elasticity among Precasters. 

The most likely explanation of the difference is the influence of the coarse aggregate. 

Precaster A used river gravels for making concrete, while Precasters B and C used crushed 

limestone aggregate. It has been reported that the properties of coarse aggregate, especially its 

modulus of elasticity, have an influence on the modulus of elasticity of the concrete (Zia et al. 

1991, Cetin and Carrasquillo 1998). In addition, the effect of aggregate is more significant in 
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HSC than in NSC because the stronger transition zone allows transfer of stress from cement 

paste to the coarse aggregate more effectively. 

It can be seen in Figure 4.15 that the relationship between the modulus of elasticity and 

compressive strength for Precaster A appears to be different from that for Precasters B and C. 

The accuracy of the prediction can be improved if an aggregate property such as the modulus of 

elasticity is incorporated in the prediction. Unit weight is often used in the prediction of 

modulus of elasticity because it gives an indication of the porosity and stiffuess of the aggregate 

and is easier to determine than the modulus of elasticity of aggregate. ACI Committee 318 

(1999), ACI Committee 363 (1997), and the Norwegian Code (1992) use a 1.5 power of the unit 

weight of concrete as a modification factor. Average unit weights of concrete samples from this 

study are provided in Table 4.20. Also in Table 4.20 are the 1.5 power of the ratio of the unit 

weight to the unit weight of Precaster A (taken as the baseline), the best fit equation for each 

precaster, and the ratio of the best fit equation to the best fit equation of Precaster A. 

Table 4.20. Effect of Unit Weieht on Modulus of Elasticity. 

Average Unit (;,J' Best Fit 
Ratio to Best 

Precaster Fit Equation of 
Weight (we) Equation 

Precaster A 
Precaster A 150.6 pcf 1.00 71 oooJf': psi 1.00 

(2413 kg/m3
) 

Precaster B 149.1 pcf 0.99 62000JT': psi 0.87 
(2388 kg/m3

) 

Precaster C 147.2 pcf 0.97 58000JT': psi 0.82 
(2358 kg/m3

) 

It can be seen from observing the unit weights and the best fit equations that the modulus 

of elasticity tends to be higher· with higher unit weight concrete. However, by comparing the 

ratios of the 1.5 power of the unit weights and the ratios of the prediction equations, it can be 

seen that the difference in the modulus of elasticity is substantially greater than that predicted by 

140 



using 1.5 power of the unit weight. It is possible that other properties of aggregate not reflected 

by the unit weight can also influence the modulus of elasticity of concrete. These properties 

include size, shape, and surface texture of coarse aggregate. 

Figure 4.16 shows the bias factor plot using the best fit equation to determine the nominal 

value from the specified design compressive strength. This plot is very similar to Figure 4.11 

because the best fit equation and AASHTO LRFD Specifications (2000) equation yield similar 

predicted values. Again, it can be seen that the bias factor tends to be greater than 1.0. This is 

considered conservative for long-term conditions. Table 4.21 provides a summary of the bias 

factor for modulus of elasticity calculated using the best fit equation. 
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Figure 4.16. Bias Factor for Modulus of Elasticity (Using Best Fit Equation). 

Table 4.21. Bias Factor for Modulus of Elasticity (Using Best Fit Equation). 
Specified Compressive Strength Bias Factor 

Level 
6000 ± 1000 psi {41.4 ± 6.9 MPa) 1.26 
8000 ± 1000 psi (55.2 ± 6.9 MPa) 1.09 
10000 ± 1000 psi (68.9 ± 6.9 MPa) 1.05 
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4.2.2.6 Discussion of Implications for Design Provisions 

Modulus of elasticity of concrete is used in the design of prestressed concrete members in 

the calculation of prestress loss due to elastic shortening and for the calculation of camber and 

deflections. 

Although a new relationship between modulus of elasticity and specified compressive 

strength could be developed because the modulus of elasticity is considerably underestimated 

when the design strength is used, it must be realized that the difference between the design and 

the actual compressive strengths depends on the current practice at a particular time and location. 

It is possible that the difference can become smaller or larger depending on proportioning, 

mixing, materials, and/or location. For design purposes, it is often more conservative to evaluate 

the prediction formula based on the actual compressive strength because the actual compressive 

strength is always greater than the design compressive strength. This will tend to result in an 

underestimation of the actual value when the design compressive strength is used. However, 

underestimation of the modulus of elasticity does not always result in a conservative design. 

Underestimation of the modulus of elasticity for long-term conditions is conservative because the 

actual deflection of the member will be less than the predicted value. On the other hand, 

underestimation of the modulus of elasticity at release will result in a smaller prestress loss than 

predicted, which can cause excessive stresses and camber immediately after transfer. 

To account for the differences between the design and actual compressive strengths, it 

seems most appropriate to choose a prediction equation that gives the best fit when using the 

actual compressive strength. When the difference of the design and actual compressive strengths 

is taken into account, it will result in an underestimation of the modulus of elasticity for long­

term conditions, which is conservative. For release of the prestressing strands, the actual 

compressive strength at release is often close to the specified release strength (the 1-day bias 

factor for compressive strength is close to 1.0). Therefore, there is only a small effect due to the 

difference between the specified release strength and the actual release strength. As a result, 
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using the equation that gives the best estimation based on the actual compressive strength will 

result in a relatively accurate prediction for the modulus of elasticity at release when the 

specified release strength is used. It should be noted that the relationship between the modulus 

of elasticity and compressive strength at 1 day (release) is not determined in this project, but the 

study of the relationships at the age of 7, 28, and 56 days suggests that the age does not 

considerably affect the relationship. Therefore, it may be reasonable to assume that this finding 

is also true at 1 day. 

There is no conservative way to overcome the uncertainties in the estimation due to the 

influence of aggregate. Although incorporation of aggregate properties can substantially 

improve the prediction, it is not practical to do so because the mixture proportion and type of 

aggregate are usually not known during the design process. Therefore, the best predicted 

equation based on several types of aggregate may be used with appropriate reduction factors or 

resistance factors in the design to account for the variability in the estimation. Nevertheless, if a 

higher degree of accuracy is necessary, it is recommended that the design should be refined 

based on an established relationship between the modulus of elasticity and actual compressive 

strength using the actual mixture proportion and aggregate once the precaster has been selected. 

4.2.3 Splitting Tensile Strength 

This section presents experimental data and analyses for splitting tensile strength. The 

samples included in the analysis are summarized in Table 4.22. For each test age, three 

4x8 inch (1 OOx200 mm) cylindrical specimens per batch were used to determine the splitting 

tensile strength. Results from 322 specimens are included in this analysis. 
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Tabl 4 22 S e . . ummaryo a a se lD e na SIS or iPJ 02 eDSI e f D t U d . th A I . :ti S litti T ·1 St th. ren21 
Designf'c 

Precaster Classification* 
(psi) 
6000 

Precaster A 
8000 Set 1 
10000 

Precaster A 
6000 

Set2 8000 
10000 

Precaster B 
6000 

Set 1 8000 
10000 

Precaster B 
6000 
8000 

Set2 
10000 
6000 

Precaster C 
8000 

Set 1 
10000 

Precaster C 
6000 
8000 

Set2 
10000 

Notes: 

* 
X 

= Nominal range 
Tested 

NT = Not tested 

Batch No. 

A15-A16 
A5-A6 

A13-A14 
A17-Al8 

A7-A8 
A9-Al0 
All-Al2 

B3-B4 
B11-B12 
B15-B16 

B7-B8 
B9-Bl0 
B13-B14 

B5-B6 
C15-Cl6 

C3-C4 
Cl3-Cl4 
C17-Cl8 

C7-C8 
C11-Cl2 
C9-Cl0 

TestA2es ! 

7Days 28Days 56 Days 1 

X X X 
X X X 

NT NT NT 
X X X 
X X X i 

X X X 
X X X 
X X X 

NT NT NT 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X x=t==t 

NT NT T 
X X X 
X X X 
X X X 
X X X 

The tension failures of the splitting tensile strength specimens were brittle. Each cylinder 

split at the loading plane into two pieces. The failure surface of concrete made using limestone 

aggregates was usually flat; the failure plane cut through coarse aggregate particles and hydrated 

cement paste indicating the paste was stronger than the aggregate. On the other hand, the failure 

surface of concrete made using river gravel contained both failures through coarse aggregate 

particles and bond failure at the interface of the cement and coarse aggregate. The failures of 

both types of concrete under splitting tension are shown in Figure 4.17. 
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(a) Concrete with Limestone Aggregate (b) Concrete with River Gravel Aggregate 

Figure 4.17. Failure of Splitting Tensile Strength Specimens. 

4.2.3.1 Development of Splitting Tensile Strength with Time 

Table 4.23 provides a summary of the mean ratio of batch average to the 28-day batch 

average for each precaster. Individual values for each batch are provided in Appendix B. It can 

be seen from Table 4.23 that the compressive strength at 7 days was approximately 96 percent of 

the compressive strength at 28 days for all precasters. The increase in the compressive strength 

from 28 days to 56 days was found to be small with the overall average increase of 4 percent. 

The decrease in the 56-day ratio in Precaster B appears to be due to randomness rather than the 

actual decrease of splitting tensile strength with time because the decreasing trends are neither 

consistently observed in both batches that were collected at the same time, nor can they be 

correlated with the decrease in other material properties tested at the same day. 

145 



Table 4.23. Ratio of Batch Average to 28-Day Batch Average for Splitting Tensile 
Strength. 

Precaster Ratio to 28-Day Average 

7Days 28Days 56 Days 
Precaster A 0.96 1.00 1.07 
PrecasterB 0.96 1.00 0.98 
PrecasterC 0.96 1.00 1.02 

Overall 0.96 1.00 1.02 

4.2.3.2 Probability Distribution 

Quantile plots for splitting tensile strength are shown in Figure 4.18. 
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(a) Normal Distribution (b) Lognormal Distribution 

Figure 4.18. Quantile Plots for Splitting Tensile Strength. 

Based on observations from Figure 4.18, either normal or lognormal distributions could 

have been reasonably assumed. The splitting tensile strength is assumed to follow a lognormal 

distribution because using CV in the analysis, as appropriate for the assumption of lognormal 

distribution, provides more information about the relative variation of the data. 
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4.2.3.3 Mean and Coefficient of Variation 

Figure 4.19 shows scatter plots of the batch average and CVsatch of the splitting tensile 

strength. The ANOV A is shown in Table 4.24. 
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Figure 4.19. Scatter Plots of Batch Average and Coefficient of Variation within a Batch for 
Splitting Tensile Strength. 
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Table 4.24. ANOV A Table of Coefficient of Variation within a Batch for Splitting Tensile 
Strength. 

Dependent Variable: CVBatch 

Source 

Model 

Error 

Corrected Total 

R-Square 

0.275463 

Source 

Precaster 
Age 
Precaster*Age 
Class 
Precaster*Class 
Age*Class 
Precaster*Age*Class 

Sum of 
OF Squares Mean Square F Value Pr > F 

26 0.07564770 0.00290953 1.18 0.2774 

81 0.19897210 0.00245645 

107 0.27461980 

Coeff var Root MSE CVBatch Mean 

59.65250 0.049563 0.083085 

OF Type I SS Mean Square F Value Pr > F 

2 0.02218501 0.01109251 4.52 0.0138 
2 0.00418249 0.00209125 0.85 0.4306 
4 0.01627917 0.00406979 1.66 0.1681 
2 0.00298496 0.00149248 0.61 0.5471 
4 0.00372574 0.00093144 0.38 0.8229 
4 0.00826357 0.00206589 0.84 0.5032 
8 0.01802675 0.00225334 0.92 0.5067 

From Figure 4.19, the batch average increases slightly with age but does not appear to 

increase with the design compressive strength. The batch average of samples from Precaster A 

tends to be greater than those from Precasters B and C. The concrete from Precaster C tends to 

have the lowest splitting tensile strength. From Table 4.24~ the means of CVBatch are significantly 

different at the 0.05 level among precasters. The difference is due to the low CVBatch for 

Precaster C, as can be seen in Figure 4.19. The overall mean of the CVBatch is 8.3 percent. 

The mixture average and the CV Mix of the splitting tensile strength are plotted with the 

design compressive strength, age~ precaster, and strength classification in Figure 4.20. The 

ANOV A of the CV Mix is given in Table 4.25. 
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Figure 4.20. Scatter Plots of Mixture Average and Coefficient of Variation within a 
Mixture for Splitting Tensile Strength. 

Table 4.25. AN OVA Table of Coefficient of Variation within a Mixture for Splitting 
Tensile Stren~th. 

Dependent Variable; CVMix 

Sum of 
Source OF Squares Mean Square F Value Pr > F 

Model 26 0.05052585 0.00194330 0.71 0.8058 

Error 27 0.07375514 0.00273167 

Corrected Total 53 0.12428100 

R-Square Coeff Var Root MSE CVMix Mean 

0.406545 92.31077 0.052265 0.056619 

Source OF Type I SS Mean Square F Value Pr > F 

Precaster 2 0.01207322 0.00603661 2.21 0.1292 
Age 2 0.00588347 0.00294173 1.08 0.3548 
Precaster*Age 4 0.00804164 0.00201041 0.74 0.5756 
Class 2 0.00237660 0.00118830 0.44 0.6517 
Precaster*Class 4 0.00532987 0.00133247 0.49 0.7446 
Age*Class 4 0.00225185 0.00056296 0.21 0.9328 
Precaster*Age*Class 8 0.01456921 0.00182115 0.67 0.7158 

It can be seen from Table 4.25 that the mean of the CV Mix is not significantly different 

among various groups. Thus, the assumption of lognormal distribution of the splitting tensile 
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strength appears to be valid. The mean value of the CV Mix is determined by averaging all the 

CVMix values; it is 5.7 percent. 

Because the batch average was assumed to have a lognormal distribution, the mean of the 

log of the batch average was tested. It was found that the mean of the log of the batch average is 

also not significantly different among various categories, as can be seen in Table 4.26. Although 

the analysis shows that the mean of the log of the batch average is not different among ages, 

separate analyses will be performed for each age because, in fact, the concrete is anticipated to 

gain strength with time. 

Table 4.26. ANOV A Table of the Mean of the Logarithm of Batch Averages for Splitting 
Tensile Stren th. 

Dependent Variable: MLogSAvg 

Source 

Model 

Error 

Corrected Total 

A-Square 

0.683828 

Source 

Design 
Precaster 
Age 
Precaster*Age 
Design*Precaster 
Design"Age 
Design*Precaster*Age 

Sum of 
DF Squares 

17 0.09015627 

36 0.04168424 

53 0.13184052 

Coeff var Root MSE 

1.206877 0.034028 

DF Type III SS 

1 0.00006874 
2 0.00107100 
2 0.00010928 
4 0.00101201 
2 0.00033849 
2 0.00009780 
4 0.00120676 

Mean Square F Value Pr > F 

0.00530331 4.58 <.0001 

0.00115790 

Mlog6Avg Mean 

2.819498 

Mean Square F Value Pr > F 

0.00006874 0.06 0.8089 
0.00053550 0.46 0.6334 
0.00005464 0.05 0.9540 
0.00025300 0.22 0.9264 
0.00016925 0.15 0.8645 
0.00004890 0.04 0.9587 
0.00030169 0.26 0.9013 

The mean and the CVMixAvg for each precaster and each age are summarized in Table 4.27. 

Because the selection of precasters was not a completely random process, it is more conservative 

that the estimated mixture average is taken as the lowest value at 28 days of the three precasters 

and the CV MixAvg is taken as the highest value. The mean mixture average of the splitting tensile 
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strength is 610 psi (4.21 MPa), and the estimated CVMixAvg is 10.8 percent. Using Equation 4.5, 

the CVsatchAvg of the splitting tensile strength can be estimated to be 12.2 percent. 

Table 4.27. Summary of the Mean and Coefficient of Variation of Mixture Averages for 
S littin Tensile Stren th. 

N Coeff of 
Precaster Age Obs N Mean Variation 
.............. ~------- .. ........ ________ ,.,.,. .. ___ - _ ____ .................. - -.. --
A 07 7 6 695.8028613 10.9785778 

28 7 6 748.8387878 10.7535843 

56 7 6 792.6471193 7.4155860 

B 07 7 6 632.0399166 4.1151552 

28 7 6 661.3268582 6.3167133 

56 7 6 640.7595552 4.6178278 

c 07 7 6 583.2723840 4.6172668 

28 7 6 610.3349360 3.4239921 

56 7 6 622.2079565 7.1373289 
............. ~------ .............. . . 

If the mean values of the CV MixAvg and mixture averages for all precasters are of interest, 

the mean mixture averages of the splitting tensile strength at 28 days can be determined by 

averaging all the mixture averages and is found to be 674 psi (4.65 MPa). The mean CVMixAvg for 

the 28-day compressive strengths is found to be 7.5 percent. The corresponding CVsatchAvg 

determined by Equation 4.5 is 9.4 percent. 

Table 4.27 provides a summary of the coefficients of variation for splitting tensile 

strength from this project and from Ellingwood et al. ( 1980). Again, the coefficient of variation 

for this project is less than those reported by Ellingwood et al. (1980), which were used in the 

calibration of the AASHTO LRFD Specifications (2000). Note that the CV was assumed by 

Ellingwood et al. (1980) to be equal to those for compressive strengths having the specified 

strength of3000 and 4000 psi (20.7 MPa and 27.6 MPa). 
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T bl 4 28 C a e • . om !)artson o f C ffi . t fV . ti {! S litti T ·1 St oe tcten o ana on or ~pi ng ens1 e 
Source Specified Compressive Strength 

Level 
This Study 5900- 9200 psi (40.7- 63.4 MPa) 

Ellingwood et al 3000 psi (20.7 MPa) 
(1980) 4000 psi (27 .6 MPa) 

5000 psi (34.5 MPa) 
Note: 

+ = Value based on average values for all precasters 
* Values assumed for in-situ condition 

4.2.3.4 Bias Factors 

CV(o/o) 

12.2 (9.4+) 
18* 
18* 
18* 

th reng1 • 

The bias factors for the splitting tensile strength are shown in Figure 4.21. The plot is 

based on the nominal value calculated by AASHTO LRFD Specifications (2000) using the 

corresponding specified compressive strength. It can be seen that the bias factor decreases 

slightly with an increase in compressive strength. This is because the actual splitting tensile 

strength does not increase with the specified compressive strength because there was not a great 

deal of variation in the mixture proportions used over the specified strength range. However, the 

predicted value increases with the design strength. As a result, the bias decreases with the design 

compressive strength. When the AASHTO LRFD Specifications (2000) equation is used, the 

bias factors within a batch range from 0.86 to 1.50 and the bias factors within a mixture range 

from 0.88 to 1.47. Table 4.29 provides a summary of the mean bias factor for splitting tensile 

strength when calculated using the AASHTO LRFD Specifications (2000) equation. 
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Figure 4.21. Bias Factor for Splitting Tensile Strength (Using AASHTO Equation). 

Table 4. 29. Bias Factor for Splitting Tensile Strength (Using AASHTO Eq uation). 
Specified Compressive Strength Bias Factor 

Level 
6000 ± 1000 psi ( 41.4 ± 6.9 MPa) 1.14 
8000 ± 1000 psi (55.2 ± 6.9 MPa) LOO 
10000 ± 1000 psi (68.9 ± 6.9 MPa) 0.98 

4.2.3.5 Prediction Formulas 

In this section, prediction formulas relating the splitting tensile strength with the 

compressive strength are investigated. The prediction formulas are summarized in Table 4.30. 
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Table 4.30. Equations for Determining the Splitting Tensile Strength from the 
C . St h fC ompress1ve ren2t o on crete. 

Units of 
Author(s) Equation Tensile 

Stren2th 

ACI Committee 318 (1999) 6.7·..ft~ ps1 

Carrasquillo et al. (1981a, 1982) 

ACI Committee 363 (1997) 7.4 · ..J/l, 3000 psi <fc < 12,000 psi psi 

• AASHTO LRFD Specifications (2000) 

A.hrnad and Shah (1985) 4.34 · (J;t 55 
,fc < 12,000 psi pst 

i 

Burg and Ost (1992) 7.3 · ..{ f~ for moist-cured specimens pst I 

· Oluokun (1991) 1.38. (t:t69 psi 

CEB-FIP Model Code 1990 (CEB 1993) L56y;~sr MPa 

Based on the plot of the splitting tensile strengths with the corresponding compressive 

strengths from the testing (Figure 4.22), the AASHTO LRFD Specifications (2000), CEB-FIP 

Model Code 1990 (CEB 1993), and Oluokun (1991) equations overestimate the splitting tensile 

strength values. The recommended equations by ACI Committee 318 (1999) and Ahmad and 

Shah (1985) seem to give similar estimations of the splitting tensile strength and appear to fit the 

test data well. 
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Figure 4.22. Splitting Tensile Strength versus Compressive Strength. 

The goodness of fit of the prediction formulas expressed in terms of relative prediction 

errors are summarized in Table 4.31. It can be seen that the ACI Committee 318 (1999) equation 

is the best fit at all ages for the data in this project. The equation by Ahmad and Shah (1985) 

also fits the data almost equally welL 

In order to determine a best-fit equation, the prediction model must be determined first. 

However, the data in this project cover only a relatively small range of compressive strength, and 

there are significant variations in the data. The square root model used by ACI Committee 318 

(1999) and AASHTO LRFD Specifications (2000) was chosen for consistency. Then, the 

coefficient for the best-fit equation was determined such that the relative prediction errors are 

minimized for all ages. The best-fit equation for the data from this project is: 

J; = 6.6.J/': (4.14) 
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where ft is the splitting tensile strength in psi and f 'c is the compressive strength in psi. The 

best-fit equation is also plotted in Figure 4.22, and its relative prediction errors values are 

summarized in Table 4.31. It can be seen in Figure 4.22 that the best-fit equation provides an 

estimation similar to the ACI Committee 318 (1999) equation (ACI uses 6. 7 as a coefficient) and 

yields only slightly lower relative prediction errors. Therefore, the existing ACI Committee 318 

(1999) equation can be used to predict the splitting tensile strength for HSC similar to those used 

in this project; no modification appears to be necessary. 

Table 4.31. Relative Prediction Errors of Prediction Formulas for Splitting Tensile 
Stren2fb When Usin2 Compressive Stren2th from Tests. 

Equation 
Age of Concrete 

7Days 28 Days 56 Days Overall 

AASHTO LFRD Specifications (2000) 0.0227 0.0229 0.0303 0.0253 

ACI Committee 318 (1997) 0.0100 0.0084 0.0128 0.0104 

Ahmad and Shah (1985) 0.0105 0.0096 0.0149 0.0117 

Burg and Ost (1992) 0.0195 0.0195 0.0264 0.0218 

CEB-FIP Model Code 1990 (CEB 1993) 0.0194 0.0271 0.0392 0.0286 

Oluokun (1991) 0.0372 0.0478 0.0623 0.0491 

Best Fit 0.0099 0.0081 0.0121 0.0100 

The splitting tensile strength data are plotted with the design compressive strength in 

Figure 4.23. The relative prediction errors for each equation when using the design compressive 

strength are summarized in Table 4.32. Initial observations indicate the data points in Figure 

4.23 are scattered and there are many data points that are overestimated in the lower compressive 

strength range. Table 4.32 suggests that the best estimator is the ACI 363 Committee (1997) 

equation, mainly because it gives the highest predicted values in this range. Upon closer 

examination, however, it can be observed that the splitting tensile strength does not appear to 

increase with the specified compressive strength at all. This agrees with the analysis of the mean 

in the previous section. Therefore, the concept of fitting the splitting tensile strength with the 

design compressive strength in Figure 4.23 and Table 4.32 may not be appropriate for the data in 
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this project. Nevertheless, Figure 4.23 does show that the resulting predicted values for the 

tensile resistance will be on the lower side when the specified compressive strength is used in the 

prediction. This is considered conservative for design. 
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Figure 4.23. Splitting Tensile Strength versus Specified Compressive Strength. 

Table 4.32. Relative Prediction Errors of Prediction Formulas for Splitting Tensile 
Stren h When Usin S ecified Com ressive Stren th. 

AASHTO LFRD Specifications (2000) 

CI Committee 318 ( 1997) 
mad and Shah (1985) 

Burg and Ost (1992) 

CEB-FIP Model Code 1990 (CEB 1993) 

Oluokun 1991 

Best Fit 
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0.0156 

0.0266 
0.0251 

0.0161 

0.0215 

0.0198 

0.0295 



Figure 4.24 shows plots of the splitting tensile strength with both compressive strength 

from tests and specified compressive strength. Plots are made separately for each age, and 

different markers are used for each precaster. The age of testing does not seem to have a 

significant effect on the relationships because all trends are the same for all ages. Figure 4.24 

(a), (c), and (e) show that the splitting tensile strength increases slightly with compressive 

strength from tests, but Figure 4.24 (b), (d), and (f) show no increase in splitting tensile strength 

with the increase in the specified compressive strength. Precasters do not appear to have a 

significant effect on the relationship between splitting tensile strength and compressive strength, 

partly because the data are somewhat scattered and clustered in small compressive strength 

ranges. 

Figure 4.25 shows the plot of bias factors for splitting tensile strength when the best-fit 

equation is used. Compared with Figure 4.25, it can be seen that the bias factor for the best-fit 

equation has a fewer number of data points that are lower than 1.0. This can be considered 

conservative for the splitting tensile strength. The bias factors calculated using the best-fit 

equation range from 0.96 to 1.69 for bias factors within a batch and from 0.98 to 1.65 for bias 

factors within a mixture. Table 4.33 provides a summary of the mean bias factor for splitting 

tensile strength when calculated using the best-fit equation. 
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Figure 4.24. Splitting Tensile Strength versus Compressive Strengths by Age. 
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Figure 4.25. Bias Factor for Splitting Tensile Strength (Using Best Fit Equation). 

Table 4 .33. Bias Factor for Splittin2 Tensile Stren_gth (Usin2 Best Fit Eq nation). 
Specified Compressive Strength Bias Factor 

Level 
6000 ± 1000 psi (41.4 ± 6.9 MPa) 1.28 
8000 ± 1000 psi (55.2 ± 6.9 MPa) 1.12 
10000 ± 1000 psi (68.9 ± 6.9 MPa) 1.10 

4.2.3. 6 Discussion of Implications for Design Provisions 

The shear capacity of prestressed concrete beams depends on the shear resistance 

provided by concrete, steel stirrups, and the vertical component of the prestressing force. 

Variability in any of these parameters could affect the variability of the shear resistance of the 

beam. The shear strength provided by concrete can be related to its splitting tensile strength 

because shear failures occur due to excessive diagonal tensile stresses. It was found in this 

project that the coefficient of variation of concrete in splitting tension is larger than the 

coefficient of variation of concrete under compression. Therefore, it is not reasonable to assume 
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the same coefficient of variation values for both splitting tensile strength and compressive 

strength. In addition, it was found that the coefficient of variation of the splitting tensile strength 

for HSC in this project is less than those previously reported for NSC by Ellingwood et al. 

(1980). Therefore, there may be a possibility that the resistance factor for shear can be increased 

based on the smaller coefficient of variation. However, the CV reported in this project is not 

adjusted for in-situ conditions. Limited data are available regarding the relationship between the 

in-situ CV and CV from the test specimen for splitting tensile strength. Moreover, additional 

analysis is necessary to assess the effect of concrete splitting tensile strength on the overall 

resistance parameters for shear. 

