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Cast-in-drilled-hole (CIDH) piles are often constructed to depths that are inaccessible 

to internal vibration of the concrete. Internal vibration is necessary to consolidate the 

concrete and, if not performed, then typically inspection pipes are necessary to detect 

the presence of voids in CIDH piles. Void detection is critical to assessing whether or 

not the CIDH pile will provide adequate support for the design loads. However, 

inspection pipes are often placed in line with congested reinforcement bars and can 

further congest the reinforcement. Highly congested reinforcement can cause concrete 

voids to occur. Because these CIDH piles are inaccessible and have congested 

reinforcement a highly workable concrete mixture is necessary to decrease the 



 

potential of concrete voids from occurring. Flowing concrete (FC) is required for 

CIDH piles.  

FC is a concrete mixture with a slump greater than 7.5 inches (178 mm). Little 

research has been performed on the variables that influence FC workability. However, 

much attention and research has been performed regarding the workability of 

conventional concrete (CC) and self-consolidating concrete (SCC). In fact, 

proportioning methods for these concrete types are well established. This is not the 

case for FC mixtures. Research is needed to proportion FC mixtures and assess the 

influence of coarse aggregate (CA) type and mixture proportions FC workability.  

The research presented here proposes a new methodology for proportioning FC 

mixtures. This method uses a quantitative assessment of the coarse aggregate (CA) 

shape along with the combined aggregate void (AV) content to proportion FC 

mixtures. This research also provides information on the influence of various mixture 

constituents and proportions on workability: CA type, paste volume, fine aggregate 

(FA) to CA ratio (FA/CA), and paste volume to AV content ratio (PV/AV). Results 

from this study indicate that FC mixtures with adequate flowability, stability, and 

passing ability can be proportioned using this newly developed mixture proportioning 

method. Results also indicate that PV/AV significantly influences FC flowability and 

stability and more importantly a range of PV/AV can be identified to achieve adequate 

flowability and stability. In some cases, the results indicated that FA/CA significantly 

influences slump flow and in all cases FA/CA influences stability.  
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Chapter 1 INTRODUCTION 

Material testing is intended to assess whether or not the construction material and the 

structure will perform according to design specifications. If the construction material 

or structural test results meet the design specifications then the risk of structural 

system failure is decreased. When reinforced concrete (RC) structures such as cast-in-

drilled-hole (CIDH) piles are constructed to depths that are inaccessible to internal 

vibration, concrete voids can occur. Concrete voids can cause structural issues and 

even failure. Many CIDH pile specifications require gamma-gamma logging to assess 

the presence of voids in concrete.  

Gamma-gamma logging requires inspection pipes to be placed parallel to the 

longitudinal reinforcement in these piles. The reinforcement is often already 

congested. The addition of inspection pipes further congests the reinforcement and can 

increase the likelihood of voids occurring in the cast-in-place concrete.  

When inspection pipes are placed adjacent to the longitudinal reinforcement, the 

minimum clear spacing requirements, specified to minimize or eliminate blocking of 

concrete, can be violated. When the inspection pipes are placed with adequate 

minimum clear spacing, the requirements for the design maximum reinforcement 

spacing is exceeded. This conflict is discussed later in Chapter 3. Increasing the 

spacing of reinforcement could affect the structural integrity. However, if the 

minimum clear spacing is reduced, it is essential that the concrete have adequate 

workability to minimize or eliminate the potential for voids. 
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The objective of this research is to proportion flowing concrete (FC) mixtures and 

assess the influence of coarse aggregate (CA) type and mixture proportions on FC 

workability. Information from this research can be used to proportion FC mixtures 

with adequate flowability, stability, and passing ability so that these concrete mixtures 

can be used for inaccessible and congested RC structures such as CIDH piles.  

In this thesis a total of 18 FC mixtures were assessed to determine optimal mixture 

proportions and the influence of CA type, paste volume (PV), fine aggregate (FA) to 

CA ratio (FA/CA by weight), and PV to aggregate void (AV) content ratio (PV/AV) 

on FC workability. The first manuscript (Chapter 2) provides a new method for 

proportioning FC mixtures. Included in this mixture proportioning method were 

quantitative methods to assess the AV content and the CA shape and texture. The AV 

content was determined using a modified ASTM C29 test, where the AV content was 

determined for both FA and CA combined at different FA/CA. The quantitative 

method to assess the aggregate shape and texture was ASTM D3398, Index of 

Aggregate Particle Shape and Texture (IAPST). Water-to-cementitious materials 

ratios and paste contents were determined based on design strength requirements and 

trial mixtures, respectively. This mixture proportioning method is a quantitative and 

method used to proportion FC mixtures with adequate flowability, stability, passing 

ability and strength requirements. 

The second manuscript (Chapter 3) assesses the influence of CA type (IAPST), PV, 

FA/CA, and PV/AV on FC flowability, stability, and passing ability. From this study a 

range of PV/AV values is identified to produce FC mixtures with adequate flowability 
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and stability. The AV content significantly influence the range of acceptable PV/AV 

values used to proportion mixtures with adequate flowability and stability. Low AV 

contents can increase the acceptable PV/AV range that results in adequate flowability 

and stability. Lower AV contents can be achieved with CAs exhibiting lower IAPST 

values (rounded CA). The passing ability results showed little sensitivity to changes in 

mixture proportions and this may be a result of the small maximum size aggregate 

(MSA) used in this study. 
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 ABSTRACT 

There is a demand for flowing concrete (FC) in concrete structures that are 

inaccessible and have congested reinforcement. Until recently, there has been no 

standard practice for proportioning FC mixtures. Several mixture proportioning 

methods are available to produce concrete with a slump of 7 inches (178 mm) or less. 

FC mixtures are defined as having a slump greater than 7.5 inches (190 mm). Several 

researchers have produced mixture proportioning methods for conventional concrete 

(CC) or self-consolidating concrete (SCC) but there is a knowledge gap for 

proportioning FC mixtures. The mixture proportioning method presented here 

involves quantitatively assessing the coarse aggregate (CA) shape and packability 

along with the combined aggregate void (AV) content to proportion FC mixtures. The 

aggregate characteristics can be used to determine the fine aggregate (FA) to CA ratio 

(FA/CA) that result in minimum aggregate void content. Using this minimum void 

content and the aggregate characteristics, the paste volume for flowable concrete trial 

mixtures can be estimated. Results indicate that FC mixtures with adequate 

flowability, stability, and passing ability can be proportioned using this method.   

Keywords: mixture proportioning; workability; flowing concrete; flowability; passing 

ability; stability 

 INTRODUCTION AND OBJECTIVE 

Some reinforced concrete (RC) elements are inaccessible to construction workers. 

Inaccessible RC elements make internal concrete consolidation challenging. 
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Inadequate consolidation can compromise the integrity and durability of a structure. In 

addition to accessibility issues, RC structures can have high reinforcement densities. 

The inaccessibility challenge and high reinforcement densities in these structural 

elements require that the concrete be highly flowable. Flowing concrete (FC) mixtures 

can be consolidated with little to no internal vibration. An example of a structure that 

is inaccessible, has high reinforcement densities, and requires FC mixtures is a cast-in-

drilled-hole (CIDH) pile. ACI 212.3R reports that FC mixtures can also be used for 

pumped concrete applications. This is because FC mixtures reduce the pumping 

pressure and increase the distance and rate that the concrete can be pumped.  

Until recently, there has been no standard practice for proportioning FC mixtures. FC 

is defined as a concrete with a slump greater than 7.5 inches (190 mm) that maintains 

cohesiveness (ACI CT-13). There is a standard practice for producing conventional 

concrete (CC): ACI 211.1, Standard Practice for Selecting Proportions for Normal, 

Heavyweight, and Mass Concrete. ACI 211.1 provides a mixture proportioning 

method for CC that has a slump from 1 to 7 inches (25 to 180 mm). ACI 211.2, 

Standard Practice for Selecting Proportions for Structural Lightweight Concrete, 

provides a method for producing lightweight concrete with a slump from 1 to 6 inches 

(25 to 150 mm). ACI 211.3R, Guide for Selecting Proportions for No-Slump 

Concrete, provides a method for proportioning concrete with a slump from 0 to 1 inch 

(0 to 25 mm). ACI 544.3R, Guide for Specifying, Proportioning, and Production of 

Fiber-Reinforced Concrete, reports that the slump should not be outside of the range 

of 1 to 7 inches (25 to 180 mm) and ACI 211.4R, Guide for Selecting Proportions for 
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High-Strength Concrete Using Portland Cement and Other Cementitious Materials, 

provides a method for producing high-strength concrete with a range of slump values 

from 1 to 4 inches (25 to 100 mm). These mixture proportioning methods are not 

applicable to FC mixtures because the methods do not provide guidance for producing 

a slump of greater than 7.5 inches (190 mm). ACI 211.4R reports that it is common to 

use high-range water reducing admixtures (HRWRAs) to produce and place high-

strength concrete with a slump greater than 7 inches (180 mm) without segregation. 

The guide also reports that FC can be very effective at minimizing voids in densely 

reinforced structures (ACI 211.4R). However, this guide does not provide specific 

information about how to overcome the challenges associated with achieving adequate 

stability for FC mixtures.  

ACI 211.6T, Aggregate Suspension Proportioning Method, was recently published for 

proportioning concrete with no slump to self-consolidating characteristics. ACI 

211.6T adopted the mixture proportioning method developed by Koehler and Fowler 

(2007). The ACI 211.6T method makes a significant contribution to filling the 

knowledge gap of proportioning FC mixtures. This method involves nine steps. The 

initial steps involve choosing the aggregates, determining the void content of the 

aggregate, and qualitatively assessing the aggregate shape and angularity. The paste 

volume is then determined based on the combined aggregate void (AV) content, 

aggregate shape and angularity, and desired workability. The last steps involve 

determining the paste composition, proportion calculations, and proportions for trial 

mixtures.  
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The mixture proportioning method presented here provides a complementary or 

alternative method to the ACI 211.6T method for proportioning FC mixtures. The 

method presented here uses a quantitative method for determining the shape of the 

coarse aggregate (CA). ACI 211.6T uses a qualitative method for assessing the CA 

shape. Also, the method presented here provides information on determining the 

optimal combined aggregate void (AVopt) content and the optimal fine aggregate (FA) 

to CA ratio (FA/CAopt) needed to minimize the paste content. The AVopt and FA/CAopt 

can be used to minimize cement contents and maintain stability. This is critical 

because cement content is often limited by many state highway agencies. 

One of the main challenges with developing FC is to maintain stability of the mixture. 

When concrete exhibits a slump greater than 7.5 inches (190 mm) it becomes flowable 

and potentially unstable. When creating FC mixtures, the objective is to achieve 

adequate flowability, stability, and passing ability. For the purpose of this paper 

workability is defined as a concrete’s flowability (or filling ability), stability, and 

passing ability; characteristics that are determined by the construction application in 

which the concrete is used (Koehler and Fowler 2007). Flowability is defined as a 

concrete’s ability to flow under its own mass (Koehler and Fowler 2007). Stability is 

the ability of concrete to flow and set without separation of the aggregate from the 

paste or excessive bleeding (ACI 238.1R-08). Passing ability is defined as the 

concrete’s ability to flow freely through narrow spaces, specifically, with respect to 

the construction and design parameters (Koehler and Fowler 2007). FC must have 

some required flowability, must maintain stability at that flowability, and must flow 
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freely without blocking to have adequate workability. A simple and rational mixture 

proportioning method could minimize the challenges associated with achieving 

adequate workability for inaccessible and densely congested RC elements, such as 

CIDH piles. 

It should be noted that not all FC mixtures are self-consolidating concrete (SCC). The 

FC mixtures evaluated in this research are not self-consolidating. Although FC 

includes all SCC, some FC mixtures are not SCC, because some FC mixtures may 

require minimal vibration for consolidation. Figure 2.1 shows the differences and 

relationships between CC, FC, and SCC based on slump. It should be noted that slump 

flow is typically measured for FC mixtures and technically the slump is not an 

appropriate measure. Even so, for comparison purposes, slump is shown in Figure 2.1. 

Significant research has been performed on SCC mixture proportioning (Akalin et al. 

2010, Khayat et al. 2014, Kheder and Jadiri 2010, Koehler and Fowler 2007). These 

mixture proportioning methods typically require a significant amount of paste and 

chemical admixtures. FC is a relatively economical type of highly workable concrete 

that has not received nearly as much attention from the scholarly community and there 

is a knowledge gap for proportioning this concrete type. This is a problem because FC 

is used for many critical construction applications. Therefore, a relatively simple 

mixture proportioning method for these mixtures is needed. This paper will provide a 

method for proportioning FC mixtures with adequate workability.  
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Figure 2.1 Relationship between CC, FC, and SCC 

 

Although limited research regarding FC mixtures is available, some investigations 

have been performed. Su and Miao (2003) provided a mixture proportioning method 

for medium strength FC with low cement contents. This mixture proportioning method 

involves 9-steps. The first step includes estimating a FA/CA and determining the 

packing factor for the combined FA and CA. The packing factor is the ratio of loose 

aggregate to compacted aggregate. Then the cement content and water-to-cementitious 

material ratio (w/cm) are determined based on strength requirements. The water, 

chemical admixture, fly ash, and slag contents are then determined based on 

flowability requirements. Lastly, different trial mixtures are proportioned using 

different aggregate packing factors. This mixture proportioning method requires a 

significant amount of testing and knowledge of the constituent materials used for the 

FC mixtures. In addition, the process does not optimize the FA/CA. 

Some mixture proportioning methods have been developed that are not specifically 

designed to proportion FC mixture but may be used for these mixtures. Sobolev 

(2004) provided a mixture proportioning method to produce high-performance 
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concrete (HPC). The resulting fresh characteristics and hardened properties of the 

HPC trial mixtures are then entered into a database and a computer modelling system 

is used to optimize mixture proportions (Sobolev 2004). This method may be used for 

proportioning FC mixtures but has yet to be performed for these mixture types. 

Larrard and Sedran (2002) also reported on a mixture proportioning method that 

involves the use of computer modeling systems for optimizing HPC mixtures. The 

authors reported that the method involves mixture proportion optimization by 

characterizing the constituent materials and producing concrete with adequate 

workability and hardened properties. The mixture proportioning method presented 

here does not involve nor prevent the use of software for optimizing FC mixtures. 

However, the mixture proportioning method presented here is intended to be simple to 

follow while at the same time allowing the user to proportion a workable FC mixture.  

For a concrete mixture to flow there must be adequate paste to coat the aggregate 

surface and to fill the voids in the FA and CA. Several mixture proportioning methods 

involve determining the AV content to determine the amount of paste required to 

achieve a FC mixture (ACI 211.6T, Koehler and Fowler 2007, Su and Miao 2003, 

Larrard and Sedran 2002). However, little information is provided on the method for 

determining the voids in the aggregate.  