For design purposes, the prediction formula that should be used in predicting the tensile 

strength should be the formula that provides the best prediction when the actual compressive 

strength is used. This tends to result in an underestimation of the actual splitting tensile strength 

when the design compressive strength is used, which is considered to be conservative. It should 

be noted that fitting a prediction formula using the specified design strength is not very 

meaningful in this project. This is because the splitting tensile strength did not change 

significantly with the specified compressive strength for the concrete sampled from each 

precaster. The mixture proportions for concrete produced at a particular precast plant were 

almost always the same for the specified strength range sampled. The ACI Committee 318 

(1999) prediction equation was found to be satisfactory for HSC in this project. However, the 

equation in the AASHTO LRFD Specifications (2000) was found to overestimate the splitting 

tensile strength. 

4.2.4 Modulus of Rupture 

In this section, the experimental data and analyses for modulus of rupture are presented. 

Table 4.34 provides a summary of the data included in the analysis. Three 6x6x20 inch 

(150x 150x500 mm) beam specimens from each batch were used at each test age to determine the 

modulus of rupture for a total of 323 specimens. 
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T bl 4 34 S a e . . ummaryo a a se m e natysis or 0 u us 0 up1ure. fD t U d. th A l . f, M d I fR t 

Precaster 

Precaster A 
Set 1 

Precaster A 
Set2 

PrecasterB 
Set 1 

PrecasterB 
Set2 

Precaster C 
Set 1 

PrecasterC 
Set2 

Notes: 

* 
X 
NT 

Designfc 
Classification* 

(psi) 
6000 

8000 

10000 
6000 
8000 
10000 

6000 

8000 
10000 
6000 
8000 
10000 
6000 

8000 

10000 
6000 
8000 
10000 

Nominal range 
=Tested 
=Not tested 

Batch No. 

Al5-A16 
A5-A6 

A13-A14 
A17-A18 

A7-A8 
A9-Al0 
All-A12 

B3-B4 
Bll-B12 
B15-B16 

B7-B8 
B9-Bl0 

B13-B14 
B5-B6 

C15-C16 
C3-C4 

Cl3-C14 
C17-Cl8 

C7-C8 
Cl1-C12 
C9-C10 

Test Ages 

7Days 28Days 56 Days 

X X X 
X X X 

NT NT NT 
X X X 
X X X 
X X X I 
X X X i 

X X X 
NT NT NT 
X X X i 

X X X 
X X X • 

X X X 
X X X 
X X X 
X X X 

NT NT NT 
X X X 
X X X 
X X X 
X X X 

Failure of specimens under flexural tension in this test was brittle. The failure occurred 

instantly without noticeable cracks or deflection. The locations of the failure plane of all 

specimens were within the middle third of the span. In the case of concrete made using 

limestone aggregate, the failure plane cut through the coarse aggregate particle and hydrated 

cement paste. The failure plane of concrete made using river gravel went through and around 

coarse aggregate particles. The failure planes for both types of concrete are shown in Figure 

4.26. 
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(a) Concrete with Limestone Aggregate (b) Concrete with River Gravel Aggregate 

Figure 4.26. Failures of Modulus of Rupture Specimens. 

4.2.4. I Development of Modulus of Rupture with Time 

The ratio of batch average to the 28-day batch average for the modulus of rupture data is 

provided in Table 4.35. Individual values for each batch are provided in Appendix B. From 

Table 4.35, the modulus of rupture at 7 days was about 91 percent of the modulus of rupture at 

28 days. All precasters appear to have similar trends in this case. The modulus of rupture at 

56 days was 4 percent higher than the modulus of rupture at 28 days on average. However, it 

can be seen from Table 4.35 that the ratio is noticeably higher for Precaster A than those for 

Precasters B and C, indicating that the difference in materials and mixture proportions can have a 

significant effect on the long-term development of the modulus of rupture. The increases in the 

modulus of rupture from 28 days to 56 days for Precasters B and C appear to be small. The 

small decrease in the 56-day ratio in Precaster B appears to be due to the variations in the 

modulus of rupture between specimens and the variations from the test. 
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Table 4.35. Rati f B t h A t28D B hA 00 ac verage o - ay ate fi M dulus of Rupture. vera~e or 0 

Precaster Ratioto2~DayAverage 

7Days 28Days 56 Days 

PrecasterA 0.91 1.00 1.12 
PrecasterB 0.94 1.00 1.02 
PrecasterC 0.90 1.00 0.98 

Overall 0.91 1.00 1.04 

4.2.4.2 Probability Distribution 

Quantile plots for modulus of rupture are shown in Figure 4.27. 
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(a) Normal Distribution (b) Lognormal Distribution 

Figure 4.27. Quantile Plots for Modulus of Rupture. 

From Figure 4.27, there does not appear to be enough evidence to prefer one distribution 

over the other since both of them provide a similar fit. Nevertheless, further analyses will be 

based on the assumption of lognormal distribution because of the convenience of using C V in the 

analysis and so that the analysis will be consistent with other properties. 

164 



4.2.4.3 Mean and Coefficient of Variation 

The batch average and CVsatch of the modulus of rupture are plotted in Figure 4.28 . 

. . . 
140()- : 1400 : 140()- : 

B 
. : B 

. 
I B I . . : I 

1200 • . 
A 1200 . A 1200 ! . : A • I I 

I . "i 
. I I I I . . . ; 1: : v v I i v l 

1000 .. I . i .. 
g 1000 I I 1000 I ! . :i I g I • . 

! : g i . I • I I i . . \ I . I I : . 
I . . I . . I 

800 ~ 800 : . 80(} ~ 

6000 7000 8000 9000 07 28 56 A B c 
Design Age A-ecaster 

. . . 
c 0.2(} c 0.2(} c 0.20 

v v v 
B 0.15- B 0.15- B 0.15 

a 0.1(} 
. 

a 0.1(} a 0.10 
. 

. • . . . . . . . 
t . . . . t : t I . . . . .. : .. 

I I i I I 
c 0.05- ; l . .. . 

i' c 0.05- I I 0.05- i . . .. . 
I 

c 

I i· 
. I . :: i .. I h : ·,. . ;: h h . I ·=· I . I • ! I . I 

6000 7000 8000 9000 07 28 56 A B c 
Design Age A-ecaster 

Figure 4.28. Scatter Plots of Batch Average and Coefficient of Variation within a Batch for 
Modulus of Rupture. 

From Figure 4.28, the batch average does not appear to change with an increase in the 

design strength. The increase in the batch average from 7 days to 28 days can be observed, but 

the change from 28 days to 56 days is smalL The difference between the batch averages among 

precasters can be seen. The batch average from Precaster A varies over a wider range than 

Precasters B and C because there were several mixture proportions used by Precaster A, as 

opposed to one mixture proportion per precaster used for the samples collected from Precasters B 

and C. Based on the CVsatch plot, the CVsatch appears to have a constant mean for all design 

strength classifications, ages, and precasters. The ANOVA in Table 4.36 also shows that there is 
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no difference at 0.05 level in any group. Therefore, the CVoatch can be assumed to be constant 

with the estimated value of 4.6 percent. 

Table 4.36. ANOVA Table of Coefficient of Variation within a Batch for Modulus of 

Dependent Variable: CVBatch 

Source 

Model 

Error 

Corrected Total 

R-Square 

0.268013 

Source 

Precaster 
Age 
Precaster*Age 
Class 
Precaster*Class 
Age*Class 
Precaster*Age*Class 

Rupture. 

Sum of 
DF Squares Mean Square F Value Pr > F 

26 0.02663993 0.00102461 1.14 0.3192 

81 0.07275799 0.00089825 

107 0.09939792 

Coeff Var Root MSE CVBatch Mean 

65.33363 0.029971 0.045873 

OF Type I SS Mean Square F Value Pr > F 

2 0.00105722 0.00052861 0.59 0.5575 
2 0.00217529 0.00108765 1.21 0.3033 
4 0.00522520 0.00130630 1.45 0.2238 
2 0.00387242 0.00193621 2.16 0.1224 
4 0.00154952 0.00038738 0.43 0.7857 
4 0.00038711 0.00009678 0.11 0.9795 
8 0.01237318 0.00154665 1.72 0.1057 

Scatter plots for the CVMu- of the modulus of rupture are provided in Figure 4.29. Table 

4.37 is the ANOVA for the CVMu-ofthe modulus of rupture. 
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Figure 4.29. Scatter Plots of Mixture Average and Coefficient of Variation within a 
Mixture for Modulus of Rupture. 

Table 4.37. ANOVA Table of Coefficient of Variation within a Mixture for Modulus of 
Rupture. 

Dependent Variable: CVMix 

Sum of 
Source OF Squares Mean Square F Value Pr > F 

Model 26 0.02266340 0.00087167 1 .57 0.1246 

Error 27 0.01497102 0.00055448 

Corrected Total 53 0.03763443 

A-Square Coeff var Root MSE CVMix Mean 

0.602199 76.54996 0.023547 0.030761 

Source OF Type I SS Mean Square F Value Pr > F 

Precaster 2 0.00366589 0.00183295 3.31 0.0520 
Age 2 0.00148685 0.00074343 1.34 0.2785 
Precaster*Age 4 0.00312043 0.00078011 1.41 0.2584 
Class 2 0.00089089 0.00044544 0.80 0.4582 
Precaster*Class 4 0.00154032 0.00038508 0.69 0.6023 
Age*Class 4 0.00604453 0.00151113 2.73 0.0502 
Precaster*Age*Class 8 0.00591449 0.00073931 1.33 0.2698 
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Based on Table 4.37, the mean of the CV Mix of the modulus of rupture is not significantly 

different at 0.05 significant level for all groups. The mean CVMix is 3.1 percent. 

The hypothesis tests of the means of the logarithm of the batch average are summarized 

in Table 4.38. No significant difference is found in all groups. Again, separate analyses will be 

carried out for each age even though there is no statistical difference among age groups. 

Table 4.38. ANOVA Table of the Mean of the Logarithm of Batch Averages for Modulus 
ofRu ture. 

Dependent variable: MLogBAvg 

Source 

Model 

Error 

Corrected Total 

R-Square 

0.574075 

Source 

Design 
Precaster 
Age 
Precaster*Age 
Design*Precaster 
Design*Age 
Design*Precaster*Age 

Sum of 
OF Squares 

17 0.07921336 

36 0.05877101 

53 0.13798437 

Coeff Var Root MSE 

1.339925 0.040405 

OF Type III SS 

1 0.00013642 
2 0.00726125 
2 0.00308811 
4 0.00176313 
2 0.00375564 
2 0.00130496 
4 0.00106014 

Mean Square F Value Pr > F 

0.00465961 2.85 0.0040 

0.00163253 

MLogBAvg Mean 

3.015433 

Mean Square F Value Pr > F 

0.00013642 0.08 0.7742 
0.00363063 2.22 0.1226 
0.00154406 0.95 0.3978 
0.00044078 0.27 0.8953 
0.00187782 1.15 0.3279 
0.00065248 0.40 0.6735 
0.00026504 0.16 0.9560 

Table 4.39 provides the summary of the mean and CV MixAvg of the modulus of rupture for 

each precaster and for each test age. The minimum 28-day modulus of rupture was determined 

to be 1000 psi (6.91 MPa). The maximum CVMixAvg was 11.8 percent at Precaster A. The 

CVBatchAvg was found according to Equation 4.5 to be 12.2 percent. 
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Table 4.39. Summary of the Mean and Coefficient of Variation of Mixture Averages for 
Modulus of Rupture. 

Precaster Age 

A 07 

28 

56 

B 07 

28 

56 

c 07 

28 

56 

Analysis Variable : MAvg 

N 
Obs 

7 

7 

7 

7 

7 

7 

7 

7 

7 _______ .. 

N Mean 

6 983.45 

6 1089.44 

6 1221.82 

6 1022.94 

6 1091.71 

6 1105.68 

6 895.24 

6 1001 .51 

6 981.46 
............... -.... ~ .............. 

Coeff of 
Variation 

8.5481126 

11.8483566 

12.6968076 

5.0457836 

7.0785815 

2.8540461 

7.6597763 

8.9291118 

9.1530006 
·-·--········ 

For the case when the mean values of the CV MixAvg and mixture averages for all precasters 

are of interest, the mean mixture average of the modulus of rupture was determined to be 1060 

psi (7.31 MPa), and the mean CVMixAvg for the 28-day compressive strength was 9.5 percent. The 

CVsatchAvg, determined by Equation 4.5 and using the average CV Mix of 3.1 percent, was found to 

be 10.0 percent. 

4.2.4.4 Bias Factors 

The bias factors for the modulus of rupture are shown in Figure 4.30. The plot is based 

on the nominal value calculated by the AASHTO LRFD Specifications (2000) using the 

specified compressive strengths. The bias factor appears to decrease slightly with the specified 

compressive strength between the specified compressive strengths of 6000 and 7000 psi ( 41.4 

and 48.3 MPa) and remain relatively constant at about 1.5 at higher strengths. The decrease in 

the bias factor is due to the fact that the actual modulus of rupture does not increase with the 

specified design strength. Again, this is due to consistency in concrete mixture proportions used 

by a precaster for the specified compressive strength range in this project. In addition, the 

prediction formula used to determine the nominal value can affect the trend of the bias factor. 
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When the AASHTO LRFD Specifications (2000) equation is used, the bias factor ranges from 

1.30 to 2.18 for a bias factor within a batch and from 1.34 to 2.14 for a bias factor within a 

mixture. High values of bias factors indicate that the modulus of rupture is considerably 

underestimated when using the specified compressive strength in the prediction. Table 4.40 

provides a summary of the mean bias factor for modulus of rupture when calculated using the 

AASHTO LRFD Specifications (2000) equation. 
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Figure 4.30. Bias Factors for Modulus of Rupture (Using AASHTO Equation). 

Table 4.40. Bias Factor for Modulus ofRupture{Using AASHTO Equ ation). 
Specified Compressive Strength 

Bias Factor 
Level 

6000 ± 1000 psi{41.4 ± 6.9 MPa) 1.77 
8000 ± lOOOpsi (55.2 ± 6.9 MPa) 1.54 
10000 ± 1000 psi (68.9 ± 6.9 MPa) 1.54 
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4.2.4.5 Prediction Formulas 

In this section, the goodness of fit of the prediction formulas relating the compressive 

strength to the modulus of rupture is investigated. The formulas under study include those 

shown in Table 4.41. The equations are also listed in Section 2.4.4, with a description of the 

variables. The equation proposed by Ahmad and Shah (1985) is the same equation as that 

recommended by Raphael (1984), which was originally developed for lower strength concrete 

(up to approximately 7000 psi (48.3 MPa)). 

Table 4.41. Equations for Determining Modulus of Rupture (MOR) from the 
C . St th fC t ompress1ve ren21 0 onere e. 

Units 

Author(s) Equation of 

MOR 

ACI Committee 318 (1999) 
7.5· Iii psi 

AASHTO LRFD Specifications (2000) 

ACI Committee 363 (1997) 11.7 · ../!~, 3000 psi< 1: < 12,000 
psi 

Carrasquillo et al. (1981a) ps1 

Burg and Ost (1992) 
12.4 · ..[ f~ , for Moist-Cured 

psi 
Specimens 

I CEB-FIP Model Code 1990 (CEB 1993) 
1+1.5·('· r (~·-sr 140• h. • _c_ MPa 

! 
. 1.5·(::t7 10 

' Khayat et al. (1995) o.23 + o.12. (J:)- o.o0o218. (J:Y MPa 

Raphael (1984) 
2.3 ·(J;'f ,fc < 12,000 psi psi 

Ahmad and Shah ( 1985) 
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The relationship between the measured compressive strength and modulus of rupture is 

plotted in Figure 4.31. Each point in the plot consists of the average results from three modulus 

of rupture specimens (beam specimens) and three compressive strength specimens. From the 

plot, it can be seen that the predicted values from all the formulas are similar except those from 

the AASHTO LRFD Specifications (2000) equation. This estimate is significantly lower than 

the others. Additionally, the equation for HSC recommended by the ACI Committee 363 (1997) 

does not result in a good prediction because it overestimates most of the test data. The majority 

of the test data fall between the equation from the AASHTO LRFD Specifications (2000) and the 

equation from ACI Committee 363 (1997). 

1600 

1400 
,....._ 
·c;; 1200 ,e 

~ 1000 
c.. 
~ 800 ..... 
0 

"' :::1 600 ;; 
"'0 
0 

::;g 400 

200 

0 

35 
Compressive Strength (MPa) 

55 75 95 

--AASHTO LRFD (2000) 
Iii Ahmad and Shah (1985) 
>< CEB (1993} 

-Best Fit 

* ACI Cmmnittee 363 (1997) 
· · · · · · · Burg and Ost (1992) 
- · - · - Khayat et al. (1995} 

+---~--~--~----~--~--~--~---T--~----+0 

5000 10000 
Compressive Strength (psi) 

15000 

Figure 4.31. Modulus of Rupture versus Compressive Strength. 

Table 4.42 is the summary of the relative prediction errors for each equation. The best 

existing prediction formula for this data is the CEB-FIP Model Code 1990 (CEB 1993) formula 

followed by the Ahmad and Shah (1985) equation. 
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The best fit equation for the modulus of rupture in this project is: 

(4.15) 

where /,. is the modulus of rupture in psi and f'c is the compressive strength in psi. This 

equation was determined by finding a coefficient in front of the square root such that the relative 

prediction errors are minimized. The equation is based on the square root model used by the 

AASHTO LRFD Specifications (2000) and ACI Committee 363 (1997). It can be seen from 

Figure 4.31 that the trend of the best fit curve is somewhat different from the CEB-FIP Model 

Code 1990 (CEB 1993) equation. This is because the CEB-FIP Model Code 1990 (CEB 1993) 

equation uses the 2/3 power rather than square root. The data in this project covers a relatively 

small range of compressive strengths, and there are variations in the data; therefore, the best fit 

model was selected based on currently accepted prediction relationships. 

Table 4.42. Relative Prediction Errors for Modulus of Rupture When Using Compressive 
Strength from Tests. 

Equation 
Age of Concrete 

7Days 28Days 56 Days Overall 

AASHTO LFRD Specifications (2000) 0.0632 0.0781 0.0861 0.0807 
ACI Committee 363 (1997) 0.0244 0.0402 0.0268 0.0324 
Ahmad and Shah (1985)/Raphael (1984) 0.0075 0.0181 0.0111 0.013 
Burg and Ost (1992) 0.0447 0.0673 0.0485 0.0569 
CEB-FIP Model Code 1990 (CEB 1993) 0.0084 0.0149 0.0097 0.0117 
Khayat et al. (1995) 0.008 0.021 0.0129 0.0149 
Best Fit 0.0069 0.0142 0.0117 0.0116 

The modulus of rupture is plotted with the design compressive strength in Figure 4.32, 

and the relative prediction errors are summarized in Table 4.43. When the design compressive 

strength is used, the equation from the ACI Committee 363 (1997) is the best prediction 

equation. 
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Figure 4.32. Modulus of Rupture versus Specified Compressive Strength. 

Table 4.43. Relative Prediction Errors for Modulus of Rupture When Using 
S 'fi d C . St th tpeci 1e ompress1ve reng1 . 

Equation 28Days 

AASHTO LFRD Specifications (2000) 0.1356 
ACI Committee 363 (1997) 0.0122 
Ahmad and Shah (1985)/Raphael (1984) 0.0279 
Burg and Ost (1992) 0.0168 
CEB-FIP Model Code 1990 (CEB 1993) 0.0216 
Khayat et al. (1995) 0.0387 
Best Fit 0.0309 

The modulus of rupture is plotted separately for each age with both actual compressive 

strength and specified compressive strength and using different markers for each precaster in 

Figure 4.33. 
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Figure 4.33. Modulus of Rupture versus Compressive Strengths by Age. 
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It can be observed from Figure 4.33 (a), (c), and (e) that the data for each age are 

somewhat scattered for each precaster, making it difficult to observe a trend. The relationships 

between the modulus of rupture and the compressive strength are clearer at the ages of 28 and 56 

days than the relationship at 7 days. 

From Figure 4.33 (b), (d), and (f), it can be seen that the modulus of rupture does not 

seem to increase with the specified compressive strength. The reason is the same as in the case 

of the other properties previously mentioned. That is, the same mixture proportion was used for 

all the specimens collected from Precasters B and C, and other factors can be as important as the 

design strength in the selection of the mixture proportion for Precaster A. 

Figure 4.34 shows the plot of bias factors for the modulus of rupture when the best fit 

equation is used. In this case, the bias factors within a batch range from 0.97 to 1.64 and those 

within a mixture range from 1.01 to 1.61. Table 4.44 provides a summary of the mean bias 

factor for the modulus of rupture when calculated using the best fit equation. 
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Figure 4.34. Bias Factor for Modulus of Rupture (Using Best Fit Equation). 
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Best Fit E uation). 
Bias Factor 

1.28 
1.12 
1.10 

4.2.4.6 Discussions of Implications for Design Provisions 

Because the modulus of rupture is used in design to estimate the stress at which a 

prestressed concrete member begins to crack in bending and expose the prestressing strands to a 

corrosive environment, it is conservative to underestimate the value of modulus of rupture. 

However, it must be noted that underestimation of modulus of rupture is not always conservative 

in design. If the actual modulus of rupture is greater than the estimated value used in the design, 

the actual cracking moment will also be greater than the calculated value. If the cracking 

moment is close to the nominal moment capacity of the beam, a sudden failure of the beam can 

occur immediately after the beam cracks without significant deflection to serve as a warning of 

the impending failure. Nevertheless, this appears to be rare because one of the problems facing 

bridge designers is not that the beam has too few prestressing strands but rather the standard 

section is not big enough to fit all the desired prestressing strands. This leads to the use of 0.6 

inch (15 mm) prestressing strands instead of standard 0.5 inch {13 mm) prestressing strands to 

increase the area of the prestressing steel. Therefore, underestimation of the modulus of rupture 

should not be a major concern as long as it is not considerably underestimated and there is a 

sufficient amount of longitudinal reinforcement. 

Again, because the design strength depends on current practices, it is not desirable to 

recommend a prediction formula based on how accurate it is using specified design strengths. 

Rather, the prediction formula that gives the most accurate prediction using the actual 

compressive strengths should be selected. Design criteria can then be developed based on this 

best fit expression such that the probability of exceeding a limit state in design is acceptably low. 
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Based on the test data ofthe modulus of rupture, the allowable tensile stress of 6,fj'; (in 

psi) seems to be conservative. Figure 4.35 shows a plot of the modulus of rupture and the actual 

compressive strength similar to Figure 4.31. In this plot, the allowable stress calculated from 

compressive strength values is plotted along with the AASHTO LRFD Specifications (2000) 

relationship for the allowable tensile stress in bending. The allowable stress happens to be 

80 percent of the modulus of rupture used for design ( 0.8 x 7 .s,fj'; ). Also on this plot are the 

best fit equation and the 80 percent of the best fit values. Different markers are used to 

distinguish the data for different test ages. 

It can be seen that the allowable stress of 6,[j'; is substantially lower than all the data 

from this project. The allowable stress is only 60 percent of the modulus of rupture values 

predicted by the best fit equation. At 80 percent of the best fit values, nearly all of the test data 

are still above this line. Therefore, based on the modulus of rupture from the test, there is a 

potential that the allowable tensile stress can be increased. However, Nilson (1985) pointed out 

that the cracking stress of an actual structural member could be less than the modulus of rupture 

of laboratory samples due to the difference in curing conditions in the laboratory and in the field. 

However, no such comparison was made for this project. 
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Figure 4.35. Allowable Stresses and Modulus of Rupture. 

Nevertheless, HSC has a very dense structure that can prevent the escape of moisture, as 

can be seen later from the low drying shrinkage of HSC. Therefore, the curing condition of the 

bulk concrete may be considered as the same as the curing condition of the moist-cured 

laboratory specimens. In addition, when Type III portland cement is used in HSC, the majority 

of the long-term strength is gained while the concrete is still in the mold. Therefore, it will not 

be affected by the curing condition as much as NSC. To determine what the allowable tensile 

stress value should be, the study of the effect of the curing conditions on the modulus of rupture 

may be required. 
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4.2.5 Creep and Shrinkage 

In this section, the measurements of creep and shrinkage are presented. A summary of 

the data included in this analysis is provided in Table 4.45. 

T bl 4 45 S a e • . ummaryo a a se m t e natysts or fD t U d. h A I . {! C reep an d Sh • k e. rm a~ 

i 

I 

Design fc 

Precaster Classification* 

(psi) 

6000 
PrecasterA 

8000 
Set I 

10000 

PrecasterA 
6000 
8000 

Set2 
10000 

Precaster8 
6000 

Set 1 8000 
10000 

Precaster8 
6000 
8000 

Set2 
10000 
6000 

PrecasterC 8000 
Set 1 

10000 

PrecasterC 
6000 

Set2 
8000 
10000 

Notes: 
* = Nominal range 
NT = Not Tested 

Last ...... ~ 

Batch No. Creep& 
Shrinkage 

Shrinkage 
(Cylinders) 

(Prisms) 

A15-Al6 NT NT I 
A5-A6 NT NT 

A13-A14 NT NT 
A17-A18 NT 64weeks 
A7-A8 670days 64weeks 
A9-Al0 650days 64weeks 
A11-A12 600days 64weeks 

B3-B4 NT NT 
811-812 Nf 64weeks I 

815-816 NT 64weeks 
87-88 Nf 64weeks I 

89-810 580days 64weeks 
813-814 510days 64weeks 
85-86 590days 64weeks 

CIX:16 NT 64weeks 
C3-C4 NT NT 

C13-C14 NT NT 
C17-Cl8 Nf 64weeks 
C7-C8 650days 64weeks 

C11-C12 630days 64weeks 
C9-C10 630days 64weeks 

Creep of concrete for each sample collection was tested beginning at the age of 7 days 

using four 4x8 inch (lOOx200 mm) cylindrical specimens (two specimens per batch) loaded in a 

creep frame. Two unloaded 4x8 inch (100x200 mm) specimens (one specimen per batch) were 

used to monitor shrinkage strains in the same environment (control specimens). The specimens 

180 



in the creep frames were loaded to approximately 30 percent of the average compressive strength 

for the two batches at an age of 7 days, corresponding to the age at loading. Table 4.46 provides 

a summary of the load regime for the creep samples. The load losses were computed by 

multiplying the average change in the height of the spring with the corresponding spring stiffness 

(27 kips/inch [4.7 kN/mm]). Strains were measured using electronic strain gages, with the data 

recorded at one-hour increments. A 64-channel data acquisition system with signal conditioners 

was used, limiting the creep testing to one sample collection for each strength range and 

precaster. A total of nine creep frames with six channels each were used. 

a e . . oa T bl 4 46 L d S ~ c ummary or s reep tpectmens. 

Batch No. 
A7 A9 All B5 B9 B13 C7 C9 Cll 

A8 AlO A12 B6 BlO B14 C8 ClO C12 

Mixture Average fc at 
7 Days (psi) 

8626 9862 8646 7929 8376 8705 8749 8604 7928 

Load Corresponding 32.5 372 32.6 29.9 31.6 32.8 33.0 32.4 29.9 
to 30% offc (kips) 

nitial Load (kips) 29.6 342 31.8 29.5 35.1 33.4 303 31.4 29.6 
LOad Loss (kips) 0.0 1.7 0.0 1.7 1.7 2.4 1.8 22 22 
Creep Load (kips) 29.6 32.5 31.8 27.9 33.4 31.0 28.5 292 273 
11% o(fc) 273 262 293 28.0 31.8 28.4 25.9 27.0 27.4 

Shrinkage was also tested using 4x4x 11.25 inch (IOOx IOOx285 mm) prism specimens. 