The mixture proportioning method presented here is also based on the concept that AV 

content is related to the amount of paste required to achieve a flowing concrete. A 

method for determining the AV of the combined aggregate is presented here. The 

proposed mixture proportioning method here includes a nine-step mixture 
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proportioning procedure that includes a quantitative assessment of the CA shape and 

packability to determine the FA/CAopt and AVopt content. The AVopt determines the 

paste content of the flowable mixture and is a function of the minimum void content of 

the FA and CA mixture and the CA shape and packability. The method of 

quantitatively assessing the CA shape and packability is ASTM D3398-00, Index of 

Aggregate Particle Shape and Texture (IAPST). This test provides an index value 

based on voids in certain aggregate fractions at two levels of compaction. The 

aggregate fractions must represent at least 10 percent of the gradation (see Appendix 

A for more information). Jamkar and Roe (2004) reported that the IAPST can 

influence the FA/CA necessary to optimize workability, or FA/CAopt. The FA/CAopt in 

this research is determined using a modified ASTM C29, Standard Test Method for 

Bulk Density (“Unit Weight”) and Voids in Aggregate method. In this modified test 

the FA and CA are combined at different FA/CA values and the AV content is 

determined for each FA/CA value. The paste content for mixtures is then estimated by 

applying a factor greater than the AV content.  

 RESEARCH SIGNIFICANCE 

Some RC structures such as CIDH piles are inaccessible and often have congested 

reinforcement. Ensuring that the concrete in these RC structures is void free is critical 

to structural integrity and performance. FC mixtures can be used to prevent voids in 

inaccessible structures with dense reinforcement. However, limited information for 

proportioning FC mixtures is available. Because of the significant consequences of 

voids in RC structures, a simple method for proportioning FC mixtures would be 
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useful. A mixture proportioning method is proposed here. The method is intended to 

be used to proportion FC mixtures with adequate flowability, stability, and passing 

ability.  

 MIXTURE PROPORTIONING PROCESS 

The proposed mixture proportioning method presented here has nine steps. A general 

description of the process is presented first and this is followed by a detailed step-by-

step procedure. A flowchart summarizing the mixture proportioning method is shown 

in Figure 2.2. The first steps are to select and characterize the FA and CA (or procure 

this aggregate information from the supplier). The second step is to determine the 

shape characteristics of the CA by performing ASTM D3398-00 (IAPST test). The 

IAPST value provides information needed to determine the required amount of FA, or 

the FA/CAopt, necessary to optimize workability. The FA/CAopt is necessary to ensure 

adequate stability and flowability of the mixture.  
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Figure 2.2 Mixture proportioning flowchart 
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The third step involves performing a modified ASTM C29 test with FA and CA at 

different FA/CA values. The minimum AV content (AVmin) is determined from the 

modified ASTM C29 test. The AVmin is a reference point for determining the 

minimum paste content required to achieve adequate flowability. The FA/CA value 

associated with the AVmin is reported as FA/CAmin. Mixtures that are proportioned 

with the FA/CAmin and AVmin values can be unstable because of a lack of FA. The 

FA/CA may be increased to increase stability but this is dependent on the CA shape 

characteristics, or in this instance, the IAPST.  

The fourth step is to determine the FA/CAopt based on the IAPST and modified ASTM 

C29 test results. The AV content associated with the FA/CAopt value is reported as 

AVopt. Plotting the FA/CA values versus AV contents is useful for determining the 

AVopt (process shown later). Note that the FA/CAopt and AVopt values can be different 

than the FA/CAmin and AVmin values for CA’s with low IAPST values. This is because 

CA’s with low IAPST values could result in unstable concrete mixtures if 

proportioned using FA/CAmin. This mixture proportioning method accounts for CA’s 

will low IAPST values by making the FA/CAopt a function of the IAPST value.  

The fifth step is to confirm that the combined aggregate gradation meets the project 

specifications before determining trial mixture proportions. If the combined FA and 

CA do not meet specification requirements, the user should either use a FA/CA that 

does meet the specifications, modify the gradation and repeat the modified ASTM C29 

test, or receive approval for the out of specification gradation. The sixth step is to 

determine the percent paste volumes for trial mixtures. The AVopt is a minimum paste 
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content required to fill the voids in the aggregates and higher paste content will be 

required to achieve high flow. Therefore, placing a factor on the AVopt will assist in 

determining the paste requirements for the FC mixtures. For the seventh step the w/cm 

can be determined based on strength requirements. The seventh and eighth steps 

involve determining the water, cementitious materials, FA, and CA weights. The ninth 

step involves checking the calculations and performing trial mixtures. A mixture with 

adequate flowability, stability, and passing ability should then be identified from the 

trial mixtures. 

Minimizing cost and producing favorable hardened properties are considered for the 

proposed mixture proportioning method. The following detailed steps can be used to 

estimate the mixture proportions for a required workability for FC mixtures. 

2.4.1 Step 1. Select and Characterize FA and CA 

Select CA based on maximum size aggregate (MSA). Select available FA that meets 

the specification requirements. If information on aggregate characteristics is not 

available from the supplier, perform the following ASTM tests to characterize the 

aggregates: 

 ASTM C136, Standard Test Method for Sieve Analysis of Fine and Coarse 

Aggregates; 

 ASTM C127, Standard Test Method for Density, Relative Density (Specific 

Gravity), and Absorption of Coarse Aggregate; 
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 ASTM C128, Standard Test Method for Density, Relative Density (Specific 

Gravity), and Absorption of Fine Aggregate. 

Document these aggregate characteristics. 

2.4.2 Step 2. Characterize the CA Shape and Texture 

Perform ASTM D3398-00 (IAPST test) for the selected CA. Although this method has 

recently been withdrawn, it provides valuable information about CA shape 

characteristics and the aggregate’s packing ability, which can be used for 

proportioning concrete. Document this IAPST value. 

2.4.3 Step 3. Determine the FA/CAmin and AVmin 

Perform a modified ASTM C29 test with different FA/CA values. It is recommended 

that the initial FA/CA be about 1.1. If the CA is rounded (i.e., the IAPST value is less 

than 7 (Trejo and Chen 2014)), additional modified ASTM C29 tests should be 

performed on FA/CA of 1.0, 0.9, 0.8, and 0.7 (decreasing by increments of 0.1). If the 

CA is crushed (i.e., the IAPST value is 7 or greater (Trejo and Chen 2014)), additional 

modified ASTM C29 tests should be performed on FA/CA of 1.2, 1.3, 1.4, and 1.5 

(increasing by increments of 0.1). The FA/CA should be increased or decreased until 

the AVmin for the combined aggregate is identified (see Figure 2.3). The following 

equation can be used to determine the percent AV content: 

( ) ( )
% 100

( ) ( )

WA w

WA

SG DRUW
AVContent

SG DRUW

 
 


 (2.1) 
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where DRUW is the dry rodded unit weight (lb/ft3 or kg/m3) of the combined 

aggregate as determined by the modified ASTM C29 test, ρw is the density of water 

(62.4 lb/ft3 or 1000 kg/m3), and SGWA is the weighted average of the combined 

aggregate’s oven dried specific gravity.  

Develop a plot of AV contents versus FA/CA values. Examples of different AV 

contents resulting from different FA/CA values for two different CAs are shown in 

Figure 2.3. The AVmin and FA/CAmin are marked in this figure for both aggregate 

combinations. Note that the AVmin is achieved at a lower FA/CAmin value for the CA 

with a lower IAPST value (rounded CA). Document the AVmin and the resulting 

FA/CAmin.  
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Figure 2.3 Example of relating the FA/CAmin to the AVmin values 
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2.4.4 Step 4. Determine the Optimal FA/CA  

The FA/CAmin determined in Step 3 may not be the FA/CAopt necessary to achieve 

mixture stability. The FA/CAopt must be determined because this value is critical for 

proportioning FC mixtures with adequate flowability and stability. The FA/CAmin for 

aggregates with low IAPST values (rounded CA) is typically achieved at lower 

FA/CA values than aggregates with higher IAPST values (crushed CA). The 

FA/CAmin value for rounded CA is, in general, inadequate for stability purposes and 

increasing the FA/CA is necessary to achieve adequate stability. Therefore, because 

FA/CAmin is influenced by the IAPST value, the FA/CAopt presented in this paper is a 

function of the IAPST value. Equation 2 should be used to determine the FA/CAopt 

value as a function of the IAPST for 3/8-inch (9.5 mm) CA. 

min

opt

min

FA/CA [1.39 0.056 ( )],      if 7
FA/CA

FA/CA ,                                               if 7

IAPST IAPST

IAPST

   
 


 (2.2) 

If the CA exhibits an IAPST value less than 7, the FA/CAopt will be greater than the 

FA/CAmin; this will ensure adequate stability. For aggregate with an IAPST of 7 or 

greater the FA/CAopt is equal to the FA/CAmin because these FA/CA values can 

already produce adequate stability. Using the AV content versus FA/CA plot 

developed in Step 3, identify the AV content correlating with the FA/CAopt and report 

this value as AVopt (see Figure 2.4). Document the FA/CAopt and AVopt values.  
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Figure 2.4 Example of relating the determined FA/CAopt to the AVopt 

 

2.4.5 Step 5. Check to Ensure that the Combined Aggregate Gradation Meets 

Projects Specifications 

The FA/CAopt combination should be within specified gradation limits. If the 

combined FA and CA do not meet specification requirements, the user should either 

use a FA/CA that does meet the specifications, modify the gradation and repeat the 

modified ASTM C29 test, or receive approval to use the out-of-specifications 

gradation.   
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2.4.6 Step 6. Determine the Paste Contents for Trial Mixtures 

With the FA/CAopt and AVopt content values determined, develop three trial mixtures 

with different paste volumes. Note that the AVopt is used to estimate the paste content. 

Also note that the AVopt is  a measure of the voids in the aggregate and the paste 

content must be greater that this to achieve adequate flow. Therefore, increasing the 

paste content above the AVopt value will result in higher concrete flow. However, 

increasing the paste content beyond a critical value will also result in decreased 

stability. The objectives of steps 1-5 are to determine the appropriate aggregate 

mixture proportions that can result in a workable FC mixture. The objective of mixing 

trial mixtures is to identify the amount of paste necessary to achieve a mixture with 

high flow, adequate stability, and adequate passing ability. Information from trial 

mixtures can also be used to further refine and validate the proportioning method. The 

AVopt value should be multiplied by a percent paste volume to AV ratio (PV/AV) of 

1.10, 1.20, and 1.30 to determine the percent paste volumes for trial mixtures. 

Assuming a unit volume of concrete (1 yd3 = 27 ft3 or 1 m3), determine paste volumes 

(PV/AV × AVopt). Report percent paste volumes as %Paste1.1, %Paste1.2, and 

%Paste1.3. 

2.4.7 Step 7. Calculate Water and Cementitious Material Weights 

To determine mixture proportions for the trial mixtures, select a target w/cm based on 

strength requirements. The w/cm may, however, be lowered to improve stability based 

on research and trial mixture results. The following equation derived from Abrams 

(1918) can be used to determine the w/cm based on design strength requirements: 
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1

2

ln( ) ln( ' )
/  

ln( )

cK f
w cm

K


   (2.3) 

where 'cf  is the design concrete strength (psi or MPa), K1 is 17,960 for imperial units 

(psi) (124 for MPa units), and K2 is 14.25 for both imperial and MPa units. Using this 

w/cm, the water weight ( waterWt ) for the mixture proportions can be estimated using 

the following equation:   

   

   

% %

10

1
/

0
 

1
 

C

w

w

ater

cm

Paste Air
V

Wt

w cm SG


 

  
 




  (2.4) 

where %Paste is the percent of concrete volume that is paste, %Air is the percent air 

entrained or entrapped (refer to ACI 211.1-91 Table 6.3.3 for approximate entrapped 

air based on MSA), VC is the unit volume of concrete (27 ft3 or 1 m3), and SGcm is the 

specific gravity of the cementitious materials. The cementitious material weight (Wtcm) 

can be determined by dividing the water weight by the w/cm. If supplementary 

cementitious materials (SCM) are used then the SGcm can be converted to a weighted 

average of the cement and SCM specific gravities. The cmWt  is then multiplied by the 

percent of SCM replacement and divided by 100. The weight of the SCM ( SCMWt ) 

must then be subtracted from the cmWt  to determine the cement weight ( cemWt ). 

Document the weights of water and cementitious materials (cement and SCM, if 

appropriate) for the different trial mixtures. 
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2.4.8 Step 8. Calculate FA and CA Weights 

The aggregate volume for these mixtures will fill the remaining unit volume of the 

concrete mixture; using the FA/CAopt identified in Step 4, the CA weight (
CAWt ) for 

the mixture proportions can be estimated using the following equation: 

   

 opt

%
1 ( )

100
 

1 FA/CA

C CA

CA

C

w

A

FA

Paste
V SG

Wt
SG

SG


 
    

 
 

  
 

  (2.5) 

where SGCA and SGFA are the specific gravities of the CA and FA, respectively. The 

FA weight ( FAWt ) is then determined using the FA/CAopt. This is determined by 

multiplying FA/CAopt by the CAWt  determined from Equation 5. Document the CAWt  

and FAWt for the different trial mixtures.  

2.4.9 Step 9. Check Calculations and Perform Trial Mixtures 

Check to ensure the sum of volumes of all constituent materials equals 27 ft3 or 1 m3. 

These weight proportions should be used for trial mixtures. Research indicates that a 

minimum of three trial mixtures are necessary to identify a mixture with adequate 

workability, but more trials may be required to optimize mixture proportions. 

Chemical admixtures could be used to achieve higher flow characteristics, if needed.  
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 MIXTURE PROPORTIONING EXAMPLE  

To demonstrate the mixture proportioning method for FC mixtures, an example is 

provided. Characteristics from actual constituent materials are used to proportion the 

FC mixture example. Mixture proportions for other trial mixtures are presented later 

without the procedure shown. Data for the flowability, stability, and passing ability are 

provided after the proportioning example is presented.  

2.5.1 Constituent Material Characteristics 

The FA and CA were procured and characterized using the standard and modified 

ASTM tests already presented. The aggregate characteristics and mixture 

proportioning parameters are shown in Table 2.1. The same FA was used for both 

mixtures. Note that CA1 (a crushed aggregate) exhibited an IAPST value of 8.5 and 

CA2 (a rounded aggregate) exhibited an IAPST value of 5. The MSA of both CAs was 

3/8 inches (9.5 mm). This MSA meets the specifications for CIDH piles in California. 

The specific gravity of the cement (SGcem) and fly ash (SGSCM) were 3.15 and 2.59, 

respectively. The chemical composition of these materials is shown in Table 2.2. The 

entrapped air content (%Air) of the concrete was assumed to be 3 percent, per Table 

6.3.3 in ACI 211.1-91. The hardened concrete was assumed to require a design 

compressive strength, 'cf , of 6000 psi (41 MPa) at 28 days. Therefore, the w/cm must 

be 0.41 or less. A HRWRA and a set retarder were used and dosages of these chemical 

admixtures were 5 and 4 fl oz/cwt (325 and 260 mL/100kg), respectively, of the 

cementitious materials for all mixtures. Because a HRWRA can reduce stability, the 

w/cm was reduced to 0.39 for the mixtures. A review of CIDH mixtures from 
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California Department of Transportation (Caltrans) indicates an average fly ash 

replacement of 28 percent is used for their FC mixtures. This replacement was used in 

these mixtures.  