A length comparator was used to measure the change in length of the shrinkage specimens at 

1 day after casting (initial reading); 28 days after casting (second reading); 4, 7, 14, and 28 days 

after the second reading; and 8, 16, 32, and 64 weeks after the second reading. Details on the 

test methods and equipment setup for both the creep and shrinkage testing are discussed in 

Sections 3.2.5, 3.2.6, 3.3.6, and 3.3.7 and in Appendix D. Strain measurements for each 

individual sample can be found in Appendix B. 

4.2.5.1 Prediction of Creep and Shrinkage with Time 

The creep and shrinkage strain measurements from creep testing (ASTM C 512 1992) are 

plotted along with prediction formulas in Figures 4.36 through 4.44. Creep strain is defined as 

the difference between the average of two total strains from two specimens in the creep frame 
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and the shrinkage strain from the control specimen, all within the same batch. This is based on 

the widely accepted assumption that the creep and shrinkage are additive. The creep strains from 

the two batches of a mixture were then averaged to obtain the creep curve shown in the plots. 

The shrinkage curve was obtained from the average of two control specimens, one from each 

batch of a mixture. The equations for prediction of creep and shrinkage are provided in Tables 

4.47 and 4.48. The description of terms is provided in Section 2.4.4.6.4. 

T bl 4 47 E f £ P d' t' C a e . . ,qua IOns or re 1c mg reep as a unc Ion o 1m e. 
Author(s) Equation 

AASHTO LRFD (2000) 3.5 k k 1.58-- ~~.liS j 
( H) (t-t )"' 

c I 120 1 10.0+(t-t)0
·
6 

t0.6 

ACI Committee 209 (1992) v 
10.0 + t 0

·
6 

u 

CEB (1993) a ~to) f/J(t,to) 
Cl 

Bazant and Panula (BP) -
1
- +co (t, t') +CAt, t'' to)- cp (t, t'' to) 

(1984) Eo 

Bazant and Panula l + A(t')F(t) + k', P(t.,)B(t')f( i_ J 
(BP Simplified) (1980) Eo 7: sh 

T bl 4 48 E t' fi P d' ti Sh ' k F f fT' a e . . ,qua Ions or re IC D2 rm a2e as a unc Ion o 1m e • 
Author(s) Equation 

AASHTO LRFD (2000) -k k,( t )o.5lx!O-' 
s 35.0+t 

t 
ACI Committee 209 (1992) 35 + t (s.h)., 

CEB (1993) 0 cs0 {J,(f tJ 
Bazant and Panula (BP) 

&slm kh S(i) 
(1984) 

Bazant and Panula e._k,s(:J 
(BP Simplified) (1980) 
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Figure 4.36. Creep and Shrinkage Strains for Batches A 7 -AS. 
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Figure 4.37. Creep and Shrinkage Strains for Batches A9-A10. 
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Figure 4.38. Creep and Shrinkage Strains for Batches All-Al2. 
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Figure 4.39. Creep and Shrinkage Strains for Batches B5-B6. 
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Figure 4.40. Creep and Shrinkage Strains for Batches B9-Bl0. 
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Figure 4.41. Creep and Shrinkage Strains for Batches B13-B14. 
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Figure 4.42. Creep and Shrinkage Strains for Batches C7 -C8. 
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Figure 4.43. Creep and Shrinkage Strains for Batches C9-C10. 
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Figure 4.44. Creep and Shrinkage Strains for Batches Cll-C12. 

It can be observed from the plots that all the prediction formulas overestimate creep 

strains for all concrete mixtures tested. Equations from the AASHTO LRFD Specifications 

(2000), ACI Committee 209 (1992), and Bazant and Panula (1978b, 1978c, 1978d, 1979a, 

1979b, 1984) usually yield lower predicted values of creep compared with equations from CEB­

FIP Model Code 1990 (CEB 1993) and the simplified equation from Bazant and Panula (1980). 

Even the lowest predicted values overestimated the creep of all the HSC samples tested, and this 

overestimation was significant in most cases. 

For many of the specimens, the creep strains became nearly constant after they were 

loaded for about 150 to 200 days. On the other hand, some prediction equations, especially the 

simplified equation from Bazant and Panula (1980) and CEB-FIP Model Code 1990 (CEB 

1993), still show an increasing trend at 200 days. 

The corresponding shrinkage of the control specimens was predicted with much better 

accuracy by current equations. The CEB-FIP Model Code 1990 (CEB 1993) equation and the 

simplified equation from Ba:lant and Panula (1980) predict the shrinkage of all the samples 
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relatively well. The ACI Committee 209 (1992) equation and AASHTO LRFD Specifications 

(2000) equation overestimate shrinkage strains by as much as 100 percent. Like the creep 

strains, most of the shrinkage strains also begin to stabilize after the specimens have been 

exposed to drying for about 150 to 200 days. 

In all of the prediction formulas, the relative humidity and temperature (where required 

for the model) are assumed to be constant at 50 percent and 70 °F (21.1 °C), respectively. These 

are close to the average relative humidity and temperature in the laboratory where the specimens 

were stored. The relative humidity and temperature histories for the laboratory are shown in 

Figure 4.45. The samples were collected at different times, and so the creep specimens were 

loaded between about 10 and 160 days according to the timescale provided in the graphs. 
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Figure 4.45. History of Temperature and Relative Humidity for Creep Test. 
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Figure 4.46 shows a variation of temperature and relative humidity over a 5-day period. 

Vertical lines indicate midnight (12:00 a.m.). There are some fluctuations ofthe temperature and 

relative humidity within a 24-hour period, and there is a tendency for the highest temperature and 

relative humidity to occur in the afternoon. The effect of temperature on the measured strains 

was minimized by determining the magnitude of the thermal strain with the use of strain gages 

mounted on a steel block. The longitudinal strain of each concrete sample, which is a 

combination of creep, shrinkage strain, and thermal strain, was adjusted by subtracting the 

thermal strain from the measured longitudinal strain. The adjusted longitudinal strain is provided 

in this report. 
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Figure 4.46. Sample Daily Variations of Temperature and Humidity. 

The measured shrinkage strains from the prism specimens (ASTM C 157 [1999c]) are 

plotted versus predicted values as a function of time in Figures 4.47 through 4.61. The shrinkage 

at each age is typically the average shrinkage for six specimens from two batches (three 

specimens per batch). 
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Figure 4.47. Shrinkage Strains of Prism Specimens for Batches A7-A8. 
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Figure 4.48. Shrinkage Strains of Prism Specimens for Batches A9-A10. 
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Figure 4.49. Shrinkage Strains of Prism Specimens for Batches All-A12. 
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Figure 4.50. Shrinkage Strains of Prism Specimens for Batches A17-A18. 
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Figure 4.51. Shrinkage Strains of Prism Specimens for Batches B5-B6. 
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Figure 4.52. Shrinkage Strains of Prism Specimens for Batches B7-B8. 
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Figure 4.53. Shrinkage Strains of Prism Specimens for Batches B9-B10. 
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Figure 4.54. Shrinkage Strains of Prism Specimens for Batches B11-B12. 
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Figure 4.55. Shrinkage Strains of Prism Specimens for Batches B13-B14. 
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Figure 4.56. Shrinkage Strains of Prism Specimens for Batches B15-B16. 

194 



800~--------------------------------------------------~ 

Batches C7-C8 

I~r-------~::~~~~~~~~~ 

0 100 200 300 400 
Age ofConcrete (Days) 

-<>-Shrinkage 

-+-AASHTO LRFD (2000) Shrinkage 

-+-ACI Committee 209 (1992) Shrinkage 

__.,_ BP SirrlJlified (1980) Shrinkage 

-?IE- CEB (1993) Shrinkage _._ BP (1984) Shrinkage 
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Figure 4.58. Shrinkage Strains of Prism Specimens for Batches C9-Cl 0. 
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Figure 4.59. Shrinkage Strains of Prism Specimens for Batches Cll-C12. 
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Figure 4.60. Shrinkage Strains of Prism Specimens for Batches C15-Cl6. 