 

 

Table 2.1 Aggregate characteristics and mixture proportioning parameters 

  IAPST SG FA/CAmin AVmin 

CA1 8.5 2.74 1.38 29.7 

CA2 5 2.64 0.90 28.3 

FA -- 2.53 -- -- 

 

 

Table 2.2 Chemical composition of the cementitious materials 

Chemical 

Composition 

Percent weight 

Cement 
Class F 

Fly Ash 

SiO2 20 48.7 

Al2O3 4.8 18.4 

Fe2O3 3.5 5.4 

MgO 0.8 4.3 

SO3 3.1 0.8 

CaO 63.4 13.4 

 

 

 

Determination of mixture proportions for the FC trial mixtures containing CA1 

(IAPST = 8.5) is shown next; the mixture proportions (no example) for the mixture 

containing CA2 (IAPST = 5) follows.  
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2.5.2 Determine Mixture Proportions 

Step 1: Select and characterize the FA and CA. A 3/8-inch MSA crushed rock and a 

natural sand were selected and characterized.  

Step 2: Determine the IAPST of the CA. As shown in Table 2.1, CA1 exhibited an 

IAPST of 8.5. 

Step 3: Determine the AV content versus FA/CA for different aggregate combinations. 

Figure 2.5 shows the results of the modified ASTM C29 test. Table 2.1 shows the 

AVmin and FA/CAmin for the CA1 and FA aggregate combination. 
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Figure 2.5 Modified ASTM C29 test results for the combined FA and CA1 at different 

FA/CA values 
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Step 4: Determine the FA/CAopt using Equation 2 and characteristics of CA1 (IAPST 

= 8.5). From Equation 2 the FA/CAopt is equal to the FA/CAmin, because the IAPST is 

8.5. This does not result in increasing the FA/CAmin. Using Figure 2.5 the FA/CAopt is 

1.38 and the AVopt is 29.7%.  

Step 5: Determine if the combined aggregate gradation meets specifications. The 

combined aggregate gradation and limits are shown in Figure 2.6. The combined 

aggregate gradation is slightly outside the number 4 sieve specifications for aggregate 

used in California CIDH piles. However, for the purpose of this research, this 

combined aggregate gradation will be assumed to meet gradation requirements. 
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Figure 2.6 Combine aggregate gradation and specification limits 
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Step 6: Determine the paste content for the trial mixtures. Using the AVopt of 29.7%, 

the %Paste for the trial mixtures can be determined. The %Paste must be higher than 

the AVopt to produce a flowing concrete mixture. Initial PV/AV estimates for the CA1 

trial mixtures were selected to be 1.28, 1.35, and 1.41; these values were selected to 

ensure high flow values. The trial mixture with a PV/AV of 1.28 is proportioned in 

this example (other trial mixture proportions with CA1 are presented later). The 

%Paste for this mixture (PV/AV = 1.28) can be determined as follows: 

% ( ) (PV/AV) (29.7%) (1.28) 38%optPaste AV    
 

Step 7: Determine weight proportions for water and cementitious materials. A w/cm of 

0.39 is used. Also, because an SCM is being used at 28 percent replacement, a 

weighted average of the SGcem and SGSCM is used for the SGcm (SGcm = 2.99). 

Therefore, the waterWt  and cmWt  values can be determined from Equation 4 as follows: 

   

   

3 3

3

38% 3%
27 ft 62.

0.39 2

4 lb/ft
100

318 lb/y

.99

d
1

1  
waterWt

 
  

  




 

3
3318 lbs/yd

  814 lbs/yd
0.39

cmWt  
 

Then determine the SCMWt  and cemWt  as follows:  

3 328%
  (814 lbs/yd ) 228 lb/yd

100
SCMWt

 
   
   

3 3 3 814 lb/yd - 228 lb/yd 586 lb/ydcemWt  
 

Step 8: Determine the CAWt  and FAWt  from Equation 5 as follows: 
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3 3

3

38%
1 27 ft 62.4 lb/ft (

2.74
1.38

2.

2.74)
100

1147 lb/yd

1
53

 
    

  
 

  
 

CAWt

 

3 3 (1147 lbs/yd ) (1.38) 1583 lb/yd  FAWt
 

Step 9: Check to ensure that the volumes of constituent materials sum to 1 unit volume 

of concrete (27 ft3 or 1 m3). The trial mixture proportion weights and volumes are 

checked in Table 2.3. Also, Table 2.3 shows the mixture proportions for CA1 mixtures 

with 1.35 and 1.41 PV/AV. The mixture proportioning procedure is the same for each 

mixture. The flowability, stability, and passing ability are then assessed.  

 

Table 2.3 Trial mixture proportion weights and volumes with CA1 

  CA1 (IAPST = 8.5) 

Mixture 1-1 1-2 1-3 

PV/AV 1.28 1.35 1.41 

Mixture 

Proportions 

lb/yd3 

(kg/m3) 

ft3 

(m3) 

lb/yd3 

(kg/m3) 

ft3 

(m3) 

lb/yd3 

(kg/m3) 

ft3 

(m3) 

Air  0 
0.81 

(0.03) 
0  

0.81 

(0.03) 
0  

0.81 

(0.03) 

Water, lb/yd3 

(kg/m3) 

318 

(189) 

5.09 

(0.19) 

336 

(199) 

5.38 

(0.20) 

354 

(210) 

5.67 

(0.21) 

Fly Ash, lb/yd3 

(kg/m3) 

228 

(134) 

1.41 

(0.05) 

241 

(143) 

1.49 

(0.06) 

254 

(151) 

1.57 

(0.06) 

Cement, lb/yd3 

(kg/m3) 

586 

(348) 

2.98 

(0.11) 

620 

(368) 

3.15 

(0.12) 

653 

(388) 

3.32 

(0.12) 

CA, lb/yd3 

(kg/m3) 

1147 

(681) 

6.71 

(0.25) 

1110 

(659) 

6.49 

(0.24) 

1073 

(637) 

6.28 

(0.23) 

FA, lb/yd3 

(kg/m3) 

1583 

(940) 

10.03 

(0.37) 

1535 

(909) 

9.71 

(0.36) 

1481 

(879) 

9.38 

(0.35) 

Check 
  

27.0 

(1.0)   

27.0 

(1.0)   

27.0 

(1.0) 
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For CA2 (IAPST = 5) the general procedure for mixture proportioning is similar to 

that of CA1. However, the IAPST value is different, so the FA/CAopt, AVopt, and 

gradations are different. Because the IAPST is less than 8.5 for CA2, Equation 2 

results in a FA/CAopt greater than the FA/CAmin. Equation 2 results in a factor of 1.11 

which results in a FA/CAopt of 1.00 (FA/CAmin was 0.90). Based on the AV content 

versus FA/CA results shown in Figure 2.7, the AVopt is 29.5%. The combined 

aggregate gradation at the FA/CAopt meets the specification requirements. Following 

the same steps shown for CA1 the trial mixture proportions can be determined. 

However, the initial PV/AV values for CA2 were selected to be 1.29, 1.36, and 1.43. 

Table 2.4 shows the mixture proportions for CA2. 
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Figure 2.7 Determining the AVopt exhibited by the FA/CAopt for the combined FA and 

CA2 
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Table 2.4 Trial mixture proportion weights and volumes with CA2 

  CA2 (IAPST = 5.0) 

Mixture 2-1 2-2 2-3 

PV/AV 1.29 1.36 1.42 

Mixture 

Proportions 

lb/yd3 

(kg/m3) 

ft3 

(m3) 

lb/yd3 

(kg/m3) 

ft3 

(m3) 

lb/yd3 

(kg/m3) 

ft3 

(m3) 

Air  0 
0.81 

(0.03) 
0  

0.81 

(0.03) 
 0 

0.81 

(0.03) 

Water, lb/yd3 

(kg/m3) 

318 

(189) 

5.09 

(0.19) 

336 

(199) 

5.38 

(0.20) 

354 

(210) 

5.67 

(0.21) 

Fly Ash, lb/yd3 

(kg/m3) 

228 

(134) 

1.41 

(0.05) 

241 

(143) 

1.49 

(0.06) 

254 

(151) 

1.57 

(0.06) 

Cement, lb/yd3 

(kg/m3) 

586 

(348) 

2.98 

(0.11) 

620 

(368) 

3.15 

(0.12) 

653 

(388) 

3.32 

(0.12) 

CA, lb/yd3 

(kg/m3) 

1350 

(801) 

8.19 

(0.30) 

1306 

(775) 

7.93 

(0.29) 

1262 

(749) 

7.66 

(0.28) 

FA, lb/yd3 

(kg/m3) 

1350 

(801) 

8.55 

(0.32) 

1306 

(775) 

8.27 

(0.31) 

1262 

(749) 

8.00 

(0.30) 

Check 
 

27.0 

(1.0)  

27.0 

(1.0)  

27.0 

(1.0) 

 

 

 ASSESSMENT OF FRESH FC CHARACTERISTICS  

Each mixture was mixed in triplicate and each mixture was assessed for flowability 

and stability. The concrete passing ability was assessed for only one mix of each 

mixture. Flowability was assessed using ASTM C1611, Standard Test Method for 

Slump Flow of Self-Consolidating Concrete. Stability was assessed using visual 

stability index (VSI) as part of ASTM C1611. It is realized that this procedure is 

specifically for SCC mixtures but the authors found that it can be a suitable 

assessment of flowability and stability of FC mixtures. The passing ability was 

assessed using ASTM C1621, Standard Test Method for Passing Ability of Self-

Consolidating Concrete by J-Ring.  
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To evaluate the proposed mixture proportioning method, the six mixtures shown in 

Table 2.3 and 2.4 were assessed. A standard rotary concrete mixer (capacity of 3 ft3 

(0.08 m3)) was used to mix the FC trial mixtures. The mixing procedure followed 

ASTM C129, Standard Practice for Making and Curing Concrete Test Specimens in 

the Laboratory. The constituent materials used for these mixtures were described in 

the mixture proportioning example. For the purpose of this research, mixtures were 

considered to exhibit adequate workability if they achieved a minimum 22-inch (560 

mm) slump flow, a VSI of 1 or less, and a J-ring passing ability of 2 inches (50 mm) 

or less.  

Research indicates that paste volume influences flowability (Sonebi 2004), stability 

(El-Chabib and Nehdi 2006), and passing ability (Khayat 1999). Therefore, it is useful 

to plot these workability results versus the PV/AV. Figures 2.8, 2.9, and 2.10 show the 

slump flow, VSI, and passing ability results as a function of the PV/AV. The trend of 

slump flow results shown in Figure 2.8 indicate that increasing the PV/AV increases 

the slump flow. From the slump flow trend, the following equations were developed 

for CA1 and CA2 mixtures as a best fit to the data: 

1 1( ) [45.7 (PV/AV) 33.8]CASlumpFlow k      (2.6) 

2 1( ) [33.6 (PV/AV) 16.9]CASlumpFlow k      (2.7) 

where SlumpFlowCA1 is the estimated average slump flow values as a function of the 

PV/AV for mixtures containing CA1 (inches or mm),  SlumpFlowCA2 is the estimated 

average slump flow values as a function of the PV/AV for mixtures containing CA2 

(inches or mm) and, k1 is 1 for imperial units (inches) and 25.4 for metric units (mm). 
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Figure 2.9 shows that increasing the PV/AV decreases stability (higher VSI values are 

less stable). Based on the trend of VSI with respect to PV/AV, the following equations 

were developed for CA1 and CA2 mixtures as a best fit to the data: 

1 18.2 (PV/AV) 23.3CAVSI      (2.8) 

2 18.6 (PV/AV) 23.3CAVSI      (2.9) 

where VSICA1 is the estimated VSI value for CA1 mixtures as a function of the PV/AV. 

VSICA2 is the estimated VSI value for CA2 mixtures as a function of the PV/AV. 

Figure 2.10 shows that the J-ring passing ability is insensitive to PV/AV for these 

mixtures with and MSA of 3/8-inch (9.5 mm) (higher J-ring passing ability values 

have less passing ability). Some negative J-ring passing ability values were observed 

but these values were reported as zero. Note, however, that all mixtures pass the J-ring 

test. The MSA may be small enough so that PV/AV does not significantly influence 

passing ability or the paste volume for these mixtures may be well above the minimum 

necessary for adequate passing ability.  
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Figure 2.8 Slump flow versus PV/AV 
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Figure 2.9 VSI versus PV/AV 
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Figure 2.10 J-ring passing ability versus PV/AV 

 

Because J-ring passing ability results are insensitive to PV/AV, the flowability and 

stability results are the limiting workability characteristics. Identifying mixtures with 

adequate flowability and stability is critical to estimating a range of PV/AV values that 

can be used to produce FC mixtures with adequate workability. If Figures 2.8 and 2.9 

are combined, then a range of PV/AV values can be estimated to proportion FC 

mixtures with adequate slump flow and VSI. Figures 2.11 and 2.12 show the 

extrapolated slump flow and VSI data for the CA1 and CA2 mixtures, respectively. 

Note that the 90th percentile confidence intervals, the high probability of acceptable 

range (HPAR), and estimated acceptable PV/AV range (based on average values) are 

shown. Figure 2.11 shows an estimated acceptable PV/AV ranges from 1.22 to 1.33 

for CA1 mixtures. Figure 2.12 shows and estimated acceptable PV/AV ranges from 
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1.16 to 1.31 for CA2 mixtures. To minimize paste one could use the lower PV/AV 

value and CA2 (rounded CA) to proportion FC mixtures. However, proportioning FC 

mixtures using the lowest estimated acceptable PV/AV value could result in 

inadequate flowability. Using a PV/AV value within the HPAR would be less likely to 

exhibit low flowability or high VSI value (low stability). These figures could assist 

concrete producers in proportioning FC mixtures with adequate workability and 

minimize paste contents. 
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Figure 2.11 Extrapolated slump flow and VSI with respect to PV/AV for CA1 

mixtures 
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Figure 2.12 Extrapolate slump flow and VSI with respect to PV/AV for CA2 mixtures 

 

 CONCLUSIONS 

Many concrete construction applications require concrete to be highly flowable. This 

is often a result of inaccessibility and high reinforcement densities. FC mixtures are 

commonly used for these applications, but no standard proportioning method has been 

available for concrete producers. Mixtures with adequate flowability, stability, and 

passing ability were proportioned here using the simple proposed mixture 

proportioning method. The CA IAPST and modified ASTM C29 tests provide 

valuable information with regards to the FA/CAopt, AVopt, and required paste to 

achieve adequate flowability. The PV/AV significantly influences the slump flow and 

VSI (stability). Based on the research results the PV/AV does not significantly 

influence J-ring passing ability for the mixtures assessed in this research. Concrete 
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with larger MSA may be more susceptible to passing ability issues. The smaller MSA 

used in this research may explain why J-ring passing ability was insensitive to the 

PV/AV. However, passing ability can be a critical workability characteristic so it 

should be assessed before placing concrete. It is necessary to identify a range of 

PV/AV values based on workability requirements to assist concrete producers in 

producing FC mixtures with adequate workability. The mixture proportioning method 

presented here can provide a complementary or alternative method to the ACI 211.6T-

14 method for proportioning FC mixtures. 
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 ABSTRACT 

Cast-in-drilled-hole (CIDH) piles are often constructed to depths that are inaccessible 

and internal vibration is not performed over the length of the pile. Because of this, the 

likelihood of voids occurring increases. Many state highway agencies (SHA) use 

inspection pipes to detect if voids are present along the length of the pile. High 

reinforcement densities and concrete void detection inspection pipes can congest 

CIDH piles. Although, concrete void detection and reinforcement spacing are critical 

to ensuring adequate CIDH pile structural performance, eliminating concrete voids can 

also ensure expected performance. 