196 

500 

500 



800~------------------------------------------------~ 

Batches CI7-Cl8 

~~~--~~~~~~~9 

~00+---~----,---~----,---~----~--~~---r----~--~ 

0 100 200 300 400 
Age of Concrete (Days) 

-o- Shrinkage 

_._ AASHTO LRFD (2000) Shrinkage 

---- BP (1984) Shrinkage 

-+-ACI Committee 209 (1992) Shrinkage 

-..- BP Simplified (1980) Shrinkage 

__... CEB (1993) Shrinkage 

Figure 4.61. Shrinkage Strains of Prism Specimens for Batches C17-Cl8. 
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The comparisons between the measured shrinkage strain for prism specimens and 

predicted strains based on mixture information yield the same conclusion as for the unloaded 

control cylindrical specimens from the creep test (also called shrinkage specimens). The ACI 

Committee 209 (1992) and AASHTO LRFD Specifications (2000) equations overestimate the 

shrinkage stains measured for the HSC samples in this project. By the time the initial readings 

have occurred (first 28 days of drying), these two equations typically provide an upper bound to 

the measured shrinkage values. Therefore, the current AASHTO expression can be said to be 

conservative in estimating shrinkage for the duration considered in this project. The remaining 

three expressions underpredicted the measured shrinkage values. In most cases, the simplified 

model from Bazant and Panula (1980) tended to provide the closest prediction of the shrinkage 

strains, although this is an under-prediction. The CEB-FIP Model Code 1990 {CEB 1993) 

expression gave a slightly lower curve, and the equation from Bazant and Panula (1984) gave an 

even smaller predicted shrinkage. 
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For the prediction of shrinkage for the prism specimens, the ambient relative humidity 

and temperature were also assumed to be constant at 50 percent and 70 op (21.1 °C), 

respectively. The relative humidity and temperature in the laboratory where the shrinkage 

specimens were stored were recorded only at the times that the shrinkage readings were taken. 

This location is different than where the creep specimens and their control specimens were 

stored. The temperature and relative humidity measurements for the prism specimens are shown 

in Figure 4.62. 
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Figure 4.62. History of Temperature and Relative Humidity for Shrinkage Test. 

A comparison of the creep coefficients (defined as the ratio between the additional strain 

due to creep and the initial elastic strain) is presented in Figure 4.63. The line types are 

consistent for samples corresponding to each precaster. The samples show relatively stable creep 

coefficients for the later readings, although a small positive slope can be observed. 
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Figure 4.63. Comparison of Creep Coefficients. 

It can be seen that the creep coefficient can be quite different among the samples from a 

particular precaster even though the concrete has the same mixture proportions, as in the case of 

concrete mixtures from Precasters B and C. Part of this may be due to the variations in concrete 

hatching, mixing, and curing; as well as testing conditions of each sample set. Table 4.49 

provides a summary of creep coefficients at 500 days and the creep coefficients for the last 

available reading. Compared within the same precaster, the set that has a higher compressive 

strength at 28 days tends to have a smaller creep coefficient at 500 days. However, as noted 

above, there are many more factors that affect the creep of concrete other than the associated 

compressive strength. Additional factors include differences in the temperature and humidity 

history during curing for each set It should be noted that the environment in the laboratory 

where all the samples were stored could not be strictly controlled (see Figure 4.45). 
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a e . . T bl 4 49 C ompar1son o fC reep oe ICien s • c ffi . t 

~fc 28-Day Creep Creep Last 
BatdtNo. Oassification Co~e Coefficient at Coefficient at Reading 

(pstj ""' ..... I (psi) OU~UI 500Days Last.... _.. (Days) 

A7-A8 6(XX) 9657 126 126 670 
A9-Al0 8000 11508 1.22 126 650 
Al1-Al2 100)() 9853 152 1.57 600 
B9-B10 6(XX) 9896 123 127 580 

B13-B14 8000 9993 1.12 1.12 510 
B5-B6 100)() 9258 1.43 1.45 590 
C7-C8 6(XX) 9506 120 127 650 

Cll-C12 8000 8586 135 137 630 
C9-Cl0 100)() 9734 1.07 1.14 630 

Minimum 1.07 1.12 
Average 127 1.30 

Maximum 1.52 1.57 

A comparison of the shrinkage strains from the control specimens in the creep test is 

presented in Figure 4.64. Similar plots with the data from prism specimens are shown in Figure 

4.65. In each graph, a consistent line type is used to identity samples from a particular precaster. 

From Figure 4.64, all the specimens appear to show similar shrinkage values at later ages. In 

contrast, Figure 4.65 shows that the shrinkage can be quite different from precaster to precaster. 

There appears to be no correlation between the shrinkage and the actual 28-day compressive 

strength for either set of tests. 

Comparisons of shrinkage from both tests are provided for each precaster in Figures 4.66 

through 4.68. In each graph, a consistent line type is used to identifY control cylinders and 

shrinkage prisms from the same sample set Additional shrinkage prisms that came from 

different batches than the control cylinders are also included for each precaster. 
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Figure 4.64. Comparison of Shrinkage Strains of Control Specimens from Creep Test. 
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Figure 4.65. Comparison of Shrinkage Strains of Prism Specimens. 
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Figure 4.68. Comparison of Shrinkage Strains for Precaster C. 

Comparing the shrinkage strains from two tests (Figures 4.66 through 4.68), it can be 

seen that there are some inconsistencies between the shrinkage at the same age for each batch. 

This is mainly due to the different ages at first drying and the curing condition during the test. 

For the control specimens of the creep test, each specimen was moist-cured for 7 days before the 

shrinkage measurements began, at which time it was put into the laboratory and allowed to dry. 

On the other hand, the length of a prism specimen was first measured at one day after casting, 

and then the specimen was cured in a lime solution for 28 days before it was allowed to dry. For 

the prism specimens, some sets of samples exhibited swelling between the initial and second 

readings when they were cured in the lime solution. The trend that the drying shrinkage of 

concrete is lower when the drying begins at later ages is not seen here, as the shrinkage of prism 

specimens appears to be in the same range as the shrinkage for the control specimens of the 

creep test. This may be because the modulus of elasticity of concrete, which is often used as an 

indication of the ability to resist the shrinkage of concrete, is not substantially different between 

the age of 7 days to 56 days (Section 4.2.2.1 ). In addition, it may be because the differences in 

the drying environment and variability inherited in both tests have a greater effect than the effect 
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of the age at first drying. Moreover, the difference in the shrinkage can be attributed to the 

different types of specimens used for the two tests. The shape of the specimen may affect the 

development of shrinkage even though they all have the same volume-surface ratio. 

It can be seen that the variation of shrinkage measured for the control cylinders is 

somewhat lower in Figure 4.64 compared with that for the prisms shown in Figure 4.65. This 

may be due to the effect of autogenous shrinkage. At one day after casting, the hydration of 

concrete is not yet completed. As a result, autogenous shrinkage can continue developing after 

the initial reading in the prism specimen. This can be seen from some specimens that show 

shrinkages between the initial and second reading. Therefore, the shrinkage shown in Figure 

4.65 is the combination of the autogenous shrinkage and the drying shrinkage, and a more 

significant difference in the shrinkage is observed for the different precasters. On the other hand, 

at 7 days, a larger portion of the hydration has been completed, and the autogenous shrinkage 

after this time may be negligible. As a result, the shrinkage strains in Figure 4.64 can be 

attributed to the drying shrinkage only (the carbonation shrinkage is usually negligible under 

these conditions). The drying shrinkage depends mainly on the ambient relative humidity. The 

mixture proportion and materials used are considered to be of lesser importance. Therefore, the 

difference between the shrinkage among precasters is less pronounced in this case. 

Concrete samples from Precasters A and B appear to have larger shrinkage strains than 

samples from Precaster C, despite the use of a lower water-cement ratio and a higher measured 

modulus of elasticity of concrete for Precaster A. This indicates that other factors have a greater 

impact on the shrinkage than the water-cement ratio and modulus of elasticity. The difference 

may be related to the type of the coarse aggregate. The two sample sets that give the highest 

final shrinkage values for Precaster Bare those using river gravel for the coarse aggregate (B13-

B 14 and B 15-B 16), while the other samples from the same precaster use crushed limestone. The 

smooth surface of the river gravel used for all Precaster A and some Precaster B mixtures may 

not help restrain the shrinkage as well as the rough surface of the crushed limestone aggregate 

used for all Precaster C and some Precaster B mixtures. In addition, the differences in cement 

and chemical admixtures used can affect the shrinkage of the concrete. 
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4.2.5.2 Ultimate Creep Coefficients and Shrinkage Strains 

In basic design procedures, a long-term value of the creep coefficient and shrinkage strain 

is of interest for estimating prestress losses; the prediction of the creep and shrinkage with time, 

as described in Section 4.2.5.1, is often not necessary. The following section discusses the 

assumptions behind the formulas for estimating creep and shrinkage losses specified in the 

standards. These estimates are then compared with the measured data. 

4.2.5.2.1 Ultimate Creep and Shrinkage from Design Equations for Prestress 

Losses 

Zia et al. (1979) proposed the following equation to estimate the prestress loss due to 

creep ( l!:.f pCR ) : 

(4.16) 

where KcR is 2.0 for normal weight concrete, Ec is the modulus of elasticity of concrete at 28 

days, EP is the modulus of elasticity of the prestressing strand, fcgp is the stress in concrete at 

the level of the prestressing strand due to prestressing force at transfer and the self-weight of the 

member, and l!:.fcdp is the change in concrete stress at the center of gravity of prestressing steel 

due to additional permanent loads after prestress transfer. Rearranging the terms and substituting 

the value of KcR : 

(4.17) 

(4.18) 

where l!:.e pCR is the change in strain at the center of gravity (e.g.) level of the prestressing strand 

due to the creep of concrete and eci is the initial sustained stress of the concrete at the e.g. level 
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of the prestressing strands. For pretensioned members, the change in strain of the prestressing 

strain is equal to the change in strain of concrete at the same level, !1cccR . Therefore: 

/1cpCR = /1&cCR = 2.0 (4.19) 
cci cci 

The creep coefficient is defined as the ratio of the creep strain to the initial strain due to 

sustained load. Therefore, from Equation 4.19, the creep coefficient is assumed to be 2.0. In 

fact, the assumed creep coefficient should be slightly less than 2.0 because the modulus of 

elasticity of concrete, Ec , used in the equation is the 28-day Ec , not at the age when the 

prestressing strands are released. Because prestressing strands are usually released prior to 28 

days (releases at 1 day were commonly observed in this project), the modulus of elasticity at 

release would be less than that at 28 days. Therefore, the actual initial strain of concrete should 

be higher. 

For estimating the shrinkage loss ( !1fpsR ), Zia et al. (1979) recommended the following 

equation: 

(4.20) 

where KsH is equal to 1.0 for pretensioned members and His the relative humidity in percent. 

Rearranging terms and substituting the value of KSH: 

(4.21) 

Note that the left term is the change in strain in prestressing strands due to shrinkage, 

!1cpsR. Substituting the volume-surface ratio of 1.0 for a 4x8 inch (10Qx2QO mm) specimen and 

using 50 percent relative humidity standard conditions: 
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11& pSR = 8.2 X 10-6 
X l.Q X (1- 0.06 X 1.0)(1 QQ- 50)= 385 X 10--6 inch/inch (4.22) 

Again, the change in strain of prestressing strands is equal to the change in strain of 

concrete at the same level for a pretensioned member: 

11EcsR = 385 x 10--6 inch/inch (4.23) 

where 11EcsR is the change in strain of concrete due to shrinkage at the level of the e.g. of the 

prestressing strands. This is, in fact, the ultimate shrinkage strain. 

The loss due to creep in Section 5.9.5.4.3 of the AASHTO LRFD Specifications (2000) is 

calculated by the equation proposed by Hernandez and Gamble (1975) as: 

AfpcR = l2fcgp -7.011/cdp (4.24) 

The term Afcdp is equal to zero because there is no additional load after the first loading. 

Dividing both sides by the modulus of elasticity of the prestressing strand will result in a change 

in strain: 

( 4.25) 

To obtain the creep coefficient, divide both sides with the elastic strain, Ec; = fcgp . Note here 
Ec 

that the change in strain of the prestressing strand is equal to the change in strain of concrete at 

the same level in a pretensioned member: 

A&ceR AEpcR 
--=--= (4.26) 
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The left term in Equation 4.26 is equal to the creep coefficient. The modulus of elasticity of the 

prestressing strand can be taken as 29xl06 psi (200 GPa). For example, if the modulus of 

elasticity of concrete is 6,000,000 psi, then the creep coefficient will be 2.48. 

For estimating shrinkage loss, the following equation ts recommended m Section 

5.9.5.4.2 of the AASHTO LRFD Specifications (2000): 

4fpsR =17-0.150H (4.27) 

Dividing both sides by the modulus of elasticity of the prestressing strands to obtain the change 

in strain due to shrinkage and substituting the relative humidity of 50 percent: 

_ 4fpsR _17 -0.150H _ 328 lO-{j . h/' h 
E sR ---- - x me me 

p Ep 29000 
(4.28) 

Again, the change in strain of the prestressing strands is equal to the change in strain of concrete 

at the same level. Therefore, the ultimate shrinkage strain of concrete assumed in this equation is 

328 j..le. 

4.2.5.2.2 Comparison with Experimental Data 

The creep coefficients and shrinkage strains from the tests are summarized in Table 4.50 

and Table 4.51, respectively, along with the ultimate creep coefficients and ultimate shrinkage 

strains calculated from prediction and design equations. The ultimate creep coefficients and 

shrinkage strains from the prediction formulas (in Section 4.2.5.1) are the creep coefficient and 

shrinkage strains at 75 years, the design lifetime of a structure. The ultimate creep coefficients 

and shrinkage strains from design equations are discussed in Section 4.2.5.1. 
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Table 4.50. Summary of Ultimate Creep Coefficients. 
Batch Number 

A7 A9 All BS B9 B13 C7 

AS AlO A12 B6 BlO B14 C8 

ASTMC512 

Creep Coefficient 1.26 1.26 1.57 1.45 1.27 1.12 1.27 

Duration (days) 670 650 600 590 580 510 650 
Predicted Ultimate Creep Coefficient (J..LB) 

AASHTO 2.6 2.3 2.0 2.1 2.5 2.2 2.6 

AASHTO Design 2.9 2.9 2.8 2.5 2.4 2.3 2.2 

ACI 209 2.9 3.0 2.3 2.8 2.8 2.8 2.6 

CEB-FIP 3.1 2.8 3.0 3.1 3.0 3.0 3.1 

BP 4.8 6.2 4.8 4.7 5.3 5.2 5.7 

BP (Simplified) 7.3 11.9 7.3 6.0 6.8 7.5 7.6 

Zia et al.* 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Notes: 

* Value does not depend on mixture properties 
AASHTO Section 5.4.2.3.2 of AASHTO LRFD Specifications (2000) 
AASHTO Design = Equation 4.26 
ACI 209 Section 2.4 to 2.6 of ACI Committee 209 (1992) 
CEB-FIP Section 2.16.4.3 ofCEB-FIP Model Code 1990 (CEB 1993) 
BP Ba.Zant and Panula (1978b, 1978c, 1978d, 1979a, 1979b, 1984) 
BP Simplified BaZan.t and Panula (1980) 
Zia et al. (1979) = Equation 4.19 
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a e 0 0 T bl 4 51 S ummaryo 1ma e rm a~e trams. fUif t Sh ' k S 
Batch Number 

A7 A9 All A17 B5 B7 B9 Bll B13 B15 C7 C9 
AS AlO All A18 B6 B8 BlO B12 B14 B16 C8 ClO 

ASTM C 157 (Prism Specimens) 
Shrinkage (!le) 407 381 383 310 382 367 3811355 453 489 402 363 

Last Rdg. (weeks+) 64 64 64 64 64 64 64 64 64 64 64 64 

ASTM C 512 (ControlS i)ecimens of Creep Test) 
Shrinkage (!lE) 246 355 433 - 387 - 366 - 414 - 399 393 

Duration (days) 670 650 600 590 - 580 - 510 - 650 630 
Predicted IDtimate Shrinkage (J.LS) 

AASHTO* 688 688 688 612 688 612 688 612 688 612 688 688 
AASHTO Design* 328 328 328 328 328 328 328 328 328 328 328 328 

ACI209 675 698 601 672 758 674 758 673 708 633 719 724 
CEB-FIP 375 289 367 255 394 326 361 301 360 324 382 382 

BP 284 282 286 251 311 266 304 263 290 252 299 302 
BP (Simplified) 323 320 326 287 354 305 346 301 330 287 340 343 

Zia et al.* 385 385 385 385 385 385 385 385 385 385 385 385 
Notes: 

+ = Weeks after the second reading 
* = Value does not depend on mixture properties 
AASHTO Section 5.4.2.3.3 of AASHTO LRFD Specifications (2000) 
AASHTO Design= Equation 4.28 
ACI 209 =Section 2.4 to 2.6 of ACI Committee 209 (1992) 
CEB-FIP =Section 2.16.4.4 ofCEB-FIP Model Code 1990 (CEB 1993) 
BP = Bafant and Panu1a (1978a, 1979b, 1984) 
BP Simplified= Bazant and Panula (1980) 
Zia et al. (1979) = Equation 4.23 

Cll C15 Cl7l 
C12 C16 C18 

407 352 400 

64 64 641 

395 - -
630 -

688 612 612 

328 328 328 
743 657 659 
425 353 360 

322 273 285 

366 313 326 

385 385 385 

It should be noted that not all of the creep and shrinkage values from the tests shown in 

Tables 4.50 and 4.51 have stabilized enough to be considered as ultimate values. However, 

based on the plot in Figure 4.63, the creep coefficient curves begin to flatten at the creep 

coefficient values of about l.O to 1.5, which are considerably less than the majority of the creep 

coefficients from the equations listed in Table 4.50. Note that the creep coefficient from the 

simplified equation recommended by Ba.Zant and Panula (1980) does not appear to converge to a 

limiting value. The ultimate creep coefficient values from the design equation and the equation 

for estimating the creep in the AASHTO LRFD Specifications (2000) are similar. 
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Comparing the shrinkage strains in Figures 4.64 and 4.65, with the ultimate shrinkage 

values in Table 4.51, indicates that the ultimate shrinkage values assumed for computing 

prestress losses recommended by Zia et al. (1979) (385 ~-te) and the AASHTO LRFD 

Specifications (2000) (328 !-le) are reasonable considering the variations of the shrinkage tests. 

However, it should also be noted that these values are less than the maximum measured 

shrinkage strain among all the test samples. 

The ultimate shrinkage from the equation proposed by Zia et al. (1979) and design 

equation from the AASHTO LRFD Specifications (2000) are in relatively close agreement with 

the Bazant and Panula (1978a, 1979b, 1984), Bazant and Panula (1980), and CEB-FIP Model 

Code 1990 (CEB 1993) equations. The ultimate shrinkage values from ACI Committee 209 

( 1992) and the AASHTO LRFD Specifications (2000) (equation for estimating shrinkage) 

appear to overestimate the ultimate shrinkage of the data by almost a factor of two in some cases, 

according to the latest measurements. 

4.2.5.3 Discussion of Implications for Design Provisions 

Based on the experimental data, the creep of the HSC in this project is overestimated by 

all of the design equations and the equations that estimate the development of creep with time, 

including the ACI 209 and AASHTO equations. On the other hand, the development of the 

shrinkage of HSC with time was most closely predicted using the Bazant and Panula (1980) 

expression, although this did result in an under-prediction ofthe shrinkage. 

The ultimate shrinkage strain assumed in the equations to compute prestress losses due to 

shrinkage from ACI Committee 423 (Zia et al. 1979) and the AASHTO LRFD Specifications 

(2000) appears to be close to the expected values for the measured data, based on measurements 

for shrinkage at 450 to 600 days. 

The creep and shrinkage from the test specimens could overestimate the actual creep and 

shrinkage because the humidity near the prestressing strands can be substantially higher than the 

humidity in the laboratory where specimens were stored. On the other hand, prestressed 
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members are released at 1 day rather than 7 days as the test specimens. This tends to increase the 

creep and can offset the effect of humidity. 

When considering both the effect of creep and shrinkage, the loss due to time-dependent 

deformation of concrete appears to be overestimated in a standard design procedure based on 

measurements for the HSC samples in this project. In general, it is conservative when the actual 

long-term loss is less than the predicted value because the actual tensile stress at the bottom fiber 

of the beam and the compressive stress at the top fiber are less than the value calculated in the 

design and should be less than the allowable stresses. However, it is not clear just by 

considering the creep and shrinkage of concrete whether this will result in a conservative 

situation because the relaxation of the prestressing strands also depends on the creep and 

shrinkage of concrete. The interaction of the relaxation loss and the losses due to creep and 

shrinkage should be considered. If the combined effect of creep and shrinkage of concrete is 

significantly lower than the predicted value, then the sustained strain in the prestressing strands 

at any time will be larger than that used in the formulation of the relaxation loss. As a result, the 

rate of relaxation loss can be higher than predicted. If the resulting decrease in the actual versus 

specified creep loss is greater than the increase in the actual versus specified relaxation loss, the 

design will still be conservative. 
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5 SUMMARY AND CONCLUSIONS 

5.1 SUMMARY 

This research is Phase 1 of the TxDOT Project 0-2101, Allowable Stresses and 

Resistance Factors for High Strength Concrete. The objective of the overall project was to 

evaluate the allowable stresses and resistance factors in the AASHTO LRFD Specifications for 

design of HSC girders used in Texas bridges. Hueste et aL (2003a) summarized the complete 

project. Phase 1 of the project focused on evaluating the applicability of current prediction 

equations for estimation of mechanical properties of HSC and determining statistical parameters 

for mechanical properties of HSC. Phase 2 included defining the current state of practice and 

identifying critical areas for refining design provisions for HSC prestressed bridge girders 

(Hueste and Cuadros 2003). Phase 3 focused on assessing the impact of different curing 

conditions on the compressive and flexural strength of HSC and developing appropriate 

recommendations for HSC prestressed bridge girders (Hueste et al. 2003b ). 

As a first step toward evaluating the applicability of current AASHTO design provisions 

for HSC prestressed bridge members, Phase 1 of this project focused on evaluating the 

mechanical properties of HSC produced by Texas precasters. HSC samples were collected from 

three selected precasters in Texas. These precasters are considered to be representative of the 

eight precasters in Texas that produce prestressed bridge members at the time of this project. As 

much as possible, precasters were selected to cover different geographical locations in Texas, 

coarse aggregate type (coarse river gravel and crushed limestone), and precaster production 

capacities. For each precaster, concrete samples were categorized by specified design 

compressive strength into three classes, 41 £J MPa (6000 ±1000 psi), 55 £J MPa (8000 ± 

1000 psi), and 69 ±7 MPa (10000 ±1000 psi), so that effects of the specified design 

compressive strength on other concrete properties could be observed. For each strength class, 

two collections were made from each precaster on different days to capture variability within 

mixtures used by a precaster for the same specified design compressive strength. Two sets of 
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concrete samples were made during each collection, sampling from two different batches of the 

same mixture on the same collection date, to account for variability in the mixing and hatching 

procedures. 

In the majority of cases, the concrete evaluated in the research project was obtained 

directly from the precast plants during casting of prestressed bridge members. However, for 

three collections, the concrete was specifically produced at the plant for the research project 

because these particular specified design strengths were not available from the precasters during 

the time frame of this program. In these cases, the precaster produced their standard concrete 

mixtures for the given specified design compressive strength. Type III high early strength 

portland cement was used for all concrete mixtures sampled in this project. 

The samples were tested in the laboratory at 7, 28, and 56 days of age for compressive 

strength, modulus of rupture, splitting tensile strength, and modulus of elasticity. The 

experimental data were analyzed to determine mean values, bias factors, and coefficients of 

variation for each of these four mechanical properties. In addition, creep and shrinkage were 

monitored for a period of approximately 450 to 700 days, depending on the sample set. One-day 