This research will assess the influence of coarse aggregate (CA) type and mixture 

proportions on concrete workability for CIDH pile applications. Results indicate that 

identifying an optimal paste volume to aggregate void ratio (PV/AV) can be identified 

to proportion flowing concrete (FC) mixtures with adequate slump flow and stability. 

Concrete containing rounded CA achieved higher slump flow values than concrete 

with crushed CA at the same paste volume. However, increasing PV/AV also 

decreased stability. Stability was increased by increasing the FA to CA ratio (FA/CA). 

Keywords: flowability; stability; passing ability; workability; flowing concrete; 

material characteristics; mixture proportions 
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 INTRODUCTION AND BACKGROUND 

Cast-in-drilled-hole (CIDH) concrete piles are commonly used in highway 

construction. CIDH piles are used as a deep foundation support for large bridge 

columns. When ground water is present, some state highway agencies (SHAs) require 

CIDH piles to be constructed using the slurry displacement method. The slurry 

displacement method involves introducing slurry (e.g., bentonite) into the drilled hole 

to prevent the hole from collapsing under the hydraulic pressure of the ground water. 

Two-inch (50 mm) polyvinyl chloride (PVC) inspection pipes are required to be 

placed longitudinally along the circumference of the pile for slurry displacement 

applications. The California Department of Transportation (Caltrans) requires one 

inspection pipe for every one foot (0.3 m) of pile diameter. The inspection pipes are 

used for gamma-gamma logging. Gamma-gamma logging involves inserting probes 

into the inspection pipes to assess the concrete density adjacent to the pipes. Reduction 

in concrete density would indicate the presence of voids or cavities. Voids in concrete 

can affect the structural integrity of the piles and bridge structure.  

When inspection pipes are placed adjacent to the longitudinal reinforcement, the 

minimum clear spacing requirements, specified to minimize or eliminate blocking of 

concrete, can be violated. When the inspection pipes are placed with adequate 

minimum clear spacing, the requirements for the design maximum reinforcement 

spacing is exceeded. Figure 3.1 shows how the reinforcement and inspection pipe 

spacing requirements can be conflicting. Increasing the spacing of reinforcement could 

affect the structural integrity. However, decreasing the clear spacing also violates the 
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minimum spacing requirements for inspection pipes and the adjacent reinforcement 

bars. Decreasing the clear spacing has the potential to increase concrete voids. In most 

cases the maximum reinforcement spacing is not exceeded and the requirement for 

minimum clear spacing is either waived or reduced. If the minimum clear spacing is 

reduced, it is essential that the concrete have adequate workability to minimize or 

eliminate the potential for voids. 

 
Figure 3.1 Reinforcement and inspection pipe clear spacing issue 

 

Research is needed to better understand the factors that influence the workability of 

concrete for CIDH pile applications. The concrete currently used for CIDH pile 

applications is referred to as flowing concrete (FC). ACI CT-13 defines FC as 

concrete that has a slump greater than 7.5 inches (190 mm) and maintains 

cohesiveness. Based on this definition, self-consolidating concrete (SCC) is one type 

of FC. However, not all FC mixtures are SCC (FC mixtures that are not SCC will be 
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referred to as FC mixtures throughout this paper). SCC is defined as concrete that can 

flow and consolidate under its own weight without vibration during placement in a 

reinforced structure (ACI CT-13). Some FC mixtures may require some vibration to 

consolidate and these FC mixtures are typically used for CIDH piles. FC mixtures are 

not widely researched by the scholarly community. The influence of constituent 

material characteristics and mixture proportions on SCC workability is, however, a 

widely researched topic (El-Chabib and Nehdi 2006, Ravindrarajah et al. 2003, Sonebi 

2004, Khayat 1999, Geiker 2002). Because of this knowledge gap for FC mixtures, 

research is needed to better understand the influence of constituent material 

characteristics and mixture proportions on FC workability. This research investigated 

the influence of coarse aggregate (CA) type, fine aggregate (FA) to CA ratio (FA/CA), 

aggregate void (AV) content, paste volume, and paste volume to AV ratio (PV/AV) on 

FC workability. Results from this investigation can be used to aid highway agencies, 

suppliers, and contractors in achieving void free concrete for CIDH piles and other 

structures that use FC mixtures.  

For the purpose of this research, workability is defined as the combination of 

flowability (filling ability), stability, and passing ability of a concrete mixture. 

Flowability is the ability of concrete to flow under its own weight without mechanical 

consolidation. Stability is the ability of concrete to flow and set without separation of 

the aggregate from the paste and without excessive bleeding. Passing ability is the 

ability of concrete to flow freely through narrow spaces. 
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Achieving adequate workability for FC mixtures can be challenging because this 

concrete is a complex system of various constituent materials having a wide range of 

varying material characteristics requiring specific flow and stability characteristics. If 

adequate workability is not achieved and structural deficiencies occur then contract 

issues and potential litigation can occur.  

Ferraris (1999) reported that concrete is a concentrated suspension of solid particles in 

a viscous liquid or, more specifically, aggregate suspended in paste. The author also 

reported that paste is a concentration of suspended cementitious grains in water. A FC 

mixture typically has a higher paste volume than conventional concrete (CC). Higher 

paste contents are needed to convey aggregates and improve flowability. Sonebi 

(2004) reported that increasing the paste volume for a given water-to-cementitious 

material ratio (w/cm) can increase slump flow. However, suspending aggregates in 

paste can be challenging when the paste volume is increased. El-Chabib and Nehdi 

(2006) reported that increasing the paste volumes can decrease stability for concrete. 

The aggregate characteristics can also significantly influence workability. Tumidajski 

and Gong (2006) reported that smaller maximum size aggregates (MSAs) require 

increased paste volumes because aggregate surface areas increase with smaller particle 

sizes. Required paste content is directly related to aggregate surface area. The AV 

content in the concrete aggregate (combined FA and CA) can also influence the paste 

requirements. Paste must fill these voids for the concrete to flow. In fact, to achieve 

adequate flow additional paste (beyond the measured minimum AV content) is 

necessary to separate and provide lubrication between the aggregates. It is generally 
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accepted that both AV content and aggregate surface area influence workability. In 

general, the AV content and surface area should be minimized to minimize the paste 

volume required to produce FC mixtures with adequate slump flow. However, for 

mixtures containing the minimum AV contents, addition testing is needed to assess 

stability and passing ability. 

Measuring and quantifying the shape characteristics of CA can provide an indication 

of the amount of paste required to meet workability requirements. Hahn et al. (2008) 

reported that aggregates having an angular shape require increased paste volumes to 

meet workability requirements when compared with aggregates having a round shape. 