compressive strength data were obtained from the precasters. In addition, analyses were 

performed to evaluate the applicability of prediction formulas in current design codes and the 

literature to HSC. Based on the mechanical properties determined for plant-produced HSC, a 

preliminary assessment of the current design provisions as they apply to HSC prestressed 

members was made, and areas for potential modification are identified. 

5.2 CONCLUSIONS 

The following conclusions were made based on the data obtained in the experimental 

program for HSC produced by Texas precasters. A summary of the statistical data is followed 

by general conclusions, and conclusions for each mechanical property are provided. 
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5.2.1 Summary of Statistical Data 

Tables 5.1 and 5.2 provide a summary of the mean and coefficients of variation for 

compressive strength, modulus of elasticity, splitting tensile strength, and modulus of rupture 

obtained from the statistical analysis in this project. 

Although the precasters for this project were selected to be representative of precasters in 

Texas, it was not possible to choose precasters in a completely random way. Therefore, for the 

determination of resistance parameters by simulations using statistical parameters of mechanical 

properties from this project, the maximum coefficient of variation and lowest mean among 

precasters are considered conservative for representing the overall practice in Texas. 

Alternatively, simulations can be performed using the mean and coefficient of variation for each 

precaster (because the lowest mean and highest coefficient of variation do not necessarily occur 

for the same precaster), and then the resistance parameters can be chosen conservatively among 

precasters. 

Table 5.1. Summary of Mean and Coefficient of Variation (Conservative Estimates). 
Mean at 

Property 
28 Days Within a 

psi(MPa) Batch 
(1) (2) 

Compressive Strength 
9240 

2.4 (63.7) 

Modulus of Elasticity 
5,660,000 

3.6 
(39,000) 

Splitting Tensile Strength 
610 

8.3 
(4.21) 

Modulus of Rupture 1000 
4.6 (6.91) 

Notes: 
(1) Minimum value among precasters at 28 days 
(2) Average value for all precasters and all ages 
(3) Maximum value among precasters 
(4) Calculated using Equation 4.5 
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CV'%) 
Within a Mix Batch 
Mixture Average Average 

(2) (3) (4) 

2.4 8.8 9.1 

3.3 5.2 6.1 

5.7 10.8 12.2 

3.1 11.8 12.2 



Table 5.2. Summary of Mean and Coefficient of Variation (Average Estimates). 
Property Mean at 

28Days Within a 
psi (MPa) Batch 

(1) {2) 
Compressive Strength 10000 2.4 (68.9) 
Modulus of Elasticity 6,360,000 3.6 (43,900) 
Splitting Tensile Strength 674 8.3 (4.65) 
Modulus of Rupture 1060 4.6 (7.31) 

Notes: 
( 1) Average value for all precasters at 28 days 
(2) Average value for all precasters and all ages 
(3) Calculated using Equation 4.5 

5.2.2 General Conclusions 

cv %) 
Within a Mix Batch 
Mixture Average Average 

(2) (1) _{3) 

2.4 6.4 6.9 

3.3 4.3 5.4 

5.7 7.5 9.4 

3.1 9.5 10.0 

i 

1. Because of typical practices for the Texas precasters who participated in this project, 

very little or no increase in the average compressive strength, modulus of elasticity, 

splitting tensile strength, and modulus of rupture was found with an increase in the 

specified compressive strength. In general, the precasters did not use many different 

mixture proportions for prestressed concrete work and may use only one mixture 

proportion for a wide range of specified compressive strengths. Where various mixture 

proportions were available, the specified compressive strength was not the only factor in 

the selection of the mixture proportions. Factors such as time of day of casting and 

ambient temperature played a significant role in the selection of the mixture proportions. 

In addition, for compressive strength, splitting tensile strength, and modulus of rupture, 

the mean of the logarithm of the batch average (equivalent to mixture average if the data 

are normally distributed) was found not to be significantly different at the 0.05 level 

among precasters, ages, design compressive strengths, and their interaction groups. 

2. Compressive strength, modulus of elasticity, splitting tensile strength, and modulus of 

rupture can be assumed to follow a lognormal distribution. However, a normal 

distribution may also be reasonably assumed. 
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3. Overall, the 28-day bias factors (mean-to-nominal ratios) decrease with an increase in 

design compressive strength due to the relative uniformity of mixture proportions 

provided for the specified strength range. Nevertheless, the 28-day bias factors are 

greater than or equal to 1.00, except for the bias factor for splitting tensile strength for the 

10000 psi (69 MPa) strength class. 

4. The coefficient of variation within a batch and the coefficient of variation (CV) within a 

mixture for the compressive strength, modulus of elasticity, splitting tensile strength, and 

modulus of rupture were not significantly different at the 0.05 level among specified 

design compressive strength classes and any design compressive strength interactions. 

However, these CVs may be significantly different among precasters and ages. Details 

are provided for each property below and in Chapter 4. 

5. The CVs for the compressive and spitting tensile strength for the HSC samples in this 

project are lower than those previously used in the development of the AASHTO LRFD 

Specifications (2000). 

6. The code equations that gave the closest prediction of the mechanical properties of the 

HSC tested in this project are as follows: 

• Modulus of Elasticity: AASHTO LRFD Specifications (2000)/ACI 318 (1999) 

• Splitting Tensile Strength: ACI 318 (1999) 

• Modulus ofRupture: CEB-FIP Model Code 1990 (CEB 1993) 

Best-fit equations were also developed to give the lowest relative prediction error, while 

maintaining a relatively simple expression. 

5.2.3 Compressive Strength 

1. The increase in compressive strength was substantial from release (typically 1 day) to 

7 days and from 7 days to 28 days. The compressive strengths at release and at 7 days 
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were found to be an average of 69 percent and 88 percent of the 28-day compressive 

strength, respectively. The increase of compressive strength from 28 days to 56 days was 

small with an average of a 4 percent increase. All precasters appear to have a similar 

trend. 

2. The 28-day bias factor (mean-to-nominal ratio) was found to decrease with an increase in 

design compressive strength due to the fact that the actual compressive strength did not 

significantly increase with the specified design compressive strength. Nevertheless, the 

bias factor is greater than 1.0. 

3. The concept of a bias factor may not provide the best description for the HSC produced 

by the precasters in this project because the mean compressive strength was found to be 

constant regardless of the specified compressive strengths. However, it is useful to 

compare the bias factors to the values used in the development of the AASHTO LRFD 

Specifications (2000). 

4. The coefficient of variation within a batch and coefficient of variation within a mixture of 

the compressive strength were not significantly different among precasters, ages, design 

compressive strengths, and their interaction groups. 

5. The coefficient of variation of the batch average for design compressive strengths 

between 5900 to 9200 psi (40.7 MPa to 63.4 MPa) could be taken conservatively 

(because precasters were not selected in a purely random manner) as 9.1 percent or 

6.9 percent on average. The mean 28-day compressive strength could be taken 

conservatively as 9204 psi (63.4 MPa) or 9986 psi (68.9 MPa) as an average. 

6. The estimated coefficient of variation for HSC in this project (even for the conservative 

case) is significantly smaller than those previously used in the development of the 

AASHTO LRFD Specifications (2000). 

7. There is a possibility that the resistance factor for flexural design of prestressed concrete 

members can be increased for HSC based on the smaller coefficient of variation and 
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larger bias factor for the compressive strength. However, the mean compressive strength 

(which was found to be constant regardless of the specified compressive strengths) may 

be more relevant than a bias factor in the simulation of resistance parameters for this 

group of precasters. For composite beams, information on the statistical parameters of 

the deck concrete is also important for establishing the resistance factor for flexure. 

8. Because TxDOT allows the use of either 4x8 inch (lOOx200 mm) or 6x12 inch 

(150x300 mm) specimens and either neoprene or sulfur capping for compressive strength 

testing, no adjustment to the bias factor is necessary to account for the differences in the 

compressive strength due to the differences in the size and capping of the test specimens. 

Based on current literature, the coefficient of variation of 6x12 inch (150x300 mm) 

cylinders can be expected to be the same or smaller than that for 4x8 inch ( 1 OOx200 rnrn) 

cylinders. Therefore, the reported coefficient of variation value here can be considered 

as a conservative estimate of the coefficient of variation of concrete tested using 

6x12 inch (150x300 mm) cylinders. 

5.2.4 Modulus of Elasticity 

1. The increase of modulus of elasticity with time was not substantial from 7 days to 

28 days and from 28 days to 56 days. The 7-day and 56-day modulus of elasticity values 

were about 96 percent and 102 percent of the 28-day modulus of elasticity. All 

precasters appear to have a similar trend. 

2. The bias factor for modulus of elasticity (where the nominal value is calculated using 

AASHTO LRFD Specifications ~OOO]equation) was found to decrease with an increase 

in specified compressive strength. This is because the modulus of elasticity was found 

not to increase with the specified compressive strength while the predicted value does 

mcrease. 

3. The coefficient of variation of the modulus of elasticity within a batch was significantly 

different among ages. The coefficient of variation within a mixture of the modulus of 
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elasticity can be assumed to be the same among precasters, ages of test, design 

compressive strengths, and their interaction groups. 

4. The mean of the modulus of elasticity was not significantly different among design 

strengths but was different among precasters. The differences among precasters could be 

attributed to the type of coarse aggregate used. 

5. For concrete having design compressive strength between 5900 to 9200 psi (41.4 MPa to 

62.0 MPa), the coefficient of variation can be taken as 6.1 percent as a conservative value 

(because precasters were not selected in a purely random manner) or 5.4 percent as an 

average value. A minimum 28-day mean of the modulus of elasticity among precasters 

was found to be 5,660,000 psi (39.0 GPa). The mean 28-day of the modulus of elasticity 

for all precasters was found to be 6,360,000 psi (43.9 GPa). 

6. When the actual compressive strength was used for prediction of modulus of elasticity, 

all prediction equations under investigation underestimated the modulus of elasticity. 

AASHTO LRFD Specifications (2000) equation, which is the same as the equation 

recommended by ACI Committee 318 (1999), provided the best estimation for the data in 

this project. It only slightly underestimated the experimental data when compared with 

the best-fit equation. 

7. The ACI Committee 363 (1997) equation for HSC was found to underestimate the 

modulus of elasticity ofHSC in this project. 

8. When the specified compresstve strength was used in the prediction, all prediction 

equations under investigation underestimated the modulus of elasticity. 

9. The modulus of elasticity cannot be accurately predicted by the design equations because 

it is strongly influenced by the type of coarse aggregate. If a high degree of accuracy is 

required, the modulus of elasticity should be obtained from tests. 
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5.2.5 Splitting Tensile Strength 

1. The splitting tensile strength did not increase substantially after the age of 7 days. The 

7-day and 56-day splitting tensile strengths were about 96 percent and 102 percent of the 

28-day splitting tensile strength, respectively. All precasters appear to have a similar 

trend. 

2. The coefficient of variation within a batch for splitting tensile strength was significantly 

different among precasters. The coefficient of variation within a mixture for splitting 

tensile strength was not significantly different among precasters, ages, design 

compressive strengths, and their interaction groups. 

3. For a specified design compressive strength between 5900 and 9200 psi (41.4 MPa to 

62.0 MPa), the mean and coefficient of variation for splitting tensile strength could be 

taken conservatively (because precasters were not selected in a purely random manner) as 

610 psi (4.21 MPa) and 12.2 percent, respectively. The mean splitting tensile strength 

and the mean coefficient of variation for all precasters could be taken as 674 psi 

(4.65 MPa) and 9.4 percent, respectively. 

4. The coefficient of variation of the batch average of the splitting tensile strength for HSC 

in this project appears to be lower than that previously reported for NSC by 

Ellingwood et al. (1980). Therefore, there is a potential that the resistance factor for 

shear design can be increased for HSC members. Additional data should be collected to 

evaluate the difference between the splitting tensile strength of laboratory and field 

concrete. 

5. The bias factor for splitting tensile strength (where the nominal value is found using the 

AASHTO LFRD Specification ~000] equation) decreased with an increase in the 

specified design compressive strength because the splitting tensile strength remains 

relatively constant while the predicted value increases with the specified compressive 

strength. 
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6. The relationship between the actual splitting tensile strength and the actual compressive 

strength in this project is predicted well using the ACI 318 (1999) equation. It was also 

found to be in close agreement with the best fit equation. 

7. The AASHTO LRFD Specifications (2000) equation, which was proposed by 

Carrasquillo et al. (1981a, 1982) and also used by ACI Committee 363 (1997), 

overestimated the splitting tensile strength when actual compressive strength values were 

used. 

8. When using the specified design compressive strength, the splitting tensile strength was 

best estimated with the equation proposed by the AASHTO LRFD Specifications (2000) 

equation. The ACI Committee 318 (1999) equation underestimated the splitting tensile 

strength. 

9. Based on the data in this project, the ACI Committee 318 (1999) equation is the most 

appropriate equation among all the equations under investigation because it gave the best 

prediction for the splitting tensile strength based on the actual value of compressive 

strength and gives a conservative estimate when design compressive strength is used. 

5.2.6 Modulus of Rupture 

1. The modulus of rupture values at 7 days and 56 days were 91 percent and 1 04 percent of 

the modulus of rupture value at 28 days, respectively. Differences in the trend among 

precasters were found at 56 days. 

2. The coefficient of variation within a batch and the coefficient of variation within a 

mixture of the modulus of rupture were not significantly different among ages, 

precasters, and design compressive strengths. 

3. For specified design compressive strength between 5900 and 9200 psi (41.4 MPa to 

62.0 MPa), the mean and coefficient of variation for modulus of rupture can be taken 

conservatively (because precasters were not selected in a purely random manner) as 
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1000 psi (6.89 MPa) and 12.2 percent, respectively; or they can be taken as average to be 

1060 psi (7.31 MPa) and 10.0 percent, respectively. 

4. The bias factor for the modulus of rupture when using the AASHTO LRFD 

Specifications (2000) equation decreases with the specified compressive strength because 

the modulus of rupture remained relatively constant while the predicted value increased 

with the specified compressive strength. 

5. When using the actual compressive strength in the prediction, the equation recommended 

by the AASHTO LRFD Specifications (2000), which is the same as that recommended 

by ACI Committee 318 (1999), underestimated the modulus of rupture. Prediction 

equations recommended for HSC by ACI Committee 363 (1997) overestimated the 

modulus of rupture in this project. 

6. The CEB-FIP Model Code 1990 (CEB 1993) equation provided the best estimate of the 

modulus of rupture when actual compressive strength was used for the prediction. The 

modulus of rupture can also be predicted using the best-fit equation fr = IO.Jl':. 

7. The equation proposed by ACI Committee 363 (1997) gives the closest prediction of the 

modulus rupture for the materials used in this project when the design compressive 

strength was used. The ACI Committee 318 ( 1999) equation was found to underestimate 

the modulus of rupture considerably. 

8. The underestimation of the modulus of rupture is conservative in terms of crack 

prevention. However, this underestimation can result in a higher actual cracking moment 

than predicted, which could result in abrupt failure of the girder after the cracking of 

concrete. This may occur without significant deformation warning if the cracking 

moment is too close to the ultimate moment. 

9. Based on the modulus of rupture value, the allowable tensile stress in the AASHTO 

LRFD Specifications (2000) appears to be conservative. However, curing conditions can 

affect the modulus of rupture. Therefore, when accounting for the curing condition in the 
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field, concrete could crack at a lower stress than the modulus of rupture found in the 

laboratory. Phase 3 evaluated the effect of field curing on the modulus of rupture. The 

findings were documented by Hueste et al. (2003b ). 

5.2. 7 Creep and Shrinkage 

The following conclusions for creep and shrinkage are based on creep and shrinkage 

samples that were monitored between about 450 to 700 days. 

1. All of the time-dependent creep prediction formulas that were evaluated, including the 

ACI Committee 209 (1992) and AASHTO LRFD Specifications (2000) expressions, 

overestimated the creep strains for all HSC mixtures tested. 

2. The corresponding shrinkage of the control specimens was predicted with much better 

accuracy than the creep. The CEB-FIP Model Code 1990 (CEB 1993) equation and the 

simplified equation from Baant and Panula ( 1980) predict the shrinkage of all the 

samples relatively well. The ACI Committee 209 (1992) equation and AASHTO LRFD 

Specifications (2000) equation overestimate shrinkage strains by as much as 100 percent. 

3. The development of shrinkage with time for the laboratory-cured HSC prism specimens 

was most closely predicted using the Bazant and Panula (1980) expression. However, 

this expression results in an under-prediction of shrinkage, which is not conservative for 

design. The ACI Committee 209 (1992) and AASHTO LRFD Specifications (2000) 

equations overestimated the development of shrinkage with time for these specimens. 

Both expressions provide an upper bound to the measured shrinkage values, which is 

generally conservative for design. 

4. The creep and shrinkage values begin to stabilize after the specimens have been exposed 

to drying for about 150 to 200 days. However, a small positive slope can be observed for 

the later readings, indicating that some increase can be expected over time and the final 

values reported cannot be considered ultimate values. It was observed that the measured 
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creep coefficients begin to stabilize at values of about 1.0 to 1.5, which are considerably 

less than the referenced ultimate values from design codes and the literature. 

5. The ultimate shrinkage strain in the design equation for computing prestress losses 

provided by the AASHTO LRFD Specifications (2000) and ACI Committee 423 (m et 

al. 1979) appears to be reasonable. However, in some cases the estimated values are less 

than the maximum measured values, which is not conservative for design. 

6. The ultimate shrinkage values from ACI Committee 209 (1992) and the AASHTO LRFD 

Specifications (2000) equation for estimating shrinkage as a function of time appear to 

overestimate the ultimate shrinkage of the data by almost a factor of two in some cases, 

according to the latest measurements available. 

7. The creep coefficient and shrinkage strain during the time of testing were not always 

smaller for concrete with a higher compressive strength or higher modulus of elasticity. 

Other characteristics of concrete, curing conditions, or testing variables appear to have a 

significant impact on the creep and shrinkage. 

5.3 DISCUSSION 

The conclusions from testing of plant-produced HSC from precasters in Texas point to 

possible advantages for HSC prestressed member design. A smaller CV, when combined with a 

larger bias factor (as observed for the compressive strength), can lead to a smaller probability of 

failure. Therefore, there is a potential for an increase in the resistance factors developed 

specifically for HSC members in flexure and shear versus those developed for NSC. However, 

several issues must be considered. First, the lower CVs are likely a result of the relatively 

consistent mixture proportions used by each of the three precasters selected for this project. The 

CVs may be larger if one were to randomly select from a very large group of precasters across 

the country. Second, the differences in the behavior of HSC members versus NSC members 

must be considered in any future code changes. Third, the greatest potential for increasing the 

economy of prestressed girders lies in increasing the allowable stresses for release and service 

conditions, and the ultimate flexural limit state does not typically control the maximum spans 
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that can be achieved with standard prestressed girder cross-sections. Therefore, further attention 

should be given to the allowable stress values. Based on the modulus of rupture data, the 

allowable tensile stress in the AASHTO LRFD Specifications may be too conservative. 

However, curing conditions can affect the MOR. For this reason, additional work was 

performed to compare the MOR for lab-cured and field-cured HSC specimens (Hueste et al. 

2003a, Hueste et al. 2003b). 

5.4 RECOMMENDATIONS FOR FUTURE RESEARCH 

The following areas for additional work are recommended based on the findings from 

this project: 

1. Additional experimental study to obtain mechanical property data for HSC having a 

specified compressive strength greater than 10000 psi (68.9 MPa) is recommended. 

Mixture proportions for a specified compressive strength greater than 10000 psi (68.9 

MPa) can be substantially different from those used for the samples in this project 

2. Additional experimental and analytical study of the variation of concrete used for making 

the concrete deck of prestressed concrete bridges is encouraged. This will provide data 

for determining the resistance parameters for composite bridge girders. 

3. Further study investigating the difference of mechanical property values and the 

corresponding coefficient of variations between the concrete in a structure (in-situ) and 

from laboratory test specimens is recommended. Nilson (1985) pointed out that the 

cracking stress of an actual structural member could be less than the modulus of rupture 

of laboratory samples due to the difference in curing conditions in the laboratory and in 

the field. In addition, Bazant and Li (1995) reported that as the sample size increases, the 

apparent cracking stress is decreased. Therefore, further research to quantify the impact 

of field curing conditions and size effects for HSC prestressed bridge girders would be 

beneficial in establishing appropriate allowable stress limits for design. Phase 3 of this 

project (Hueste et al. 2003b) investigated the impact of field curing conditions on the 
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compressive strength and MOR. However, the scope of this project did not include a 

study on the impact of size effects. 

4. Long-term monitoring of creep and shrinkage would be useful for determining the 

ultimate creep coefficients and shrinkage strains. Further study seeking to modify 

current design equations for estimation of creep and shrinkage for HSC would also be 

useful based on long-term data. 
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APPENDIX A 

MIXTUREINFO~TION 

Summary of mixture proportion, design requirements, and other information are provided 

in Table A.l, Table A.2, and Table A.3 for HSC samples collected from Precasters A, B, and C, 

respectively. The summary contains the batch number, which is used throughout the report; 

design requirements, including specified compressive strength and required release strength; 

mixture proportion, mainly used for the prediction of creep and shrinkage; fresh concrete 

properties; and ambient conditions during casting of samples in the field. Precaster name and 

specific information about mixture proportions such as brand of cement, brand of admixtures, 

and source of aggregates are omitted. 
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Table A.l. Mixture Information for Precaster A. 

Compressive 6000 psi 
Strength Category 
Designation A15-Al6 
Date Collected 6/20/01 
Design 
Requirements 
Specified f c (psi) 6250 
Design f' ci (psi) 6250 
Mixture 
Pn>portions 
Coarse Aggregate 
Type CRG 
Quantity (pcy) 1989 
Fine Aggregate 
Type NRS 
Quantity (pcy) 1214 
Cement 
ASTM C 150 Type III 
Quantity (pcy) 705 
W/C 0.28 
Retarder D 
ASTM C 494 Type 
Quantity ( ozllOO lb 3.5 
cemen!) 
HRWR F 
ASTM C 494 Type 
Quantity (ozllOO lb 29 
cement) 
Fly Ash N/A 
Type 
Quantity (pcy) 
Silica Fume N/A 
Fresh Concrete 
Slump (inch) 8 
Ambient 90 
Temperature (°F) 
Ambient Relative 47 
Humidity (%) 

Conversion Factors: 
1000 psi = 6.895 MPa 
1 lb/yd3 = 0.5933 kg/m3 

} OZ = 2.957 X 10'5 m3 

1 inch= 25.4 mm 
Of (9/5) oc + 32 

Abbreviations: 
CRG = Coarse river gravel 
NRS = Natural river sand 

Set 1 
8000 psi 8000 psi lOOOOpsi 6000 psi 

(2) 
A5-A6 A13-Al4 A17-Al8 A7-A8 
9/15/00 6/18/01 6/25/01 3/19/01 

8573 8484 8963 5909 
5416 6324 6252 5284 

%"CRG CRG CRG CRG 
2016 1989 1989 2035 

NRS NRS NRS NRS 
1243 1214 1214 1232 

III III III III 
611 705 705 611 
0.34 0.28 0.28 0.34 

D D D D 

3.5 3.5 3.5 3.5 

F F F F 

26 29 29 26 

N/A N/A N/A NIA 

N/A N/A N/A N/A 

7.75 8 8 6.5-7 
75 88 91 61 

98 50 51 37 

240 

Set2 I 
8000 psi 10000psi 

A9-Al0 All-Al2 
4/2/01 5/23/01 

7540 9196 
5890 6919 

I 
CRG CRG 
2034 1989 

NRS NRS 
1151 1214 

III Ill 
705 705 
0.29 0.28 

D D 

3.5 3.5 

F F 

29 29 

N/A N/A 

N/A N/A 

7.5 8 
77 92 

97 24 



Table A.2. Mixture Information for Precaster B. 
Set 1 Set2 

Compressive 6000psi I 6000psi 8000psi HXXX>p;i 6000psi 8000psi 1()(XX}p;i 
S ength Category (2) 

signation B3-B4 Bll-812 Bl5-Bl6 B7-B8 B9-Bl0 Bl3-Bl4 B5-B6 
Date Collected 9/20/00 6/21/01 9/4/01 6/7/01 6/14/01 8/27/01 6/4/01 
Design 
Requirements 
Specified f' c (psi) 6525 6598 8000* 8983 6525 8000* 8983 

Design f' ci (psi) 
6525 6517 Not 6555 6525 Not 

Specified Specified 
Mixture Proportions 
Coarse Aggregate 
Type CL CL CRG CL CL CRG CL 
Quantity (pcy) 1872 1853 1998 1850 1850 2010 1859 
Fine Aggregate 
Type NRS NRS NRS NRS NRS NRS NRS 
Quantity (pcy) 1421 1490 1369 1490 1490 1356 1493 
Cement 
ASTM C 150 Type III III III III III III III 
Quantity (pcy) 658 658 658 658 658 658 658 
W/C 0.34 0.34 0.34 0.34 0.34 0.34 
Retarder 
ASTM C 494 Type B,D B,D B,D B,D B,D B,D B,D 
Quantity (oz/100 lb 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
cement) 
HRWR 
ASTM C 494 Type A,F A,F A,F A,F A,F A,F A,F 
Quantity (oz/100 lb 15 15 15 15 15 15 15 
cement) 
Fly Ash N/A N/A N/A N/A N/A N/A N/A 
Type 
Quantity ( pcy) 

I Silica Fume NIA N/A N/A N/A N/A N/A N/A 
Fresh Concrete 
Slump (inch) 5.5 5.5 5.5 5.5 5.5 5.5 5.5 
Ambient 102 90 79 93 91 91 95 
Temperature (°F) 
Ambient Relative No Data 53 78 53 57 57 
Humidity(%) 

Notes: * Spectfied compresstve strength provtded by author. Concrete was made for thts proJect wtth the batch 
size of 1 yd3

. 

Conversion Factors: 
1000 psi = 6.895 MPa 
llb/yd3 = 0.5933 kglm3 

} OZ = 2.957 X 10-S m3 

I inch= 25.4 mm 
°F = (9/5) °C + 32 

Abbreviations: 
CL = Crushed limestone 
CRG = Coarse river gravel 
NRS =Natural river sand 
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Table A.3. Mixture Information for Precaster C. 
Set 1 Set2 

Compressive 6000psi 8000psi 8000psi H.XXKlpsi 6000psi 8000psi HXXXJpsi 
Strength Category (2) 
Designation C15-C16 C3-C4 Cl3-C14 C17-C18 C7-C8 Cll-C12 C9-CIO 
Date Collected 7/18/01 9/25/00 6/13/01 9/07/01 4/4/01 4/26/01 4/24/01 
Design 
Requirements 
Spe<;ified f' e (psi) 6512 7099 7469 9000* 6178 8102 9152 

Design f' ci (psi) 
5816 5716 6048 Not 5204 6590 7034 

Specified 
Mixture Proportions 
Coarse Aggregate 

·Type CL CL CL CL CL CL CL 
Quantity (pcy) 1775 1910 1781 1759 1847 1760 1837 
Fine Aggregate 
Type NRS NRS NRS NRS NRS NRS NRS 
Quantity (pcy) 1475 1384 1477 1474 1427 1483 1448 
Cement 
ASTM C 150 Type III III III III III III Ill 
Quantity (pcy) i 658 658 658 658 658 658 658 
W/C 0.34 0.34 0.34 0.34 0.34 0.34 0.34 
Retarder 

. ASTM C 494 Type B,D B,D B,D B,D B,D B,D B,D 
Quantity (oz/100 lb 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

. cement) 
HRWR 
ASTM C 494 Type A,F A,F A,F A,F A,F A,F A,F 
Quantity (oz/100 lb 20 20 20 20 20 20 20 
cement) 
Fly Ash N/A N/A N/A N/A N/A N/A N/A 
Type 
Quantity (pcy) 
Silica Fume N/A N/A N/A N/A N/A N/A N/A 
Fresh Concrete 
Slump (inch) 4.5 4.5 4.5 4.5 4.5 4.5 4.5 I 

Ambient No Data 61 88 77 72 68 63 
Temperature (°F) 
Ambient Relative No Data 60 45 84 98 45 No Data 
Humidity (%) 

Notes: * Specified compressive strength provided by author. Concrete samples were collected from concrete used 
in the casting of girders with different strength requirements. 

Conversion Factors: 
1000 psi = 6.895 MPa 
1 lb/yd3 = 0.5933 kglm3 

1 oz = 2.957 x 10'5 m3 

1 inch 25.4 mm 
°F {9/5) °C + 32 

Abbreviations: 
CL = Crushed limestone 
NRS =Natural river sand 
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APPENDIXB 

EXPERIMENTAL DATA 

The experimental data from all the tests are provided in this section. The results are 

organized by the precaster who produced the concrete for the samples. The summary of 

compressive strength tests is shown in Table B. I to Table B.3. Samples are arranged by set (1 or 

2) and then the design compressive strength ranges. The averages of compressive strength and 

coefficients of variation are also provided for each batch and each mixture. Similar tables are 

also provided for modulus of elasticity in Table B.4 to Table B.6, splitting tensile strength in 

Table B.7 to Table B.9, and modulus of rupture in Table B.IO to Table B.l2. Stress-strain plots 

for the determination of the modulus of elasticity are provided in Figure B. I to Figure B.18. 

Each plot consists of the stress-strain plot from two cycles of loading for each of the two 

specimens in a batch. The ratio of batch average to the 28-day batch average for compressive 

strength, modulus of elasticity, splitting tensile strength, and modulus of rupture are provided in 

Table B.13 to Table B.16. Bias factors for compressive strength, modulus of elasticity, splitting 

tensile strength, and modulus of rupture are provided in Table 8.17 to Table 8.20. Unit weight 

measurements for each set of samples are summarized in Table 8.21. 

The following notations are used in Table B.l to Table B.21: 

N/ A Not applicable 

NI = Not included in the analysis 

NR =Test results are not reported due to insufficient data 

NT= Not tested 

The symbol NT used for specimen D in all the tables indicates that the specimen is not 

needed for the test. Some tests have four specimens because there were some specimens that 

yielded questionable results, and the additional specimen was tested to confirm the result. 
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a e . . T bl B 1 S ummaryo rc s ompress1ve tren2t h:ti p or recaster A . 
Batch Age f\ Specimen Batch Batch Mix Mix 

No. 
Set 

Tested Category A B c D Avg. cv Avg. cv 
(nsi) (psi) (psi) (osi) (psi) (%) (psi) (%) 

A15 1 7days 6000psi 9565 10088 10348 NT 1 ()()()() 4.0 
A16 1 7days 6000psi 10018 10775 10508 NT 10433 3.7 10217 3.0 
Al5 1 28days 6000psi 11970 11803 11667 NT ll813 1.3 
A16 1 28days 6000psi ll742 11657 11911 NT 11770 lJ 11791 0.3 
Al5 1 56 days 6000psi 12473 11863 12493 NT 12277 2.9 
A16 1 56 days 6000psi 12545 12503 12496 NT 12515 0.2 12396 1.4 
AS 1 7days 8000psi 9832 9895 9540 NT 9755 1.9 
A6 1 7days 8000psi 9215 9864 9626 NT 9568 3.4 9662 1.4 
AS 1 28 days 8000psi 11490 11601 11466 NT 11519 0.6 
A6 1 28days 8000psi 10779 10944 11173 NT 10965 1.8 11242 3.5 
AS 1 56 days 8000psi 12145 12220 12151 NT 12172 0.3 
A6 l 56 days 8000psi 11769 12196 11560 NT 11841 2.7 12007 1.9 
A13 l 7days 8000psi 9738 9816 9687 NT 9747 0.7 
A14 1 7days 8000psi 10162 9762 9821 NT 9915 2.2 9831 1.2 
A13 1 28days 8000psi 11573 11162 11118 NT 11285 2.2 
A14 l 28days 8000psi 11650 11993 ll517 NT 11720 2.1 11502 2.7 
A13 1 56 days 8000psi 11398 12054 11651 NT 11701 2.8 
A14 1 56 days 8000psi 11993 12401 12164 NT 12186 1.7 11944 2.9 
Al7 1 7days 10000psi 10061 10213 9539 NT 9938 3.6 
A18 1 7days 10000psi 10234 10364 10779 NT 10459 2.7 10198 3.6 
A17 1 28 days 1 ()()()() psi 11406 10898 11416 NT 11240 2.6 
Al8 1 28days 10000psi 12023 11881 12025 NT 11976 0.7 11608 4.5 
Al7 1 56 days 10000psi 11471 12005 11928 NT 11801 2.4 
A18 1 56 days 10000psi 12005 12235 12327 NT 12189 1.4 11995 2.3 
A7 2 ?days 6000psi 8871 8756 8644 NT 8757 1.3 
A8 2 ?days 6000psi 8541 8585 8360 NT 8495 1.4 8626 2.1 
A7 2 28days 6000psi 10167 9785 9808 NT 9920 2.2 
A8 2 28days 6000psi 9631 9406 9142 NT 9393 2.6 %57 3.9 
A7 2 56 days 6000psi 10539 9964 10579 NT 10360 3.3 
A8 2 56 days 6000psi 10468 %23 10373 NT 10155 4.6 10258 1.4 
A9 2 ?days 8000psi 9524 9685 9879 NT 9696 1.8 
AlO 2 7days 8000psi 10010 10164 9909 NT 10027 L3 9862 2.4 
A9 2 28days 8000psi 11121 11701 11541 NT 11454 2.6 
AlO 2 28 days 8000psi 11614 11405 11664 NT 11561 1.2 11508 0.7 
A9 2 56 days 8000psi 11489 12236 11427 NT 11717 3.8 
AlO 2 56 days 8000psi 11443 11619 12667 NT 11910 5.6 11814 1.2 
All 2 ?days lOOOOpsi 8484 8851 8551 NT 8629 2.3 
Al2 2 ?days 10000psi 8512 8624 8856 NT 8664 2.0 8646 0.3 
All 2 28 days 10000psi 10098 9870 10203 NT 10057 1.7 
A12 2 28days lOOOOpsi 9082 9988 9771 NT 9614 4.9 9835 3.2 
All 2 56 days 10000psi 10626 ll241 10365 NT 10744 4.2 
A12 2 56 days 10000 psi 10361 10584 10859 NT 10601 2.4 10673 0.9 
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T bl B2 S a e . . ummaryo fC ompressiVe St th ti p ren21 or t B recas er . 
Batch Age rc Spedmen Batch Batch Mix Mix 

No. 
Set 

Tested Category A B c D Avg. cv Avg. cv 
(psi) (psi) (psi) (psi) (psi) (%) (psi) (Ofo) 

B3 1 7days 6000psi 8437 8303 8897 Nf 8546 3.6 
B4 1 7days 6000psi 8629 8130 8437 7992 8297 3.5 8404 2.1 
B3 l 28days 6000psi 9738 10243 9613 Nf 9865 3.4 
B4 1 28days 6000psi 9393 9483 Nf Nf 9438 0.7 9694 3.1 
B3 1 56 days 6000 psi 9978 9379 10754 Nf 10037 6.9 
B4 1 56 days 6000psi 9617 9950 Nf Nf 9783 2.4 9936 1.8 
Bll 1 7days 6000psi 9012 9415 9332 Nf 9253 2.3 
Bl2 1 7days 6000psi 9069 8968 9065 Nf 9034 0.6 9144 1.7 
Bll 1 28days 6000psi 10931 10701 10895 Nf 10842 1.1 
B12 1 28days 6000psi 10335 9876 10291 Nf 10167 2.5 10505 4.5 
Bll 1 56 days 6000psi 10996 10513 10618 Nf 10709 2.4 
B12 1 56davs 600Qpsi 10766 10615 10670 Nf 10684 0.7 10696 0.2 
Bl3 1 7days 8000psi 9264 9094 9309 Nf 9222 1.2 
B14 1 7days 8000psi 7659 !~~ 

8224 Nf 8187 6.2 8705 8.4 
B13 1 28days 8000psi 9889 10356 Nf 10037 2.8 
B14 1 28days 8000psi 10196 10013 9637 Nf 9949 2.9 9993 0.6 
BB 1 56 days 8000psi 10121 11183 11164 Nf 10822 5.6 
Bl4 1 56 days 8000psi 10044 10578 10510 Nf 10378 2.8 10600 3.0 
B7 1 7days 10000psi 8583 8178 8713 Nf 8491 3.3 
B8 1 7days 10000psi 8935 9015 9081 Nf 9010 0.8 8751 4.2 
B7 1 28days 10000psi 9682 9321 9902 Nf 9635 3.0 
B8 1 28days 10000psi 10406 9696 10332 Nf 10145 3.8 9890 3.6 
B7 1 56 days 10000psi 10015 10500 10584 Nf 10366 3.0 
B8 1 56 days lOOOOpsi 10736 10815 11113 Nf 10888 1.8 10627 3.5 
B9 2 7days 6000psi 8349 8795 8231 Nf 8458 3.5 

1.41 B10 2 7 days 6000psi 8383 8487 8012 Nf 8294 3.0 8376 
B9 2 28days 6000psi 10058 10199 10275 Nf 10177 1.1 

BIO 2 28days 6000psi 9591 9902 9353 Nf 9615 2.9 9896 4.oi 
B9 2 56 days 6000psi 10257 10523 10461 Nf 10414 1.3 

BlO 2 56 days 6000psi 9862 9880 9464 Nf 9735 2.4 10075 4.8 
B15 2 7days 8000psi 7985 7847 8346 Nf 8059 3.2 
Bl6 2 7 days 8000psi 8008 8012 8506 Nf 8175 3.5 8117 1.0 
Bl5 2 28days 8000psi 8897 8699 9093 Nf 8896 2.2 
B16 2 28days 8000psi 8836 9439 9607 Nf 9294 4.4 9095 3.1 
B15 2 56 days 8000psi 9855 9167 9761 Nf 9594 3.9 
B16 2 56 days 8000psi 9670 10201 10278 Nf 10050 3.3 9822 3.3 
B5 2 7days 10000psi 7946 7989 7902 NT 7946 0.5 
B6 2 7days 10000psi 7824 7714 8201 NT 7913 3.2 7929 0.3 
B5 2 28days IOOOOpsi 9116 9412 9189 NT 9239 1.7 
B6 2 28days lOOOOpsi 9403 9109 9321 NT 9278 1.6 9258 0.3 
B5 2 56 days 10000psi 9404 10235 9708 NT 9782 4.3 
B6 2 56 days lOOOOpsi 10110 9609 10316 NT 10012 3.6 9897 1.6 
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T bl B 3 S a e . . ummaryo fC ompressiVe s trem~th or Precaster c . 
Batch Age fc 

Specillrn Batch Batch Mix Mix 

No. 
Set 

Tested Category A B c (~j) 
Avg. cv Avg. cv 

(J)Si) (J)Si) (PSi) (psi) (%) (psi) (%) 

C15 1 ?days 6000psi 8134 8597 8594 Nf 8442 3.2 
C16 1 ?days 6000psi 8739 9058 8373 Nf 8723 3.9 8583 2.3 
Cl5 1 28days 6000psi 9258 9144 9211 Nf 9204 0.6 
C16 1 28days 6000psi 9272 9129 9499 Nf 9300 2.0 9252 0.7 
CIS 1 56 days 6000psi 9197 9328 9191 Nf 9239 0.8 
C16 1 56 days 6000psi 8173 9406 9006 Nf 8861 7.1 9050 2.9 
C3 1 ?days 8000psi 7634 7934 7575 NT 7714 2.5 
C4 1 7 days 8000psi 8420 8720 8130 NT 8423 3.5 8069 6.2 
C3 1 28days 8000psi 8695 8932 8392 NT 8673 3.1 
C4 1 28days 8000psi 9238 9023 9208 NT 9156 1.3 8915 3.8 
C3 1 56 days 8000psi 9040 8832 8604 NT 8826 2.5 
C4 1 56 days 8000psi 9417 9577 9845 NT 9613 2.3 9219 6.0 
C13 1 ?days 8000psi 7686 7934 8126 NT 7916 2.8 
Cl4 1 7 days 8000psi 8597 8444 8479 Nf 8506 0.9 8211 5.1 
Cl3 1 28days 8000psi 9293 9069 9113 NT 9158 1.3 
C14 1 28days 8000psi 9442 8974 9771 NT 9396 4.3 9277 1.8 
C13 1 56 days 8000psi 9398 9300 9219 Nf 9306 1.0 
Cl4 1 56 days 8000psi 9654 10034 10128 Nf 9939 2.5 9622 4.7 
C17 1 7 days lOOOOpsi 7788 7957 8139 Nf 7961 2.2 
CIS 1 ?days IOOOOpsi 8060 8032 8126 NT 8073 0.6 8017 1.0 
C17 1 28days lOOOOpsi 8995 8901 8956 NT 8951 0.5 
C18 1 28days 10000psi 9237 9310 9184 NT 9244 0.7 9097 2.3 
C17 1 56 days 10000psi 9382 9541 9475 NT 9466 0.8 
Cl8 1 56 days 10000psi 9477 9341 9617 Nf 9478 1.5 9472 0.1 
C7 2 7 days 6000psi 9008 8542 8816 NT 8789 2.7 
C8 2 ?days 6000psi 8895 8581 8651 NT 8709 1.9 8749 0.6 
C7 2 28days 6000psi 9513 9634 9347 Nf 9498 1.5 
C8 2 28days 6000psi 9603 9379 9559 Nf 9513 1.2 9506 0.1 
C7 2 56 days 6000psi 10235 9680 9969 Nf 9961 2.8 
C8 2 56 days 6000psi 9944 9930 10172 Nf 10015 1.4 9988 0.4 
Cll 2 7 days 8000psi 7426 7871 7670 Nf 7656 2.9 
C12 2 ?days 8000psi 8147 8001 8455 Nf 8201 2.8 7928 4.9 
Cll 2 28days 8000psi 8281 8206 8296 Nf 8261 0.6 
Cl2 2 28days 8000psi 9483 8695 8554 Nf 8911 5.6 8586 5.3 
Cll 2 56 days 8000psi 9087 8952 9036 Nf 9025 0.8 
C12 2 56 days 8000psi 8617 9426 9153 Nf 9065 4.5 9045 0.3 
C9 2 7days 10000psi 8482 8463 8487 NT 8478 0.1 
ClO 2 ?days 10000psi 9032 8285 8875 Nf 8731 4.5 8604 2.1 
C9 2 28days lOOOOpsi 9304 9366 9391 NT 9354 0.5 

CIO 2 28days 10000psi 10275 10094 9976 Nf 10115 1.5 9734 5.5 
C9 2 56 days 10000psi 9625 9980 9549 Nf 9718 2.4 
ClO 2 56 days lOOOOpsi 10379 10397 9842 NT 10206 3.1 9962 3.5 
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Table B.4. Summary of Modulus of Elasticity for Precaster A. 

Batch Age rc Specimen Batch Batch Mix Mix 
Set A B Avg. cv Avg. cv 

No. Tested Category 
(psi) (psi) (psi) (%) (psi) (%) 

A15 1 7 days 6000 psi 7193022 7492242 7342632 2.9 
A16 1 7 days 6000 psi 7275540 6368959 6822249 9.4 7082441 5.2 
A15 1 28 days 6000 psi 7798467 7968707 7883587 1.5 
A16 1 28 days 6000 psi 7931598 7553847 7742723 3.4 7813155 1.3 
A15 1 56 days 6000 psi 7765567 7794774 7780171 0.3 
A16 1 56 days 6000psi 7527507 7786850 7657179 2.4 7718675 1.1 

AS 1 7 days 8000 psi NR NR N/A N/A 
A6 1 7 days 8000 psi NR NR N/A N/A N/A N/A 
AS 1 28 days 8000 psi NR NR N/A NIA 

A6 1 28 days 8000 psi NR NR N/A N/A N/A N/A 
AS 1 56 days 8000 psi NR NR N/A N/A 
A6 1 56 days 8000 psi NR NR N/A N/A NIA N/A 
A13 1 7 days 8000 psi 7419377 6721918 7070648 7.0 
A14 1 7 days 8000 psi 7756991 7668044 7712517 0.8 7391583 6.1 
Al3 l 28 days 8000 psi 7322847 7166730 7244789 1.5 

A14 1 28 days 8000 psi 7306061 7805460 7555760 4.7 7400275 3.0 
A13 1 56 days 8000 psi 7357257 7146397 7251827 2.1 
Al4 1 56 days 8000 psi 7297194 8218378 7757786 8.4 7504807 4.8 
A17 1 7 days 10000 psi 7083307 7299260 7191284 2.1 
A18 1 7days 10000 psi 7446334 7668845 7557589 2.1 7374436 3.5 
A17 1 28 days 10000 psi 7386399 7154229 7270314 2.3 
A18 1 28 days 10000 psi 7387486 7779627 7583556 3.7 7426935 3.0 
A17 1 56 days 10000 psi 7650159 7963208 7806684 2.8 
Al8 1 56 days 10000 psi 7836103 7891079 7863591 0.5 7835137 0.5 
A7 2 7 days 6000 psi 7316343 6790461 7053402 6.1 
AS 2 7 days 6000 psi 7127744 6588802 6S58273 3.5 6955837 2.0 
A7 2 28 days 6000 psi 7075511 6930413 7002962 4.9 
AS 2 28 days 6000 psi 7472863 7469732 7471298 1.5 7237130 4.6 
A7 2 56 days 6000 psi 7339524 7350022 7344773 0.1 
AS 2 56 days 6000 psi 7393920 7764993 7579456 3.5 7462115 2.2 
A9 2 7 days 8000 psi 6790834 7104502 6947668 
AlO 2 7 days 8000 psi 7131932 7595465 7363699 5.7 7155683 4.1 
A9 2 28 days 8000 psi 7473746 7128533 7301139 
A10 2 28 days 8000 psi 7442584 7274443 7358513 2.1 7329826 0.6 
A9 2 56 days 8000 psi 7291097 7329953 7310525 

AIO 2 56 days 8000 psi 7874952 7212790 7543871 6.2 7427198 2.2 
All 2 7 days 10000 psi 6606848 6851163 6729006 2.6 
A12 2 7 days 10000 psi 7031056 6761138 6896097 2.8 6812551 1.7 
All 2 28 days 10000 psi 6808697 6677200 6742949 1.4 
A12 2 28 days 10000 psi 6764696 7275636 7020166 5.1 6881557 2.8 
All 2 56 days 10000 psi 6957503 7632689 7295096 6.5 
A12 2 56 days 10000 psi 6910363 7361697 7136030 4.5 7215563 1.6 
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Table B.S. Summary of Modulus of Elasticity for Precaster B. 

Batcb Age re Specbml Batch Batch Mix Mix 

No. 
Set 

Tested Category A B Avg. cv Avg. cv 
(PSi) (psi) (psi) (o/o) (psi) (%) 

B3 1 7 da)1; 6000psi NR NR NIA NIA 
B4 1 7 da)1; 6000psi NR NR NIA NIA NIA NIA 
B3 1 28~ 6000psi NR NR NIA NIA 
B4 1 28~ 6000psi NR NR NIA NIA NIA NIA 
B3 1 56 days 6000psi NR NR NIA NIA 
B4 1 56 days 6000psi NR NR NIA NIA NIA NIA 
Bll 1 7~ 6000psi 6620863 5916210 6268537 7.9 
Bl2 1 7 da)1; 6000psi 6468265 5512182 5990224 11.3 6129380 3.2 
Bll 1 28days 6000psi 70CJ9763 6197383 6603573 8.7 
B12 1 28~ 6000psi 6839979 6687586 6763782 1.6 6683678 1.7 
Bll 1 56~ 6000psi 6745407 6173501 6459454 6.3 
B12 1 56 days 6000psi 6053262 5974099 6013680 0.9 6236567 5.1 
Bl3 1 7~ 8000psi 5966816 5553039 5759927 5.1 
B14 1 7~ 8000psi 4940056 5881423 5410739 12.3 5585333 4.4 
Bl3 l 28da)1; 8000psi 6423089 6217442 6320265 2.3 
Bl4 1 28~ 8000psi 5919562 5764649 5842106 1.9 6081185 5.6 
Bl3 1 56~ 8000psi 5840885 6196880 6018883 4.2 
B14 1 56da)1; 8000psi 5919474 5995994 5957734 0.9 5988308 0.7 
B7 l 7~ 10000psi 5902066 5403142 5652604 6.2 
B8 1 7~ lOOOOpsi 5880353 5913065 5896709 0.4 5774656 3.0 
B7 1 28days lOOOOpsi 5437302 5659760 5548531 2.8 
B8 1 28~ 10000psi 6498189 5938763 6218476 6.4 5883503 8.1 
B7 l 56~ 10000psi 6349292 6008796 6179044 3.9 
B8 I 56~ 10000psi 5882640 64l1823 6147232 6.1 6163138 0.4 
B9 2 7~ 6000psi 5886675 5954274 5920475 0.8 
BIO 2 7~ 6000psi 5291631 5737822 5514727 5.7 5717601 5.0 
B9 2 28~ 6000psi 6199098 5909912 6054505 3.4 

BIO 2 28days 6000psi 5808654 6165672 5987163 4.2 6020834 0.8 
B9 2 56~ 6000psi 6057450 6429083 6243267 4.2 
B10 2 56 days 6000psi 6673801 6508843 6591322 1.8 6417295 3.8 
B15 2 7 da)1; 8000psi 5231018 5874600 5552809 8.2 
B16 2 7days 8000psi 5175138 5691796 5433467 6.7 5493138 1.5 
B1S 2 28days 8000psi 6178768 5552964 5865866 7.5 
Bl6 2 28days 8000psi 5798090 5701750 5749920 1.2 5807893 1.4 
B15 2 56 days 8000psi 6379198 5978162 6178680 4.6 
B16 2 56 days 8000psi 5984886 5844718 5914802 1.7 6046741 3.1 
BS 2 7days lOOOOpsi 5891028 5593492 5742260 3.7 
B6 2 7days lOOOOpsi 6312851 5958225 6135538 4.1 5938899 4.7 
B5 2 28days lOOOOpsi 5891028 5593492 5742260 3.7 
B6 2 28~ 10000psi 6312851 5958225 6135538 4.1 5938899 4.7 
B5 2 56 days lOOOOpsi 6121466 6081983 6101724 0.5 
B6 2 56 days lOOOOpsi 6025755 6149994 6087874 1.4 6094799 0.2 

248 



Table B.6. Summary of Modulus of Elasticity for Precaster C. 

Batch Age rc Specimen Batch Batch Mix Mix 
Set A B Avg. cv Avg. cv 

No. Tested Category 
(psi) (psi) (psi) (%) (psi) (%) 

CIS I 7days 6000psi S22S878 5497897 S36I887 3.6 
CI6 l 7days 6000psi S20S697 54274()3 S316SSO 2.9 S339219 0.6 
CIS l 2Sdays 6000psi 58802S7 582390S 5852081 0.7 
C16 I 2Sdays 6000psi 565SS6S S6S3016 5669291 0.3 S760686 2.2 
CIS 1 56 days 6000psi 5406820 6130859 5768S39 8.9 
C16 l 56davs 6000psi 6109S53 5637770 5873662 5.7 5821250 1.3 
C3 1 7 days 8(X)() psi NR NR NIA NIA 
C4 1 7days 8(X)() psi NR NR N/A NIA NIA NIA 
C3 l 2Sdays 8(X)() psi NR NR NIA NIA 
C4 1 28days 8(X)() psi NR NR N!A NIA NIA NIA 
C3 1 56 days 8(X)() psi NR NR N/A NIA 
C4 1 56davs S(X)() psi NR NR NIA NIA N/A NIA 

C13 1 7days S(X)() psi 5654434 5279890 S467162 4.S 
C14 1 7days 8(X)() psi S674553 57752S9 5724921 1.2 5596041 3.3 
C13 1 2Sdays 8(X)() psi 5S94216 5513644 5703930 4.7 
Cl4 1 28days 8(X)() psi 563203S S640187 S636111 0.1 5670020 0.8 
Cl3 I S6days 8(X)() psi 5174246 533S7SS 5256502 2.2 
C14 1 56 days S(X)() psi 63102SO 5973175 6141728 3.9 5699115 11.0 
C17 1 7days IO(X)() psi 5273199 5486595 5379897 2.8 
CIS 1 7days 10(X)() psi 5701415 5342122 5521769 4.6 5450833 1.8 
C17 l 28days lO(X)() psi 5539207 5S986SO 5718944 4.4 
C18 1 28days lO(X)() psi 5596304 5410099 5503201 2.4 5611072 2.7 
C17 1 56 days IO(X)() psi 5968366 6155361 6061S63 2.2 
CIS l 56davs lO(X)()psi 6447829 6482039 6464934 0.4 626339S 4.6 
C7 2 7days 6000psi 4978966 4857199 49180S3 7.4 
C8 2 7days 6000psi 5638183 5288313 5463248 3.4 5190666 7.4 
C7 2 28days 6000psi 5532824 5623984 5578404 1.2 
C8 2 28 days 6000psi 5703411 5398721 5551066 3.9 5564735 0.3 
C! 2 56 days 6000psi 5477480 5604929 5541205 1.6 
C8 2 S6davs 6000psi 5843174 5674283 57S8729 2.1 S649967 2.7 
Cll 2 7days 8(X)() psi 4955229 4833481 48943SS 1.8 

C12 2 7days 8(X)() psi 5301557 4942604 5122080 s.o S008218 3.2 
Cll 2 28days 8(X)() psi S170674 5045677 510817S 1.7 
C12 2 28 days 8(X)() psi S793128 S647807 5720468 1.8 5414322 8.0 
Cll 2 56 days 8(X)() psi S148191 4220579 468438S 14.0 
C12 2 S6days 8(X)() psi S7S2283 5583411 S667847 2.1 S176116 13.4 
C9 2 7 days 10(X)() psi S388938 5750377 556%S8 4.6 
ClO 2 7days lO(X)()psi S7266I4 SS29750 5628182 2.5 SS98920 0.7 
C9 2 28days IO(X)()psi 58S7096 6201799 6029447 4.0 
ClO 2 28days IO(X)() psi 5663939 6ll303S S888487 S.4 S958967 1.7 
C9 2 56 days lO(X)()psi 5639911 S948935 5794423 3.S 
CIO 2 56davs lO(X)() psi 6109884 5964077 6036981 1.7 5915702 2.9 
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T bl B 7 S a e . . ummaryo rs r · T n s ,p IttiDJ! ens e tren2t h(i p or recaster A . 
Batch Age re Specimen Batch Batch Mix Mix 

No. 
Set 

Tested Category 
A B c D Avg. cv Avg. cv 

(PSi) (psi) (PSi) (psi) (psi) (%) (psi) (%) 

A15 1 7days 6000psi 776 748 743 NT 755 2.4 
Al6 1 7days 6000psi 817 809 876 NT 834 4.4 795 7.0 
Al5 l 28 days 6000psi 848 839 846 NT 844 0.6 
A16 l 28 days 6000psi 850 940 850 NT 880 5.9 862 2.9 
A15 l 56 days 6000psi 621 795 808 NT 741 14.1 
Al6 l 56 days 6000psi 762 697 784 NT 748 6.1 744 0.6 
A5 1 7days 8000psi 564 738 791 NT 698 17.0 
A6 1 7days 8000psi 868 822 749 NT 813 7.4 755 10.8 
A5 1 28 days 8000psi 667 787 759 NT 738 8.5 
A6 1 28days 8000psi 533 529 729 NT 597 19.2 667 14.9 
A5 1 56 days 8000psi 642 834 767 NT 748 13.0 
A6 1 56 days 8000psi 769 646 868 NT 761 14.6 754 1.3 
Al3 1 7days 8000psi NT NT NT NT N/A N/A 
Al4 1 7days 8000psi NT NT NT NT N/A N/A N/A NIA 
Al3 1 28 days 8000psi NT NT NT NT N/A NIA 
Al4 l 28days 8000psi NT NT NT NT N/A N/A N/A N/A 
Al3 1 56 days 8000psi NT NT NT NT N/A N/A 
A14 1 56 days 8000psi NT NT NT NT N/A N/A N/A N/A 
A17 1 7days 10000psi 617 724 737 NT 693 9.5 
Al8 1 7days lOOOOpsi 728 742 776 NT 748 3.3 721 5.5 
Al7 1 28 days 10000psi 901 790 690 NT 794 13.3 
A18 1 28 days lOOOOpsi 777 638 769 NT 728 10.7 761 6.1 
A17 1 56 days lOOOOpsi 930 799 889 NT 873 7.7 
Al8 1 56 days lOOOOpsi 826 847 751 NT 808 6.2 840 5.5 
A7 2 7days 6000psi 784 504 394 722 753 5.9 
A8 2 7days 6000psi 688 577 666 NT 644 9.2 687 11.2 
A7 2 28 days 6000psi 664 637 541 NT 614 10.6 
A8 2 28 days 6000psi 603 761 699 NT 688 11.6 651 8.0 
A7 2 56 days 6000psi 747 727 690 NT 721 4.0 
A8 2 56 days 6000psi 842 732 727 NT 767 8.4 744 4.4 
A9 2 7days 8000psi 549 584 610 NT 581 5.3 
AlO 2 7days 8000psi 604 622 615 NT 613 1.5 597 3.8 
A9 2 28days 8000psi 689 764 776 NT 743 6.4 
A10 2 28 days 8000psi 912 785 908 NT 868 8.3 806 11.0 
A9 2 56 days 8000psi 756 985 854 NT 865 13.3 
AlO 2 56 days 8000psi 887 919 918 NT 908 2.0 887 3.4 
All 2 7days lOOOOpsi 750 672 662 NT 694 6.9 
Al2 2 7days lOOOOpsi 662 689 672 NT 674 2.1 684 2.1 
All 2 28 days lOOOOpsi 621 746 746 NT 704 10.2 
A12 2 28 days I()()()() psi 745 756 863 NT 788 8.3 746 7.9 
All 2 56 days 10000psi 825 753 758 NT 778 5.2 
A12 2 56 days lOOOOpsi 840 676 865 NT 794 12.9 786 1.4 
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Table B.S. Summary of Splitting Tensile Strength for Precaster B. 

Batch Age f'c 
Specimen Batch Batch Mix Mix 

No. 
Set 

Tested Category A B c D Avg. cv Avg. cv 
(psi) (psi) (psi) (psi) (psi) (%) (psi) (%) 

B3 1 7days 6000psi 610 671 656 NT 646 4.9 
B4 1 7 days 6000psi 624 552 455 NT 544 15.6 595 12.2 
B3 l 28days 6000psi 581 647 730 NT 653 11.4 
B4 1 28days 6000psi 631 697 618 NT 648 6.6 650 0.5 
B3 1 56 days 6000psi 574 670 572 NT 605 9.3 
B4 1 56 days 6000psi 727 605 615 NT 649 10.5 627 4.9 
Bll 1 7days 6000psi NT NT NT NT NIA NIA 
Bl2 l 7days 6000psi NT NT NT NT NIA NIA NIA NIA 
Bll 1 28days 6000psi NT NT NT NT NIA N/A 

B12 l 28days 6000psi NT NT NT NT NIA NIA NIA NIA 
Bll l 56 days 6000psi NT NT NT NT NIA NIA 
Bl2 l 56 days 60()(lpsi NT NT NT NT N/A N/A NIA NIA 
B13 1 7days 8000psi 628 753 726 NT 702 9.3 
B14 1 ?days 8000psi 530 560 707 NT 599 15.9 651 11.2 
B13 1 28days 8000psi 580 589 706 NT 625 11.2 
Bl4 1 28days 8000psi 830 835 604 NT 756 17.5 691 13.4 
B13 I 56 days 8000psi 573 592 659 NT 608 7.4 0 0.0 
B14 1 56 days 8000psi 621 599 521 NT 580 9.1 594 3.3 
B7 1 7days lOOOOpsi 599 619 663 NT 6271 5.2 
B8 l 7 days lOOOOpsi 708 664 610 NT 661 7.4 644 3.7 
B7 1 28days lOOOOpsi 645 709 506 NT 620 16.7 
B8 1 28days lOOOOpsi 781 714 712 NT 735 5.3 678 12.1 
B7 1 56 days lOOOOpsi 786 582 770 NT 713 16.0 
B8 1 56davs lOOOOpsi 594 602 485 NT 560 11.7 637 16.9 
B9 2 ?days 6000psi 672 649 716 NT 679 5.0 
BIO 2 7days 6000psi 611 643 681 NT 645 5.5 662 3.6 
B9 2 28days 6000psi 877 726 708 NT 770 12.0 
BIO 2 28days 6000psi 701 615 422 NT 579 24.7 675 20.0 
B9 2 56 days 6000psi 790 753 691 NT 745 6.7 
BIO 2 56 days 6000psi 574 567 657 NT 600 8.4 672 15.2 
Bl5 2 ?days 8000psi 584 700 601 NT 628 9.9 

Bl6 2 ?days 8000psi 566 575 620 NT 587 4.9 607 4.8 
B15 2 28days 8000psi 455 628 624 NT 569 17.3 
B16 2 28days 8000psi 606 615 563 NT 595 4.7 582 3.1 
Bl5 2 56 days 8000psi 653 677 646 NT 659 2.5 
B16 2 56 days 8000psi 687 693 681 NT 687 0.9 673 2.9 
B5 2 7days 10000psi 662 581 627 NT 623 6.5 
B6 2 7 days lOOOOpsi 612 656 665 NT 645 4.4 634 2.4 
B5 2 28days lOOOOpsi 728 744 563 NT 678 14.8 
B6 2 28days 10000 psi 742 763 616 NT 707 11.2 693 3.0 
B5 2 56 days 10000psi 562 733 605 NT 633 14.1 
B6 2 56 days lOOOOpsi 651 679 621 NT 650 4.4 642 1.9 
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Table B.9. Summary of Splitting Tensile Stren~ ~h for Precaster C. 

Batch Age rc Specimen Batch Batch Mix Mix 

No. 
Set 

Tested Category A B c D Avg. cv Avg. cv 
(psi) fosi) fosi) fosi) (psi) (%) (psi) (%) 

CIS 1 7days 6000psi 668 59S 606 Nf 623 6.3 
Cl6 1 7 days 6000psi 580 647 588 Nf 605 6.0 614 2.1 
CIS 1 28 days 6000psi 642 682 618 Nf 647 s.o 
Cl6 l 28days 6000psi 587 496 5S6 Nf 546 8.4 597 12.0 
C15 l 56 days 6000psi 620 679 646 Nf 648 4.6 
C16 1 S6days 6000psi 614 684 613 Nf 637 6.4 643 1.2 
C3 1 ?days 8000psi 543 503 480 Nf 509 63 
C4 1 7days 8000psi NIA 583 594 Nf 589 1.4 541 10.4 
C3 1 28days 8000psi 547 569 589 Nf 568 3.7 
C4 1 28days 8000psi 606 N'A 574 Nf 590 3.8 577 2.7 
C3 1 56 days 8000psi 570 569 461 Nf 533 11.7 
C4 1 56 days 8000psi 560 603 519 Nf 561 7.5 547 3.6 
Cl3 1 7days 8000psi Nf Nf Nf Nf N'A NIA 
C14 l ?days 8000psi Nf Nf Nf Nf N'A N'A N'A N'A 
Cl3 1 28days 8000psi Nf Nf Nf Nf N'A N'A 
C14 1 28 days 8000psi Nf Nf NT NT N'A NIA N'A N'A 
Cl3 1 56 days 8000 psi Nf Nf NT NT NIA N'A 
C14 1 56 days 8000psi NT Nf Nf Nf N'A N'A N'A N'A 
C17 1 7days 10000psi 524 598 611 Nf 578 8.1 
Cl8 1 ?days 10000psi 662 618 655 NT 645 3.7 611 7.8 
C17 1 28days lOOOOpsi 602 613 630 NT 615 2.3 
C18 l 28days lOOOOpsi 617 631 606 NT 618 2.0 617 0.3 
C17 1 56 days 10000psi 563 584 717 NT 621 13.4 
Cl8 1 56 days 10000psi 587 627 677 NT 630 7.1 626 1.0 
C7 2 ?days 6000psi 571 512 581 NT 554 6.7 
C8 2 ?days 6000psi 691 612 546 NT 616 11.8 585 7.5 
C7 2 28days 6000psi 644 583 648 NT 625 5.9 
C8 2 28days 6000psi 600 622 664 NT 628 5.2 627 0.4 
C7 2 56 days 6000psi 643 647 698 NT 663 4.7 
C8 2 56 days 600Qpsi 649 693 645 NT 662 4.1 662 0.0 
Cll 2 ?days 8000psi 599 689 487 NT 592 17.1 
Cl2 2 ?days 8000psi 579 617 527 NT 574 7.9 583 2.1 
Cll 2 28days 8000psi 600 662 568 NT 610 7.8 
Cl2 2 28days 8000psi 544 615 648 NT 602 8.8 606 0.9 
Cll 2 56 days 8000psi 613 503 S50 NT 5S5 10.0 
C12 2 56 days 8000psi 667 N'A 603 NT 635 7.2 S95 9.5 
C9 2 ?days lOOOOpsi 551 567 S20 NT 546 4.4 
ClO 2 ?days lOOOOpsi S70 547 588 NT 568 3.6 5S7 2.8 
C9 2 28days lOOOOpsi 59S 643 614 NT 617 3.9 
ClO 2 28days 10000psi 626 699 644 NT 656 S.8 637 4.3 
C9 2 S6days 10000psi 641 6S3 675 NT 656 2.6 
ClO 2 56 days lOOOOpsi 685 655 651 NT 664 2.8 660 0.8 

252 



Ta e B. . bl 10 s ummaryo fM d I fR 0 u us 0 upture ~ p or recaster A . 
Batch Age fc 

Specimen Batch Batch Mix Mix 
Set A B c D Avg. cv Avg. cv 

No. Tested Category 
(psi) (osi) (osi) (osi) (psi) (%) (psi) (%) 

A15 1 7days 6000psi 1001 1043 1029 NT 1024 2.1 
A16 1 7days 6000psi 1083 1094 1098 NT 1092 0.7 1058 4.5 
Al5 1 28days 6000psi 1108 1333 1308 NT 1250 9.9 
A16 1 28 days 6000psi 1266 1249 1363 NT 1293 4.7 1271 2.4 
A15 1 56 days 6000psi 1427 1357 1406 Nr 1397 2.6 
A16 1 56 days 6000psi 1484 1519 1259 NT 1420 9.9 1408 1.2 
A5 1 7days 8000psi 889 828 933 NT 883 6.0 
A6 1 7days 8000psi 912 890 865 NT 889 2.7 886 0.5 
A5 l 28days 8000psi 1002 1044 955 NT 1001 4.4 
A6 1 28days 8000psi 1141 1058 989 NT 1063 7.2 1032 4.3 
A5 1 56 days 8000psi 1135 973 1101 NT 1070 8.0 
A6 1 56 days 8000psi 1056 1151 1088 NT 1099 4.4 1084 1.9 
Al3 1 7days 8000psi NT NT NT NT NIA NIA 
A14 1 7days 8000psi NT NT NT NT NIA NIA N/A NIA 
A13 1 28 days 8000psi NT NT NT NT NIA NIA 
A14 1 28days 8000psi NT NT NT NT NIA NIA N/A N/A 
Al3 1 56 days 8000psi NT NT NT NT NIA NIA 
A14 1 56 days 8000psi NT NT NT NT N/A NIA NIA N/A 
Al7 1 7days lOOOOpsi 1123 1047 1159 NT 1110 5.2 
Al8 1 7days lOOOOpsi 1072 1125 1139 NT 1112 3.2 1111 0.2 
Al7 1 28days 10000psi 1288 1241 1166 NT 1232 5.0 
Al8 1 28 days 10000psi 1266 1181 1150 NT 1199 5.0 1215 1.9 
A17 1 56 days lOOOOpsi 1270 1308 1253 NT 1277 2.2 
A18 1 56 days 10000psi 1248 1345 1281 NT 1291 3.8 1284 0.8 
A7 2 7days 6000psi %7 984 910 NT 954 4.0 
A8 2 7days 6000psi 892 881 955 NT 910 4.4 932 3.4 
A7 2 28 days 6000psi 1013 926 975 NT 971 4.5 
A8 2 28 days 6000psi 926 932 1009 NT 956 4.8 %3 l.l 
A7 2 56 days 6000psi 1230 1247 1173 NT 1217 3.2 
A8 2 56 days 6000psi 1149 1068 1224 NT ll47 6.8 1182 4.2 
A9 2 7days 8000psi %7 928 916 NT 937 2.9 

A10 2 7days 8000psi 971 1025 927 NT 974 5.0 956 2.8 
A9 2 28 days 8000psi 1047 1050 1054 NT 1050 0.4 
AlO 2 28 days 8000psi ll53 ll27 1106 NT 1129 2.1 1089 5.1 
A9 2 56 days 8000psi 1258 1340 1183 NT 1261 6.2 

A10 2 56 days 8000psi 1455 1578 1329 NT 1454 8.6 1357 10.1 
All 2 7days 10000psi 936 937 969 NT 947 1.9 
Al2 2 7days 10000psi 1032 919 960 NT 970 5.9 959 1.7 
All 2 28days lOOOOpsi 848 1032 922 NT 934 9.9 
A12 2 28 days 10000psi 991 976 1027 NT 998 2.6 966 4.7 
All 2 56 days 10000psi 1015 1094 1108 NT 1072 4.7 
Al2 2 56 days lOOOOpsi 919 1010 944 NT 958 4.9 1015 8.0 
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T bl B 11 S a e . . urn mar~ 0 fM d f o ulus o Rupture ~ p or recaster B . 
Batch Age fe 

Specimen Batch Batch Mix Mix 
Set A B c D Avg. cv Avg. cv 

No. T~ted Category 
(PSi) (PSi) (psi) (PSi) (psi) (o/o) (psi) (Ofo) 

B3 1 7days 6000psi 893 1009 863 NT 922 8.4 
B4 1 7days 6000psi 927 950 935 NT 937 1.3 929 1.2 
B3 1 28days 6000psi 926 983 882 NT 930 5.4 
B4 1 28days 6000psi 979 945 919 NT 948 3.1 939 1.3 
B3 1 56 days 6000psi 1060 1145 1075 NT 1093 4.1 
B4 1 56da:ys 6000JJSi 1410 987 983 NT 1126 21.8 1110 2.1 
Bll 1 7days 6000psi NT NT NT NT N/A N/A 
Bl2 1 7days 6000psi Nf Nf Nf Nf N/A N/A N/A N/A 
Bll 1 28days 6000psi Nf Nf Nf NT N/A N/A 
B12 1 28 days 6000psi Nf NT NT NT NIA NIA N/A N/A 
B11 1 56 days 6000psi Nf Nf Nf NT NIA N/A 
B12 1 56da_ys 60()()pSi NT NT NT NT NIA N/A N/A N/A 
B13 1 7days 8000psi 988 1068 1087 NT 1047 5.0 
Bl4 t 7days 8000psi 1037 948 1090 NT 1025 7.0 1036 1.5 
B13 l 28 days 8000psi 1155 1079 llOl NT 1112 3.5 
B14 1 28days 8000psi 1182 1115 1212 NT 1170 4.3 1141 3.6 
Bl3 1 56 days 8000psi ll52 1211 1168 NT 1177 2.6 
B14 l 56 days 8000JJSi 1150 1128 1116 NT 1131 1.5 1154 2.8 
B7 I 7days lOOOOpsi 1068 1058 1102 NT 1076 2.2 
B8 1 7days lOOOOpsi 1087 1013 1108 NT 1069 4.7 1073 0.5 
B7 1 28days 10000psi 1100 1038 1095 NT 1077 3.2 
B8 1 28days 10000psi 1109 1031 1180 NT 1107 6.7 1092 1.9 
B7 1 56 days lOOOOpsi 1151 1066 1061 NT 1093 4.6 
B8 1 56 days lOOOOpsi 1116 1088 1033 NT 1079 3.9 1086 0.9 
B9 2 7days 6000psi 1009 1044 1066 NT 1039 2.8 
BlO 2 7days 6000psi 978 1047 1009 NT 1011 3.5 1025 1.9 
B9 2 28days 6000psi 1144 1056 1201 NT 1134 6.5 
BlO 2 28days 6000psi 1135 1172 1043 Nf 1117 6.0 1125 1.0 

B9 2 56 days 6000psi 1115 942 1049 NT 1035 8.4 
BlO 2 56 days 6000pSi 1156 1150 1102 NT 1136 2.6 1086 6.6 
B15 2 7days 8000psi 889 1050 1076 NT 1005 10.1 
B16 2 7days 8000psi 1001 1023 1017 NT 1014 1.1 1009 0.6 
B15 2 28days 8000psi 1096 1142 1101 NT 1113 2.3 
Bl6 2 28days 8000psi 1066 1121 1136 NT 1108 3.3 1110 0.3 
B15 2 56 days 8000psi 1031 1170 1114 NT 1105 6.3 
B16 2 56 days 8000JJSi 1039 911 1154 NT 1035 11.8 1070 4.6 
B5 2 7days lOOOOpsi 1155 1030 1080 NT 1088 5.8 
B6 2 7days lOOOOpsi 1042 1035 1044 NT 1041 0.5 1065 3.2 
B5 2 28days lOOOOpsi 1151 1160 1127 NT 1146 1.5 
B6 2 28days lOOOOpsi 1137 1145 1136 NT 1139 0.4 1143 0.4 
B5 2 56 days lOOOOpsi 1120 1115 1182 NT 1139 3.3 
B6 2 56 days 10000pSi 1056 1096 1203 NT 1118 6.8 1129 1.3 
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T bl B 12 S a e . . ummaryo fM d I fR 0 u us 0 ti p upture or recaster c . 
Batch Age rc Spedlmt Batch Batch Mix Mix 

Set A B c D Avg. cv Avg. cv 
No. T~ted Category 

(psi) (psi) (psi) (psi) (psi) (%) (psi) (o/~ 

CIS I 7da~ 6000psi 981 867 892 Nf 914 6.6 
Cl6 I 7days 6000psi 1086 996 lOll Nf 1031 4.6 972 8.5 
C15 1 28days 6000psi 1077 933 1020 Nf 1010 7.2 
CI6 I 28da~ 6000psi 1044 1036 997 Nf 1025 2.5 1018 1.1 

CIS 1 56da~ 6000psi 1163 1043 I061 Nf 1089 5.9 
C16 1 56 days 6000psi 1052 1088 1026 Nf 1055 3.0 1072 2.2 
C3 1 7da~ 8000psi 818 775 714 Nf 769 6.8 
C4 I 7days 8000psi 783 803 789 Nf 792 1.3 780 2.1 
C3 I 28days 8000psi 865 800 877 Nf 847 4.9 
C4 1 28da~ 8000psi 1011 845 866 Nf 908 10.0 877 4.9 
C3 l 56da~ 8000psi 810 795 802 Nf 802 0.9 
C4 I 56davs 8000psi 919 867 920 Nf 902 3.3 852 8.3 
Cl3 I 7days 8000psi Nf Nf Nf Nf NIA NIA 
C14 l 7days 8000psi Nf Nf Nf Nf NIA NIA NIA NIA 
C13 I 28da~ 8000psi Nf Nf Nf Nf NIA NIA 
C14 1 28da~ 8000psi Nf Nf Nf Nf NIA NIA NIA NIA 
Cl3 I 56 days 8000psi Nf Nf Nf Nf NIA NIA 
C14 1 56da~ 8000psi Nf Nf Nf Nf NIA NIA N/A NIA 
C17 1 ?days 10000psi 1009 963 985 Nf 985 2.3 
C18 1 7 days 10000psi 879 893 878 Nf 883 0.9 934 7.7 
Cl7 1 28days 10000psi 1084 1126 1112 Nf ll07 1.9 
C18 I 28days 10000 psi 1087 1115 ll08 Nf 1103 1.3 1105 0.3 
Cl7 1 56da~ lOOOOpsi 1073 1077 1101 Nf 1084 1.4 
C18 1 56 days 10000psi 1002 1071 994 Nf 1022 4.2 1053 4.1 
C7 2 7days 6000psi 814 950 811 Nf 858 9.3 
C8 2 7 days 6000psi 775 855 903 Nf 844 7.6 85I 1.1 

C7 2 28days 6000psi 981 10I7 1030 Nf 1009 2.5 
C8 2 28da~ 6000psi 1053 983 1010 Nf 1016 3.5 1013 0.4 
C7 2 56da~ 6000psi 997 994 957 Nf 983 2.2 
C8 2 56 days 6000psi 1063 1017 993 Nf 1025 3.5 1004 2.9 
Cll 2 7days 8000psi 9ll 914 899 Nf 908 0.9 
CI2 2 7 days 8000psi 899 919 967 Nf 928 3.8 918 1.6 
Cll 2 28da~ 8000psi 923 961 974 Nf 953 2.8 
C12 2 28days 8000psi 927 805 907 Nf 880 7.4 916 5.6 
Cll 2 56da~ 8000psi 850 918 815 Nf 86I 6.1 
C12 2 56 days 8000psi 896 902 957 Nf 918 3.7 890 4.6 
C9 2 7days IOOOOpsi NIA 800 883 Nf 842 7.0 
ClO 2 7 days lOOOOpsi 935 1042 987 Nf 988 5.4 929 11.1 
C9 2 28da~ 10000 psi 1046 1041 1058 Nf 1048 0.8 

C10 2 28da~ lOOOOpsi I069 1121 1143 Nf 111I 3.4 1080 4.1 
C9 2 56 days 10000psi 1053 1071 912 Nf 10I2 8.6 

C10 2 56davs 10000psi 1050 1015 1009 Nf 1025 2.1 1018 0.9 
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Figure B.l. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
A7-A8. 
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Figure B.2. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
A9-Al0. 
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Figure 8.3. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
All-Al2. 
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Figure 8.4. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
A13-A14. 
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Figure B.5. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
A15-A16. 
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Figure B.6. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
A17-Al8. 
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Figure B.7. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
B5-B6. 
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Figure B.S. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
B7-B8. 
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Figure B.9. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
B9-B10. 
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Figure B.lO. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 

Bll-B12. 
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Figure B.ll. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
B13-B14. 
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Figure B.12. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
B15-B16. 
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Figure B.13. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
C7-C8. 
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Figure B.14. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
C9-C10. 
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Figure 8.15. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
C11-C12. 
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Figure B.16. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
C13-C14. 
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Figure B.17. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
C15-C16. 
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Figure B.18. Stress-Strain Plots for Determination of Modulus of Elasticity for Batches 
C17-C18. 
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Ta h. ble B.13. Ratio of Batch Avera2e to 28-Day Batch Average for Compressive Strenet 
Batch 

Set 
rc Batch Average (psi Ratio to 28-Day Avera~ I 

No. Oass Release 7Days 28 Days 56 Days 

-:::~: 
28Days 56Days • 

A15 1 6000psi 7800 10000 11813u2277 0. 1.00 1.04 
A16 1 6000psi 7800 10433 It770 2515 0. 1.00 1.06 
A5 1 8000psi NI NI NI NI N'A N'A N'A N'A 
A6 1 8000psi NI NI NI NI N'A N'A N'A N'A 

A13 1 8000psi 7800 9747 11285 11701 0.69 0.86 1.00 1.04 
A14 1 8000psi 7800 9915 ll720 12186 0.67 0.85 1.00 1.04 
A17 1 10000psi 7020 9938 11240 11801 0.62 0.88 1.00 1.05 
A18 1 lOOOOpsi 7020 10459 11976 12189 0.59 0.87 1.00 1.02 
A7 2 6000psi 5695 8757 9920 10360 0.57 0.88 1.00 1.04 
A8 2 6000psi 5695 8495 9393 10155 0.61 0.90 1.00 1.08 
A9 2 8000psi 6370 9696 11454 11717 0.56 0.85 1.00 1.02 
AlO 

l~i!a 
6370 H 11910 

0.55 0.87 1.00 1.03 
All 7100 10744 0.71 r:r 1.00 1.07 
A12 7100 8 9614 10601 0.74 1.00 1.10 

Precaster Average 0.64 0.87 1.00 1.05 

:! I 1 6000psi NI NI NI NI N'A N'A N'A N'A 
1 6000psi NI NI NI NI N'A N'A N'A N'A 

Bll 1 6000psi 7845 9253 10842 10709 0.72 0.85 1.00 0.99 
B12 1 6000psi 7845 9034 10167 10684 0.77 0.89 1.00 1.05 
B13 1 8000psi 6774 9222 100~ 10822 0.67~1.00 1.08 
B14 1 8000psi 5659 8187 994 10378 0. l.OC 1.04 
B7 1 lOOOOpsi 6537 8491 9635 10366 0.68 0. 1.00 1.08 
B8 1 10000psi 6537 9010 10145 10888 0.64 0.89 1.00 1.07 
B9 2 i 6537 8458 10177 10414 0.64 0.83 1.00 1.02 
BlO 2 i 6537 8294 9615 9735 0.68 0.86 1.00 1.01 
BIS 2 psi 6320 8059 8896 9594 0.71 0.91 1.00 1.08 
B16 2 )psi 6498 8175 9294 10050 0.70 0.88 1.00 1.08 
B5 2 lOOOOpsi 6293 7946 9239 9782 0.68 0.86 1.00 1.06 
B6 2 IOOOOpsi 6293 7913 9278 10012 0.68 0.85 1.00 1.08 

Precaster Average 0.68 0.87 1.00 1.05 
CIS 1 6000psi 7223 8442 9204 9239 0.78 0.92 1.00 1.00 
C16 I 6000psi 7223 8723 9300 8861 0.78 0.94 1.00 0.95 
C3 1 8000psi NI 

~u NI N'A N'A N'A N'A 
C4 1 8000psi NI NI N'A N'A N'A N'A 
C13 m 8000psi 6287 7916 9158 9306 0.69 0.86 1.00 1.02 
C14 8000psi 6287 8506 9396 9939 0.67 0.91 1.00 1.06 
C17 1 10000psi 7800 7961 8951 9466 0.87 0.89 1.00 1.06 
C18 1 10000psi 7800 8073 9244 9478 0.84 0.87 1.00 1.03 
C7 2 6000psi 6450 8789 9498 9961 0.68 0.93 1.00 1.05 
C8 2 6000psi 6450 8709 9513 10015 0.68 0.92 1.00 1.05 
Cll 2 8000psi 6567 7656 8261 9025 0.79 1.09 
Cl2 2 8000psi 6567 8201 8911 9065 0.74 100 1.02 
C9 2 10000psi 7092 8478 9354 9718 0.76 0.91 1.00 1.04 
C10 2 IOOOOpsi 7092 8731 10115 10206 0.70 0.86 1.00 1.01 

Precaster Average 0.75 0.90 1.00 1.03 
Overall Average 0.69 0.88 1.00 1.04 
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TableB14 Rti fBthA . . a oo ac t 28 D B t hA verage o - ay ac ~ M d I f El sticity. verage or 0 u us 0 a 
Batch 

Set 
fc Batch Average ([lSi) Ratio to 28-Day Average 

No. Oass 7Days 28Days 56 Days 7Days 28Days 56 Days 
Al5 1 6000psi 7342632 7883587 7780171 0.93 1.00 0.99 
A16 1 6000psi 6822249 7742723 7657179 0.88 1.00 0.99 
A5 1 8000psi NR NR NR NIA NIA NIA 
A6 1 8000psi NR NR NR NIA NIA NIA 

A13 l 8000psi 7070648 7244789 7251827 0.98 1.00 1.00 
A14 1 8000psi 7712517 7555760 7757786 1.02 1.00 1.03 
A17 1 10000psi 7191284 7270314 7806684 0.99 1.00 1.07 
A18 1 10000psi 7557589 7583556 7863591 1.00 1.00 1.04 
A7 2 6000psi 7053402 7002962 7344773 1.01 1.00 1.05 
A8 2 6000psi 6858273 7471298 7579456 0.92 1.00 1.01 
A9 2 8000psi 6947668 7301139 7310525 0.95 1.00 1.00 

AlO 2 8000psi 7363699 7358513 7543871 1.00 1.00 1.03 
All 2 lOOOOpsi 6729006 6742949 7295096 1.00 1.00 1.08 
A12 2 10000psi 6896097 7020166 7136030 0.98 1.00 1.02 

Precaster Average 0.97 1.00 1.03 

B3 1 6000psi NR NR NR NIA NIA NIA 
B4 1 6000psi NR NR NR NIA NIA NIA 
Bll 1 6000psi 6268537 6603573 6459454 0.95 1.00 0.98 
B12 1 6000psi 5990224 6763782 6013680 0.89 1.00 0.89 
Bl3 l 8000psi 5759927 6320265 6018883 0.91 1.00 0.95 
B14 1 8000psi 5410739 5842106 5957734 0.93 1.00 1.02 
B7 1 10000psi 5652604 5548531 6179044 1.02 1.00 1.11 
B8 1 IOOOOpsi 5896709 6218476 6147232 0.95 1.00 0.99 
B9 2 6000psi 5920475 6054505 6243267 0.98 1.00 1.03 

BIO 2 6000psi 5514727 5987163 6591322 0.92 1.00 1.10 
B15 2 8000psi 5552809 5865866 6178680 0.95 1.00 1.05 
B16 2 8000psi 5433467 5749920 5914802 0.94 1.00 1.03 
B5 2 IOOOOpsi 5742260 5742260 6101724 1.00 1.00 1.06 
B6 2 lOOOOpsi 6135538 6135538 6087874 1.00 1.00 0.99 

Precaster Average 0.95 1.00 1.02 

CIS 1 6000psi 5361887 5852081 5768839 0.92 1.00 0.99 
C16 1 6000psi 5316550 5669291 5873662 0.94 1.00 1.04 
C3 1 8000psi NR NR NR NIA NIA NIA 
C4 1 8000psi NR NR NR NIA NIA NIA 
C13 1 8000psi 5467162 5703930 5256502 0.96 1.00 0.92 
C14 1 8000psi 5724921 5636111 6141728 1.02 1.00 1.09 
C17 1 lOOOOpsi 5379897 5718944 6061863 0.94 1.00 1.06 
C18 1 lOOOOpsi 5521769 5503201 6464934 1.00 1.00 1.17 
C7 2 6000psi 4918083 5578404 5541205 0.88 1.00 0.991 
C8 2 6000psi 5463248 5551066 5758729 0.98 1.00 1.041 
Cll 2 8000psi 4894355 5108175 4684385 0.96 1.00 0.92 
C12 2 8000psi 5122080 5720468 5667847 0.90 1.00 0.99 
C9 2 lOOOOpsi 5569658 6029447 5794423 0.92 1.00 0.96 
ClO 2 lOOOOpsi 5628182 5888487 6036981 0.96 1.00 1.03 

Precaster Average 0.95 1.00 1.02 
Overall Average 0.96 1.00 1.02 
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Table B.15. Ratio of Batch Average to 28-Day Batch Average for Splitting Tensile 
St th ren21 . 

Batch 
Set 

rc B 

~~ No. Oass 7Days 28Da 56Days 
A15 1 6000psi m a~ 

A16 1 6000psi 834 88L 148 0.95 1.00 0.85 
A5 1 8000psi 698 ~ 7~~ 0.95 1.00 1.01• 
A6 1 8000psi 813 1.36 1.00 l.27i 
A13 1 8000psi NT NT NT N/A N/A N/A 
A14 1 8000psi NT Nf Nf N/A N/A N/A 
A17 1 lOOOOpsi 693 794 873 0.87 1.00 1.10 
A18 1 10000psi 748 728 808 1.03 1.00 1.11 
A7 2 6000psi 753 614 721 1.23 1.00 1.17 
IV5 2 6000psi 644 688 767 0.94 1.00 1.12 
A9 2 8000psi 581 743 865 0.78 1.00 1.16 
AlO 2 8000psi 613 868 908 0.71 1.00 1.05 
All 2 lOOOOpsi 694 704 778 0.99 1.00 1.11 
A12 2 lOOOOpsi 674 788 794 0.86 1.00 1.01 

Precaster Average 0.96 1.00 1.07 

B3 1 6000psi 646 653 605 0.99 1.00 0.93 
B4 1 6000psi 544 648 649 0.84 1.00 1.00 
Bll 1 6000psi NT NT NT 

~~tn B12 1 6000psi NT NT NT 
B13 1 8000psi 702 625 608 
B14 1 8000psi 599 756 580 0. 1.00 
B7 I 10000psi 627 620 713 1.01 1.00 1.15 
B8 1 10000psi 661 735 560 0.90 1.00 0.76 
B9 2 6000psi 679 770 745 0.88 1.00 0.97 
BlO 2 6000psi 645 579 600 1.11 1.00 1.04 
B15 2 8000psi 628 569 l-i--H B16 2 8000psi 587 595 687 0. 1. 
B5 2 10000psi 623 678 633 1 
B6 2 IOOOOpsi 645 707 650 1 

Precaster AveragE 0.96 1.00 0.98 

CIS 1 6000psi 623 ±: 0.% 1.00 1.00 
C16 1 6000psi 605 1.11 1.00 1.17 
C3 1 8000psi 509 533 0.90 1.00 0.94 
C4 1 8000psi 589 561 1.00 1.00 0.95 
CB 1 8000psi NT Nf NT N/A N/A N/A 
C14 1 8000psi NT NT NT N/A N/A N/A 
Cl7 1 lOOOOpsi 578 615 621 ~ •. w 1.01 
C18 1 lOOOOpsi 645 618 630 1.00 1.02 
C7 2 6000psi 554 625 663 0.89 1.00 1.06 
C8 2 6000psi 616 628 662 0.98 1.00 1.05 
Cll 2 8000psi 592 610 555 0.97 1.00 0.91 
C12 2 8000psi 574 602 635 0.95 1.00 1.05 
C9 2 lOOOOpsi 546 617 656 0.88 1.00 1.06 
ClO 2 lOOOOpsi 568 656 664 0.87 1.00 1.01 

Precaster Average 0.96 1.00 1.02 
Overall Average 0.96 1.00 1.02 
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Table B.16 R t' fB t h A . a 10 o a c verage o - ay ac verage or 0 u us 0 t 28 D B t hA :ti M d I f Rupture. 
Batch 

Set fc Batch Avefa2e (psi) Ratio to 28-Day Avent2e 
No. aass 7Days 28Days 56 Days 7Days 28Days 56Days i 

A15 1 6000psi 1024 1250 1397 0.82 1.00 1.12 
A16 1 6000psi 1092 1293 1420 0.84 1.00 1.10 
A5 1 8000psi ::~I 1001 1070 0.88 1.00 1.07 
A6 1 8000psi 1063 1099 0.84 1.00 1.03 

A13 1 8000psi NT NT NT N/A N/A N/A 
A14 1 8000psi NT NT NT N/A N/A N/A 
A17 1 10000psi 1110 1232 1277 0.90 1.00 1.04 
A18 1 10000psi 1112 1199 1291 0.93 1.00 1.08 
A7 2 6000psi 954 971 1217 0.98 1.00 1.25 
A8 2 6000psi 910 956 ll47 0.95 1.00 1.20 
A9 2 8000psi 937 1050 1261 0.89 1.00 1.20 

AIO 2 8000psi 974 1129 1454 0.86 1.00 1.29 
All 2 10000 psi 947 934 1072 1.01 1.00 LIS 
A12 2 10000psi 970 998 958 0.97 1.00 0.96 

Precaster Average 0.91 1.00 1.12 it! 6000psi 922 930 1093 0.99 1.00 1.18 
1 6000psi 937 948 1126 0.99 1.00 1.19 
I 6000psi NT NT NT N/A N/A N/A 

Bl2 1 6000psi NT NT NT N/A N/A N/A 
B13 1 8000psi 1047 1112 1177 0.94 1.00 1.06 
Bl4 1 8000psi 1025 1170 1131 0.88 1.00 0.97 
B7 1 IOOOOpsi 1076 1077 1093 1.00 1.00 1.01 
B8 1 lOOOOpsi 1069 1107 1079 0.97 1.00 0.97 
B9 2 6000psi 1039 1134 1035 0.92 1.00 0.91! 
BlO 2 6000psi 1011 1117 1136 0.91 1.00 1.02 
Bl5 2 8000psi 1005 1113 1105 0.90 1.00 0.99 
B16 2 8000psi 1014 ll08 1035 0.92 1.00 0.931 
B5 2 10000psi 1088 1146 1139 0.95 1.00 0.99 
B6 2 lOOOOpsi 1041 1139 1118 0.91 1.00 0.98 

Precaster Average 0.94 1.00 1.02 

CIS 1 6000psi 914 ~: 1089 0.90 1.00 1.08 
C16 1 6000psi 1031 1 1055 1.01 1.00 1.03 
C3 1 8000psi 769 847 802 0.91 1.00 0.95 
C4 1 8000psi 792 908 902 0.87 1.00 0.99 
C13 1 8000psi NT NT NT N/A N/A N/A 
C14 1 8000psi NT NT NT N/A N/A N/A 
Cl7 1 lOOOOpsi 985 1107 1084 0.89 1.00 0.98 
C18 1 10000psi 883 1103 1022 0.80 1.00 0.93 
C7 2 6000psi 858 1009 983 0.85 1.00 0.97 
C8 2 6000psi 844 1016 1025 0.83 1.00 1.01 

C11 2 8000psi 908 9~~ 861 0.95 1.00 0.90 
C12 2 8000psi 928 88 918 1.06 1.00 1.04 
C9 2 lOOOOpsi 842 1048 1012 0.80 1.00 0.96 
CIO 2 lOOOOpsi 988 1111 1025 0.89 1.00 0.92 

Precaster Average 0.90 1.00 0.98 
Overall Average 0.91 1.00 1.04 
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a e . . 1as T bl B 17 B. F £ c actors or ompressiVe s h tren2t . 
CoiJl)ressive Stren2f:h (psi) Bias Factor 

Batch 
Set 

fc 
Specified 

No. Category 
Specified 28-Day 1-Day 

28-Day 1-Day 
28-Day Release BatchAvg. BatchAvg. 

A15 1 6000psi 6250 6250 11813 7800 1.89 1.25 
A16 1 6000psi 6250 6250 11770 7800 1.88 1.25 
A5 1 8000psi 8573 5416 11519 6960 1.34 1.29 
A6 1 8000psi 8573 5416 10965 6960 1.28 1.29 

A13 1 8000psi 8484 6324 11285 7800 1.33 1.23 
A14 1 8000psi 8484 6324 11720 7800 1.38 1.23 
A17 1 10000psi 8963 6252 11240 7020 1.25 1.12 
Al8 1 lOOOOpsi 8963 6252 11976 7020 1.34 1.12 
A7 2 6000psi 5909 5284 9920 5695 1.68 1.08 
A8 2 6000psi 5909 5284 9393 5695 1.59 1.08 
A9 2 8000psi 7540 5890 11454 6370 1.52 1.08 

A10 2 8000psi 7540 5890 11561 6370 1.53 1.08 
All 2 10000psi 9196 6919 10057 7100 1.09 1.03 
A12 2 10000psi 9196 6919 9614 7100 1.05 1.03 
B3 1 6000psi 7048 5508 9865 7192 1.40 1.31 
B4 1 6000psi 7942 6290 9438 6550 1.19 1.04 
B11 1 6000psi 6525 6525 10842 7845 1.66 1.20 
B12 1 6000psi 6525 6525 10167 7845 1.56 1.20 
B13 1 8000psi 8000 N/A 10037 6774 1.25 N/A 
B14 1 8000psi 8000 N/A 9949 5659 1.24 N/A 
B7 1 10000psi 8983 6527 9635 6537 1.07 1.00 
B8 1 10000psi 8983 6527 10145 6537 1.13 1.00 
B9 2 6000psi 6525 6525 10177 6537 1.56 1.00 

BIO 2 6000psi 6525 6525 9615 6537 1.47 1.00 
B15 2 8000psi 8000 N/A 8896 6320 1.11 N/A 
B16 2 8000psi 8000 N/A 9294 6498 1.16 N/A 
B5 2 10000psi 8983 6555 9239 6293 1.03 0.96 
B6 2 lOOOOpsi 8983 6555 9278 6293 1.03 0.96 
Cl5 1 6000psi 6512 5816 9204 7223 1.41 1.24 
C16 1 6000psi 6512 5816 9300 7223 1.43 1.24 
C3 1 8000psi 7099 5716 8673 5730 1.22 1.00 
C4 1 8000psi 7099 5716 9156 5730 1.29 1.00 
C13 1 8000psi 7469 6048 9158 6287 1.23 1.04 
C14 1 8000psi 7469 6048 9396 6287 1.26 1.04 
C17 1 10000psi 9000 N/A 8951 7800 0.99 NIA 
C18 1 lOOOOpsi 9000 N/A 9244 7800 1.03 N/A 
C7 2 6000psi 6178 5204 9498 6450 1.54 1.24 
C8 2 6000psi 6178 5204 9513 6450 1.54 1.24 

C11 2 8000psi 8102 6590 8261 6567 1.02 1.00 
C12 2 8000psi 8102 6590 8911 6567 1.10 1.00 
C9 2 10000 psi 9152 7034 9354 7092 1.02 1.01 
C10 2 10000psi 9152 7034 10115 7092 1.11 1.01 
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Table 8.18. Bias Factors for Modulus of Elasticity. 
Modulus of Elasticity (psi) Bias Factor 

Batch 
Set 

fc 
28-Day Predicted Predicted 

NO. Category 
BatchAvg. AASHIO Best Fit 

AASHIO Best Fit 

Al5 1 6000psi 7883587 4792817 4980587 1.64 1.58 
Al6 1 6000psi 7742723 4792817 4980587 1.62 1.55 
A5 1 8000psi NR NIA NIA N/A NIA 
A6 1 8000psi NR N/A N/A N/A N/A 

A13 I 8000psi 7244789 5584074 5802844 1.30 1.25 
A14 I 8000_psi 7555700 5584074 5802844 1.35 1.30 
A17 1 lOOOOpsi 7270314 5739546 5964407 1.27 1.22 
A18 1 10000psi 7583556 5739546 5964407 1.32 1.27 
A7 2 6000psi 7002962 4660235 4842811 1.50 1.45 
A8 2 6000psi 7471298 4660235 48428ll 1.60 1.54 
A9 2 8000psi 7301139 5264250 5470490 1.39 1.33 
AIO 2 8000psi 7358513 5264250 5470490 1.40 1.35 
All 2 lOOOOpsi 6742949 5813669 6041434 1.16 1.12 
Al2 2 IOOOOpsi 7020166 5813669 6041434 1.21 1.16 
B3 1 6000psi NR NIA NIA NIA N/A 
B4 1 6000psi NR N/A N/A NIA N/A 
Bll 1 6000psi 6603573 4897124 5088981 1.35 1.30 
Bl2 1 6000psi 6763782 4897124 5088981 1.38 1.33 
B13 1 8000psi 6320265 5422453 5634891 1.17 1.12 
Bl4 1 8000psi 5842106 5422453 5634891 1.08 1.04 
B7 1 10000psi 5548531 5745946 5971057 0.97 0.93 
B8 1 IOOOOpsi 6218476 5745946 5971057 1.08 1.04 
B9 2 6000psi 0054505 4897124 5088981 1.24 1.19 
BlO 2 6000psi 5987163 4897124 5088981 1.22 1.18 
B15 2 8000psi 5865866 5422453 5634891 1.08 1.04 
Bl6 2 8000psi 5749920 5422453 5634891 1.06 1.02 
B5 2 lOOOOpsi 5742260 5745946 5971057 1.00 0.96 
B6 2 lOOOOpsi 6135538 5745946 5971057 1.07 1.03 
CIS 1 6000psi 5852081 4892243 5083909 1.20 1.151 
C16 1 6000psi 5669291 4892243 5083909 1.16 1.12 
C3 1 8000psi NR N/A N/A N/A NIA i 
C4 1 8000psi NR NIA N/A NIA NIA 
C13 1 8000psi 5703930 5239406 5444673 1.09 1.05 
C14 1 8000psi 5636111 5239406 5444673 1.08 1.04 
Cl7 1 lOOOOpsi 5718944 5751380 5976705 0.99 0.96 
C18 1 lOOOOpsi 5503201 5751380 5976705 0.96 0.92 
C7 2 6000psi 5578404 4765130 4951816 l.17 1.13 
C8 2 6000psi 5551066 4765130 4951816 1.16 1.12 
Cll 2 8000psi 5108175 5456912 5670700 0.94 0.90 
Cl2 2 8000psi 5720468 5456912 5670700 1.05 1.01 
C9 2 IOOOOpsi 0029447 5799744 6026963 1.04 1.00 
ClO 2 IOOOOpsi 5888487 5799744 6026963 1.02 0.98 
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T bl B 19 B' F t :ti S litti T 'I St th a e . . 1as ac ors or ipl ng ens1 e ren . 
Splitfin2 TeDSHe StreJ12th (psi) 

. 
Batch 

Set 
f'e 

28-Day Predicted Predicted 
No. Category 

BatchAvg. AASH10 Best Fit 
AASH10 Best Fit 

Al5 1 6000psi 844 585 522 1.44 1.62 
Al6 1 6000 880 585 522 1.50 1.69 
,_ 1 

~ 
611 1.08 1.21 

,- 1 611 0.87 0.98 
Al3 l 8000psi NIA N/A NIA 
Al4 1 8000psi : NIA N/A N/A 
A17 1 10000psi 794 701 625 1.13 1.27 
Al8 1 10000psi 728 701 625 1.04 l.17 
A7 2 6000psi 614 569 507 1.08 1.21 
A8 2 6000psi 688 569 507 1.21 1.36 
M 2 8000psi 743 643 573 1.16 1.30 
AlO 2 8000psi 868 643 573 1.35 1.52 
All 2 lOOOOpsi 704 710 633 0.99 1.11 
Al2 2 lOOOOpsi 788 710 633 1.11 1.25 
B3 1 6000psi 653 621 554 1.05 1.18 
B4 1 6000 i 648 659 588 0.98 1.10 
Bll 1 Nr NIA NIA N/A N/A 
B12 1 Nr N/A NIA N/A N/A 
Bl3 1 8000psi 625 662 590 0.94 1.06 
B14 8000psi 662 590 1.14 1.28 
B7 lOOOOpsi 701 626 0.88 0.99 
B8 735 701 626 1.05 1.18 
B9 2 6000psi 770 598 533 1.29 1.44 
BIO 2 6000psi 579 598 533 0.97 1.09 
B15 2 8000psi 569 662 590 0.86 0.96 
Bl6 2 8000psi 595 662 590 0.90 1.01 
B5 2 10000 psi 678 701 626 0.97 1.08 
B6 2 10000psi 707 701 626 1.01 l.13 
CIS 1 6000psi 647 597 533 1.08 1.22 
C16 1 6000psi 546 597 533 0.91 1.03 
C3 1 8000psi 568 623 556 0.91 1.02 
C4 I 8000psi 623 556 0.95 1.06 
C13 1 8000psi N/A NIA N/A N/A 
Cl4 1 8000psi NIA NIA N/A NIA 
Cl7 1 lOOOOpsi 626 0.88 0.98 
C18 1 IOOOOpsi 626 0.88 0.99 
C7 2 6000psi 625 582 519 1.07 1.20 
C8 2 6000psi 628 582 519 1.08 1.21 
Cll 2 8000psi 610 594 0.92 1.03 
Cl2 2 8000psi 602 594 0.90 1.01 
C9 2 lOOOOpsi 617 708 631 0.87 0.98 
CIO 2 lOOOOpsi 656 708 631 0.93 1.04 
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a e . . 1as ac ors or 0 u us 0 up1ure • T bl B 20 B' F t ~ M d l f R t 
Modulus of Rupture (psi) Bias Factor 

Batch 
Set 

f'c 
28-Day Predicted Predicted No. Category 

BatchAvg. AASIITO Best Fit 
AASIITO Best Fit 

A15 1 6000psi 1250 593 791 2.11 1.58 
A16 1 6000psi 1293 593 791 2.18 1.64 
A5 1 8000psi 1001 694 926 1.44 1.08 
A6 1 8000psi 1063 694 926 1.53 1.15 

A13 1 8000psi NT NIA NIA NIA NIA 
A14 1 8000psi NT NIA NIA NIA NIA 
A17 1 IOOOOpsi 1232 710 947 1.73 1.30 
A18 1 lOOOOpsi 1199 710 947 1.69 1.27 
A7 2 6000psi 971 577 769 1.68 1.26 
A8 2 6000psi 956 577 769 1.66 1.24 
A9 2 8000psi 1050 651 868 1.61 1.21 
AlO 2 8000psi 1129 651 868 1.73 1.30 
All 2 IOOOOpsi 934 719 959 1.30 0.97 
Al2 2 lOOOOpsi 998 719 959 1.39 1.04 
B3 I 6000psi 930 630 840 1.48 1.11 
B4 1 6000psi 948 668 891 1.42 1.06 
Bll 1 6000psi NT NIA NIA NIA NIA 
B12 1 6000psi NT NIA NIA N/A NIA 
B13 1 8000psi 1112 671 894 1.66 1.24 
Bl4 1 8000psi 1170 671 894 1.74 1.31 
B7 1 lOOOOpsi 1077 711 948 1.52 1.14 
B8 1 IOOOOpsi 1107 711 948 1.56 1.17 
B9 2 6000psi 1134 606 808 1.87 1.40 

BlO 2 6000_psi 1117 606 808 1.84 1.38 
B15 2 8000psi 1113 671 894 1.66 1.24 
B16 2 8000psi 1108 671 894 1.65 1.24 
B5 2 10000psi 1146 711 948 1.61 1.21 
B6 2 IOOOOpsi 1139 711 948 1.60 1.20 
Cl5 1 6000psi 1010 605 807 1.67 1.25 
Cl6 1 6000psi 1025 605 807 1.69 1.27 
C3 1 8000psi 847 632 843 1.34 1.0~1 
C4 1 8000psi 908 632 843 1.44 1.08 
C13 1 8000psi NT NIA NIA NIA NIA ! 

C14 1 8000psi NT NIA NIA NIA NIA 
C17 1 lOOOOpsi 1107 712 949 1.56 1.17: 

I 

Cl8 1 lOOOOpsi 1103 712 949 1.55 1.16 
C7 2 6000psi 1009 590 786 1.71 1.28 
C8 2 6000psi 1016 590 786 t.n 1.29 

C11 2 8000psi 953 675 900 1.41 1.06 
C12 2 8000psi 880 675 900 1.30 0.98 
C9 2 lOOOOpsi 1048 717 957 1.46 1.10 
ClO 2 IOOOOpsi 1111 717 957 1.55 1.16 
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Batch 
Set 

fc 
No. Oass 
Al5 
Al6 150.0 
A5 151.3 
A6 150.6 
Al3 149.7 
Al4 
A17 
AI8 I52.1 I51.8 
A7 2 I50.6 151.4 
A8 2 151.2 150.2 I50.7 
A9 2 151.8 150.7 151.2 

AlO 2 I51.2 151.7 151.4 
All 2 149.5 149.6 149.6 
AI2 2 150.4 149.0 149.7 

I50.6 
B3 1 149.9 
B4 1 149.9 
Bll 1 148.0 148.4 
BIZ I 149.8 
Bl3 1 149.3 
B14 1 148.7 
B7 1 148.51 
B18 1 151.91 

B9 2 148.7 
BlO 2 149.3 148.4 148.8 
B15 2 147.1 147.7 147.4 
Bl6 2 148.8 149.2 148.9 
B5 2 IOOOOpsi 149.5 149.2 149.4 
B6 2 lOOOOpsi 149.3 149.0 149.1 

Precaster Awrage 149.1 
146.6 147.5 147.1 
146.8 148.4 I47.6 

C3 I 145.7 NT 145.7 
C4 I 147.7 147.7 
Cl3 1 147.3 147.1 
C14 I I47.4 146.9 
Cl7 1 146.1 
CI8 1 146.4 
C7 2 147.9 
C8 2 147.9 
Cll 2 NIA 
CI2 2 NIA 
C9 2 147.7 
ClO 2 148.7 

147.2 
149.1 
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Individual creep and shrinkage strain measurements for each specimen obtained from 

electrical strain gages during the creep test are provided in Figure B.l9 to Figure B.27. The plots 

are arranged by precaster name and batch number. Each frame includes samples collected from 

two batches of the same concrete mixture on the same day. For each creep frame, there are four 

creep cylinders (two from each batch) and two shrinkage cylinders (one from each batch). Note 

that the creep measurements (shown as black lines) are the total measured strain (including 

shrinkage) for a creep specimen. The shrinkage measurements are shown as dark gray lines. 

For all samples except A7-A8, every strain gage channel was connected with strain gages 

on a steel block for the purpose of temperature compensation. For the samples from batches A7-

A8, each of the creep specimens and the first shrinkage specimen have two strain gages attached 

laterally on the side of the specimen. As a result of this setup, the effect of lateral shrinkage was 

included in the reading. In order to obtain the creep strain reported in Chapter 4, the strain from 

the first shrinkage specimens was subtracted from the total strain of a creep specimen in the same 

batch. The second shrinkage specimen had two strain gages on a steel block. Therefore, the 

strain measured was only due to longitudinal shrinkage, similar to the other sets of tests. 

A few strain gages did not function for total duration of the creep and shrinkage testing. 

The main cause was insecure solder connections between strain gages and lead wires. It was not 

possible to solder the wire back on the strain gage because the system was very sensitive to small 

changes in resistance. Replacing gages is problematic because new gages would have their own 

resistance values that vary within a certain range from the nominal value. New solder 

connections would also have a different resistance and result in a change in output. Also, the 

strain gages and wire were coated with protective coating that obstructed re-soldering. 

There was one channel of data for a batch A9 creep sample, for which the reading was 

not stable. It was not clear what the problem was in this case. Therefore, the measured strain for 

this specimen was not included. 

Shrinkage strain measurements for each shrinkage prism specimen are provided in Figure 

B.28 to Figure B.43. Again, plots are arranged by precaster name and batch number. 
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Figure B.19. Creep Test for Batches A 7-AS. 
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Figure B.20. Creep Test for Batches A9-A10. 

284 



1800 
A11-A12 

1600 

I 1400 

1200 
..... 
0 

..::: 1000 (,) 
1:1 

~ 800 .s 
b 600 ...... 

X 
'-' 
1:1 400 ·a 
!:l 
r:l) 

200 

0 
0 100 200 300 400 500 600 700 

Time (Days) 

Figure B.21. Creep Test for Batches All-A12. 
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Figure B.22. Creep Test for Batches BS-B6. 
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Figure B.23. Creep Test for Batches B9-B10. 
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Figure B.24. Creep Test for Batches B13-B14. 
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Figure B.25. Creep Test for Batches C7-C8. 
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Figure B.26. Creep Test for Batches C9-C10. 
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Figure B.27. Creep Test for Batches Cll-C12. 
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Figure B.28. Shrinkage Test for Batches A 7-AS. 

0 100 200 

-A9-A 

..,._A9-B 

-+-A9-C 

300 

Duration (Days) 

-8-AlO-A 

-J!r-AIO-B 

-+-AlO-C 

400 

Figure B.29. Shrinkage Test for Batches A9-Al0. 
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Figure B.30. Shrinkage Test for Batches All-Al2. 
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Figure B.31. Shrinkage Test for Batches A17-Al8. 
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Figure B.33. Shrinkage Test for Batches B7-B8. 
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Figure B.34. Shrinkage Test for Batches B9-B10. 
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Figure B.35. Shrinkage Test for Batches Bll-B12. 
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Figure B.36. Shrinkage Test for Batches B13-B14. 
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Figure B.37. Shrinkage Test for Batches Bl5-B16. 
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Figure B.39. Shrinkage Test for Batches C7-C8. 
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Figure B.40. Shrinkage Test for Batches C9-Cl0. 
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Figure B.41. Shrinkage Test for Batches Cll-Cl2. 
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Figure B.42. Shrinkage Test for Batches C15-C16. 
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Figure B.43. Shrinkage Test for Batches C17-C18. 
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APPENDIXC 

EFFECTS OF CAPPING ON THE MODULUS OF ELASTICITY 

Because limited data were available regarding the difference between the modulus of 

elasticity of HSC tested using sulfur caps and neoprene caps, the comparison study was 

conducted to assure that both cap types yield the same value. 

A compressometer was used to measure the deformation of 4x8 inch (lOOx200 mm) 

cylindrical specimens for both cases. The test procedures followed ASTM C 469 (1994b). Two 

specimens for each batch were randomly selected for the test using each type of cap. A paired T 

test was used to determine whether the difference between the mean modulus of elasticity from 

both cap types is significant or not. The detail of the analysis can be found in many statistical 

textbooks, such as that by Milton and Arnold (1995). Briefly, the following hypothesis is tested: 

Ho : f.lsulfor = f.ineoprene 

HI ; f.lsulfor * #neoprene 

The above hypothesis is equivalent to the following: 

Ho :pD = 0 

HI: f.lv * 0 

where D is the difference between the moduli of elasticity from two cap types. The test statistic 

for this hypothesis is: 

(C.l) 
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where i5 and Sv are sample mean and sample standard deviation of D, respectively, and n is the 

number of paired samples. The statistic t has a student-t distribution with the degree of freedom 

(n-1). A large value of t or smaller probability of having greater value oft (p-value) indicate 

that the difference is too large to occur by chance; therefore, the null hypothesis Ho is rejected. 

The test data from 10 pairs of moduli of elasticity are presented in Table C. I. 

Table C.l. Comparison between Moduli of Elasticity Tested Using Sulfur Caps and 

Batch 
Precaster 

No. 

A 7 
A 8 
A 7 
A 8 
A 9 
A lO 
A 9 
A lO 
c 7 
c 8 

From Table C.l, 

N C eoprene aps. 

Age 
Sulfur Cap Neoprene Cap 

Tested A B Avg. A 
(psi) (psi) (psi) (psi) 

7 days 6560343 6304127 6432235 7316343 
1 days I 7042854 6934612 69887331 7127744 
28days 7710970 7321415 7516192 7075511 
28days 7240732 7317921 7279327 7472863 
7days 6506859 6795129 6650994 6790834 
?days 6644670 6792723 6718697 7131932 
28days 7011619 6941314 6976466 7473746 
28days 7073242 7274443 7173843 7442584 
7days 56ll283 4843511 5227397 4978966 
?days 5217289 5312438 5264864 5638183 

t = 150954-0 = 1.279 
373251/M 

B Avg. 
(psi) (psi) 

]90461 7053402 
588802 6858273 

6930413 7002962 
7469732 7471298 
7104502 6947668 
7595465 7363699 
7128533 7301139 
7274443 7358513 
4857199 4918083 
5288313 5463248 

l\1ean 
Standard Deviation 

Difference 
inAvg. 
(D) (psi) 

621167 
-130460 
~513230 

191971 
296674 
645002 
324673 
184671 

-309314 
198385 
150954 
373251 

The p-value for this test (having nine degrees of freedom) is equal to 0.233, which is 

larger than 0.05. Because the p-value is large, the null hypothesis cannot be rejected. Therefore, 

the moduli of elasticity tested using sulfur caps and neoprene caps are not significantly different 

at 0.05 level. 

As a result of this study, only the neoprene caps were used for the rest of the tests. 
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APPENDIXD 

WHEATSTONE BRIDGE CIRCUIT FOR STRAIN GAGES 

The principal of a strain gage is that the change in strain causes the change in the 

electrical resistance of the gage. By measuring the resistance of the gage, the strain can be 

determined. However, because the change in strain is usually small, it is not practical to measure 

the resistance directly using an ohmmeter. As a result, the resistance is typically measured using 

a Wheatstone bridge circuit. The circuit consists of four resistances, a DC voltage source, and a 

detector. The basic Wheatstone bridge is shown in Figure D. I. A constant excitation voltage (E) 

is connected to the bridge at node A and C. The output voltage (eo) is measured at node D and B 

and is recorded by the data acquisition system. 

A 

E + 

Figure D.l. Wheatstone Bridge Circuit. 

Often, only one resistance in the circuit is a strain gage; the rest are dummy resistances in 

the measuring instrument. This arrangement is called a quarter-bridge circuit. However, for the 
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measurement of creep and shrinkage in this project, a full bridge circuit is used. The benefits of 

using a full bridge circuit for the strain gages are: 

• increased sensitivity of the measurement because several strain gages are used, 

• savings in data logging channels because only one output is measured for four gages, 
and 

• the effect of temperature can be eliminated. 

For this project, the resistances L and T shown in Figure D.l are longitudinal and 

temperature compensation strain gages, respectively. Normally, all gages used have the same 

resistance. 

At the initial stage when there is no strain, the resistance of all strain gages is the same 

and the output voltage reading is zero. The bridge circuit is now said to be balanced. 

When there is a change in the length of the strain gages, their resistances change 

proportionally. The unit change in the resistance of each strain gage is related to the strain using 

the following equation: 

(D.l) 

where M is the change in the resistance, & is the strain, Fo and Ro are the gage factor and 

nominal resistance of the strain gage (provided by the strain gage manufacturer), respectively. 

As the resistances of the strain gages in the circuit change, the bridge circuit will no 

longer be balanced. The following equation shows that the measured output voltage depends on 

the resistance of the gages in the circuit: 

e0 L11I; I;IL2 

E ~II;+l I;IL2 +1 
(D.2) 
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By comparing the measured output voltage with the known output voltage when a known 

strain is applied, it is possible to determine the strain in the specimen. 

The use of the Wheatstone bridge circuit is best demonstrated numerically. All of the 

strain gages used in this project have a nominal resistance of 350 ohms and have a gage factor of 

2.07. The excitation voltage used is constant at 6.0 V. 

Table D.l shows the state when there is no strain in any strain gages. The change in the 

resistance calculated using Equation D.1 is zero, and the value eo calculated using Equation D.2 
E 

is also zero. 

Table D.t. Condition 1: No Strain. 
Gage Gage 

Straingage Resistance Strain Factor AR Resistance eoJE 
(!l) (xlO~ (!l) (!l) 

Lt 350 0 2.07 0.0000 350.00 0 

TI 350 0 2.07 0.0000 350.00 

~ 350 0 2.07 0.0000 350.00 

T2 350 0 2.07 0.0000 350.00 

Assuming that, at one point, there is a creep strain of 600 f.lE on the specimen 

(compressive strain) and a strain due to temperature increase of 100 f.!E. Therefore, the strain in 

the longitudinal gage is -600 + 100 = -500 f.!E. As seen in Table D.2, these strains cause the 

change in the resistance of each strain gage and the change in the output voltage. 
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T 1 D 2 C d. . 2 600 C abe . . on ltton : !J.8 s reep tram an d 100 T t St . J.1£ empera ure ram. 
Gage Gage 

Straingage Resistance Strain Factor AR Resistance eJE 
(Q) (x10~ (Q) (Q) 

Ll 350 -500 2.07 -0.3623 349.64 -0.00062 

Tl 350 100 2.07 0.0725 350.07 

~ 350 -500 2.07 -0.3623 349.64 

T2 350 100 2.07 0.0725 350.07 

Tables D.3 and D.4 show the state of the circuit when there are further increases of creep 

strain for 500 Jl& and 1000 JlS, respectively, while the temperature remains the same. Figure D.2 

provides the plot of the voltage output from the conditions in Table D.2 to Table D.4. It is clear 

that the output voltage changes proportionally to the change in the resistance of the longitudinal 

gages. 

T bl D 3 C dT 3 1100 C a e on liOn . 
~8 reep ram an J.1£ empera ure ram. . . . St . d 100 T t St . 

Gage Gage 
Straingage Resistance Strain Factor AR Resistance eofE 

(Q) (xtO~ (Q) (Q) 

Ll 350 -1000 2.07 -0.7245 349.28 -0.00114 

Tl 350 100 2.07 0.0725 350.07 

~ 350 -1000 2.07 -0.7245 349.28 

T2 350 100 2.07 0.0725 350.07 

T bl D 4 C d·t• 4 1600 C a e on I ton . 
~ reep ram an J.1£ empera ure ram. . . . St . d 100 T t St . 

Gage Gage 
Straingage Resistance Strain Factor AR Resistance eJE 

(Q) (x10~ (Q) (Q) 

Ll 350 -1500 2.07 -1.0868 348.91 -0.00166 

Tl 350 100 1 2.07 0.0725 350.07 

~ 350 -1500 2.07 -1.0868 
I 

348.91 

Tz 350 100 2.07 0.0725 350.07 
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Figure D.2. Output Voltage versus Longitudinal Strain. 

Table D.5 shows the effect of an additional 200 JlS in all strain gages due to further 

increase of temperature from the case in Table D.3. The voltage output is still the same. 

Therefore, the effect of strain change due to temperature is eliminated. 

T bl D 5 C dT 5 1100 C a e on 11on . IJ.S reep ram an J..I.S empera ure ram. . . . St . d300 T t St . 
Gage Gage 

Straingage Resistance Strain Factor AR Resistance eo/E 
(Q) (xlO, (Q) (Q) 

Lt 350 -800 2.07 -0.5796 349.42 -0.00114 

TI 350 300 2.07 0.2174 350.22 

~ 350 -800 2.07 -0.5796 349.42 

Tz 350 300 2.07 0.2174 350.22 

In order to exclude the temperature effect using a full bridge circuit, the temperature 

compensation strain gages should be placed on the same material as the longitudinal strain gages 

so that all of the gages will have the same change in strain due to temperature. However, it is not 

feasible to put the temperature compensation strain gages on concrete because there will also be 

an effect from the shrinkage of concrete. Therefore, the temperature compensation strain gages 
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should be placed on a material that has the same coefficient of thermal expansion as concrete but 

does not shrink. Steel was chosen because: 

• it has the coefficient of thermal expansion of 6.5 x 10-6/ °F, which is close to that of 

concrete (6.0 x 10-6/ °F) (although the effect of temperature is not completely eliminated, 

it should be very small); 

• it is inexpensive; and 

• it can be easily found in any desired shape and size. 

Because the effect of temperature is volumetric (the change in strain is the same in all 

directions), it is unnecessary for the steel piece to have the same shape and size as the cylinder 

spectmen. Therefore, the temperature compensation strain gages are placed on a small steel 

block. 

Measurements Group, Inc. manufactured the strain gages used in this project. The model 

number for the strain gages used for concrete specimens and steel block are N2A-05-20CBW-

350 and CEA-06-125UT-350, respectively. 
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APPENDIXE 

SAS SOURCE CODE 

The command code for the analysis of the data using SAS statistical analysis software 

(1999) is provided below. The same commands were used for compressive strength, modulus of 

elasticity, splitting tensile strength, and modulus of rupture. Therefore, only that for the 

compressive strength is shown here. To use this code with other properties, simply substitute the 

compressive strength test results under the "cards" command with appropriate values. It must 

also be noted that only part of the full data are listed under the "cards" command for illustration 

purposes. In addition, only important results generated by this command code were presented in 

this appendix. 

data Batches; * summaries for each batch; 
input Precaster $Batch$ Age$ Set$ Class Cyl1-Cyl4 Design; 
Mix=compress (Precaster II " " II Age II"-" II Set II"-" II Class); * compute batch stats; 
NoCyl=n(of Cyl1-Cyl4); BAvg=mean(of Cyl1-Cyl4); 
CVBatch=std(of Cyl1-Cyl4)/BAvg; LogBAvg=log10(BAvg); 
LogDsgn = Log10(Design); 
cards; 

A 5 07 set1 8 9831.606714 9894.732992 9539.656916 
A 6 07 Set1 8 9214.857369 9864.210725 9626.145973 
AS 28 Set1 8 11489.99365 11601.20034 11465.77321 
A6 28 Set1 8 10778.78359 10943.6012 11173.47476 
A 5 56 Set1 8 12144.8432 12219.96073 12150.88466 
A 6 56 Set1 8 11769.05648 12195.67865 11559.6339 
B 3 07 Set1 6 8437.113598 8303.048311 8897.078105 
B 4 07 Set1 6 8629.401768 8130.231789 8437.113598 
B 3 28 Set1 6 9737.548989 10243.30653 9613.493996 
B 4 28 Set1 6 9392.950103 9482.906802 
B 3 56 Set1 6 9978.282531 9379.223919 10753.90079 
B 4 56 Set1 6 9616.579618 9949.747393 

> I f 

run; 
proc print data=Batches; 
run; 
data Distr; 
set Batches; 
LCyl1=Log10(Cyl1); 
LCyl2=Log10(Cyl2); 
LCyl3=Log10(Cyl3); 
LCyl4=Log10(Cyl4); 
Aveoflog=mean(of LCyl1-LCyl4}; 
E=Cyl1-BAvg; 
EL=LCyl1-Aveoflog; output; 
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E=Cyl2-BAvg; 
EL=LCyl2-AveofLog; output; 
E=Cyl3-BAvg; 
EL=LCyl3-AveofLog; output; 
E=Cyl4-BAvg; 
EL=LCyl4-AveofLog; output; 
drop Cyl1-Cyl4; 
run; 

proc insight data=Distr; dist E; 
run; 
proc insight data=Oistr; dist EL; 
run; 

proc insight data=Batches; * diagnostic plots; 
scatter BAvg CVBatch * Design Age Precaster; * CV looks constant; 
scatter LogBAvg * LogDsgn; 
run; 

proc glm data=Batches; * test equality of cv's; 
class Precaster Age Class; 
model CVBatch = PrecasteriAgeiClass/ss1; 
means Precaster Age Class/tukey; means Precaster!Age!Classttukey; 
run; 

data Mixes; *summaries for each mix (weights due to NoCyl ignored); 
array B B1-B2; array L L1-L2; 
do i=1,2; set Batches; B(i}=BAvg; L(i}=LogBAvg; end; 
MAvg=(B1+B2)/2; CVMix=sqrt(2)*abs(B1-B2}/(B1+B2}; 
MLogBAvg=(L1+L2)/2; 
drop i NoCyl Batch BAvg CVBatch LogBAvg 81-82 L1-L2; 
run; 

proc print data=Mixes; 
run; 

proc insight data=Mixes; * diagnostic plots; 
scatter MAvg CVMix * Design Age Precaster Class; 
scatter MLogBAvg * LogDsgn; 
run; 

proc glm data=Mixes; * test equality of cv's; 
class Precaster Age Class; 
model CVMix PrecasterjAgeiClass/ss1; 
means Precaster Age Class/tukey; means PrecasterjAgejClass/tukey; 
run; 

proc glm data=Mixes; * basic check of relationship; 
class Precaster Age; 
model MAvg =Design Precaster!Age.Design*Precaster Design*Age Design*Precaster*Age/ss3; 
run; 
proc glm data=Mixes; * basic check of relationship; 
class Precaster Age; 
model MLogBAvg = Design Precaster!Age Design*Precaster Design*Age Design*Precaster*Age/ss3; 
run; 
proc glm data=Mixes; * basic check of relationship; 
class Precaster Age; 
model MLogBAvg = Design Precaster Design*Precaster/ss3 solution; 
run; 

proc sort data=Mixes; by Precaster; 
proc reg data=Mixes; by Precaster; 
model MAvg = Design; 
proc reg data=Mixes; by Precaster; 
model MLogBAvg = Design; 
run; 

306 



proc sort data=Mixes; by Age Precaster; 
proc reg data=Mixes; by Age Precaster; 
model MAvg = Design; 
run; 
proc reg data=Mixes; by Age Precaster; 
model MLogBAvg Design; 
run; 
proc means n mean cv; var MAvg; 
class Precaster Age; ways 2; 
run; 
proc means n mean std; var MLogBAvg; 
class Precaster Age; ways 2; 
run; 
proc means n mean cv; var MAvg; 
class Age; ways 2; 
run; 

*Restrict to 7 day data.; 
data Avg7Day; set Mixes; if Age=7; 
run; 
proc print data=Avg7Day; 
run; 
proc insight data=Avg7Day; Class Precaster; 
fit MAvg = Design Precaster Design*Precaster; 
fit MLogBAvg LogDsgn Precaster LogDsgn*Precaster; 
by Precaster; 
scatter MAvg MLogBAvg * Design; 
fit MAvg = Design; 
fit MLogBAvg LogOsgn; 
run; 

*Restrict to 28 day data.; 
data Avg28Day; set Mixes; if Age=28; 
run; 
proc print data=Avg28Day; 
run; 
proc insight data=Avg28Day; Class Precaster; 
fit MAvg = Design Precaster Design*Precaster; 
fit MLogBAvg = LogDsgn Precaster LogDsgn*Precaster; 
by Precaster; 
scatter MAvg MLogBAvg * Design; 
fit MAvg = Design; 
fit MLogBAvg = LogDsgn; 
run; 

*Restrict to 56 day data.; 
data Avg56Day; set Mixes; if Age=56; 
run; 
proc print data=Avg56Day; 
run; 
proc insight data=Avg56Day; Class Precaster; 
fit MAvg Design Precaster Oesign*Precaster; 
fit MLogBAvg = LogDsgn Precaster LogDsgn*Precaster; 
by Precaster; 
scatter MAvg MLogBAvg * Design; 
fit MAvg = Design; 
fit MLogBAvg = LogOsgn; 
run; 
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APPENDIXF 

TESTING NOTES 

During the project, there were some changes in the way the experiments were done. All 

the changes are summarized chronologically in Table F.l. 

a e . . T bl F 1 S ummaryo fCh • T an2esm estmf!. 
Hydraulic 

Use Aligning Testing 
Loading Type Valve 

Precaster 
Batch 

Age for Compressive on 500 kips 
Jig for Machine for 

No. 
Strength MTS 

Splitting Modulus of 

Machine 
Tensile Test Rupture 

A 5,6 7 days Stroke Control Small N 100 kips 
B 3,4 7 days Stroke Control Small N 100 kips 
c 3,4 7 days Stroke Control Small N 25 kjps 
A 5,6 28 dl!)'S Stroke Control Big N 25 kips 
B 3,4 28 days Stroke Control Big N 25 kips 
c 3,4 28 days Stress Control Big N 100 kips 
A 5,6 56 days Stress Control Big y 100 kips 
B 3,4 56 days Stress Control Big y 100 kips 
c 3,4 56 days Stress Control Big y 100 kips 

All Other Tests Stress Control Big y 25 kips 

The stroke control mode was used for some of the compressive strength tests and was 

later changed to the stress control mode because it is more appropriate to use a stress control 

mode for a hydraulically operated machine. In both cases, the standard rate of loading was used. 

The hydraulic valve on the 500 kips machine affects the rate of loading. When a small valve was 

used, the load rate near failure deviated slightly from the standard rate because the machine 

could not keep up with the rate. As a result, the compressive strength measurement may be 

affected. Therefore, the measured compressive strengths from the samples tested with the stroke 

control mode or with a small valve were not used in the analysis of the compressive strength 

data. However, they were used in the evaluation of prediction formulas for splitting tensile 
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strength and modulus of rupture. The errors due to the different load rate when testing the 

compressive strength were considered to be small relative to the errors inherit in the predictions. 

An aligning jig was not used in early tests of the splitting tensile strength. Specimens 

were loaded between the bearing blocks of the testing machine. Plywood strips were used in all 

tests to help distribute the load. Both the bearing blocks of the testing machine and the bearing 

strip of the aligning jig were rigid. Therefore, it was not expected that the test result would be 

affected whether the aligning jig was used or not. 

Two testing machines were used for the modulus of rupture tests. Both of the testing 

machines were programmed to load at the standard load rate. It was also expected that the 

testing machines would not significantly affect the test results. 
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