The ASTM D3398-00 Index of Aggregate Particle Shape and Texture (IAPST) 

standard indirectly and quantitatively measures the shape and texture characteristics of 

an aggregate. This method provides an IAPST value for an aggregate subjected to two 

standard levels of compaction (see Appendix A for more information). Jamkar and 

Roe (2004) reported that concrete composed of CAs with lower IAPST values 

(rounded aggregate) require a lower FA/CA to achieve optimum workability. 

The FA/CA influences stability and the AV content. Goltermann et al. (1997) reported 

that concrete mixtures should have approximately 5 percent more FA than what is 

required for the minimum AV content. Although higher FA contents can reduce 

segregation, too much FA can produce a sticky mix that is difficult to finish. El-

Chabib and Nehdi (2006) reported that an optimum CA to total aggregate (FA+CA) 

ratio (CA/(FA+CA)) exists and that stability is maximized at this optimum value. The 
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authors reported that a CA/(FA+CA) of approximately 0.45 was optimal for stability 

for the aggregates used in their research.  

The gradation of the combined CA and FA can also influence paste requirements and 

workability. Quiroga and Fowler (2004) and Shilstone (1990) reported that combining 

the FA and CA to produce a uniformly graded mixture with a relatively low AV 

content can produce concrete mixtures with adequate workability at minimum paste 

contents. 

Properly assessing flowability, stability, and passing ability is critical to minimizing 

the potential of voids or cavities in CIDH piles and each must be assessed. Test 

methods that provide quantitative information on concrete workability are critical for 

achieving FC mixtures with adequate workability characteristics. 

The typical workability test to assess FC mixtures is the slump test. ASTM C143 

Standard Test Method for Slump of Hydraulic-Cement Concrete (known as the slump 

test) is generally used to assess the workability of concrete that has a slump of 1 to 

approximately 9 inches (25 to 230 mm). ASTM C143 reports that if a slump greater 

than 9 inches (230 mm) is observed then the results may be inaccurate. FC is defined 

as concrete that has a slump greater than 7.5 inches (190 mm) and this minimum 

slump is often exceeded. Therefore, the slump test may not be suitable to assess the 

workability for all FC mixtures. FC is a highly workable concrete that requires a more 

complete assessment of workability, especially with the potential detrimental 

influence of voids on CIDH pile structural performance. Another concrete exhibiting 

high workability requirements, SCC, is commonly assessed for flowability, stability, 
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and passing ability with various tests to assess each characteristic. The ACI 

Committee 238 (2008) reported that hundreds of tests have been developed to assess 

SCC workability characteristics, but no single test was reported to measure all aspects 

of workability. It is therefore necessary to perform a suite of tests to assess workability 

before FC can be placed.  

Some SCC tests may be suitable to assess FC mixtures. Slump flow may be used to 

assess FC flowability because FC can have a high slump value. ASTM C1611, 

Standard Test Method for Slump Flow of Self-Consolidating Concrete, is the most 

widely used method to assess the workability of SCC. This test has also been used to 

assess the flow characteristics of FC mixtures (ACI 238.1R). The slump flow test will 

be used in this research to assess flowability. 

Mixture stability is also a critical characteristic to assess before placing FC. The 

ASTM C1611 standard test includes non-mandatory measurements of the visual 

stability index (VSI). The VSI test is used to qualitatively assess the stability of a 

concrete mixture. The criteria used in the VSI rating system are shown in Table 3.1. A 

concrete mixture must have a VSI of 1 or less to be considered stable (ASTM C1611). 

In the field a visual assessment of concrete slump flow can provide a suitable 

assessment of a concrete’s stability performance (Cussigh and Bonnard 2005). The 

VSI test will be used to assess the stability of FC mixtures in this research. 

Table 3.1 VSI rating criteria (ASTM C1611) 

VSI 

Value 
Stability Criteria 

0 
Highly 

Stable 
No evidence of segregation or bleeding. 
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1 Stable 

No evidence of segregation and slight 

bleeding observed as a sheen on the 

concrete mass 

2 Unstable 
A slight mortar halo ≤ 0.5 inches (≤ 10 mm) 

and/or aggregate pile in the concrete mass. 

3 
Highly 

Unstable 

Clearly segregating by evidence of a large 

mortar halo > 0.5 inches (> 10 mm) and/or 

large pile in the center of the concrete mass. 

 

In addition to flowability and stability, FC mixtures must be able to flow around 

reinforcement and inspection pipes. Several common tests are intended to assess 

passing ability for SCC mixtures. The J-ring test (ASTM 1621) is intended to assess 

the passing ability of a SCC mixture. The J-ring test consists of a ring of 

reinforcement as shown in Figure 3.2. The passing ability is determined by measuring 

the difference between the slump flow without the J-ring and the slump flow with the 

J-ring. ASTM 1621 reports that a J-ring passing ability measurement of 2 inches (50 

mm) or less has adequate passing ability. Koehler and Fowler (2009) reported 

challenges with the test and noted that passing ability should be measured as the 

difference in height of concrete directly outside and inside the J-ring circumference in 

four equally spaced locations.  
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Figure 3.2 Elevation and plan views of the J-ring test configuration 

 

Another test that is intended to assess concrete passing ability, the California bar (C-

bar) test, is currently under development by Caltrans. The standard C-bar test consists 

of a 14-inch (360 mm) diameter ring with six reinforcing bars and two PVC pipes as 

shown in Figure 3.3. To perform this test a slump test is performed in the center of the 

C-bar ring. When the slump cone is lifted the concrete flows through the 

reinforcement and PVC pipes. The radii of the concrete flow are measured in the 

direction parallel to the PVC pipes (Y direction) and the direction perpendicular to the 

pipes (X direction). The preliminary standard specifies that the diameter 

measurements must be greater than 18 inches (230 mm) for a concrete mixture to 

prequalify for this test. The effective flow, termed Xꞌ and Yꞌ, is then determined by 

subtracting the ring diameter (14 inches (360 mm)) from the diameter of the X and Y 

concrete flow values. The passing ability ratio is then determined by dividing Xꞌ by Yꞌ. 

The current draft of the test procedure requires that the passing ability be less than 

1.67 – the concrete is then considered to have adequate passing ability. If the passing 
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ability ratio is between 1.67 and 2.0 the concrete passing ability is considered to be 

questionable. If the passing ability is greater than 2.0 then the passing ability of the 

concrete is unacceptable. Further testing is needed to assess these limits and no 

literature regarding the suitability of this test to assess passing ability is available.  

 
Figure 3.3 Elevation and plan views of the C-bar test configuration 

 

The L-box test is another test (non-standardized) that is also intended to measure the 

passing ability of a concrete mixture. The L-box consists of a vertical section and a 

horizontal section as shown in Figure 3.4. The vertical and horizontal sections are 

separated by a movable gate and three vertical reinforcement bars evenly spaced in 

front of the gate. Concrete is placed in the vertical section while the gate is in the 

down position. The gate is then lifted and the concrete then flows into the horizontal 

section. The average height of concrete measured in three evenly spaced locations at 

the back of the vertical section is reported as H1. The average height of concrete 
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measured in three evenly spaced locations at the end of the horizontal section is 

reported as H2. The passing ability ratio is measured as the ratio of H2 to H1. A 

concrete mixture must have a passing ability ratio of at least 0.8 or greater to be 

considered passing (Billberg et al. 2005). Koehler and Fowler (2009) reported that the 

L-box test does not provide well-defined passing ability results because both 

flowability and passing ability must be adequate to meet the L-box requirements. This 

means that the L-box does not only measure a concrete’s passing ability because the 

concrete must also have high flowability to adequately flow the length of the 

horizontal section and meet the L-box requirements. 
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Figure 3.4 Elevation and plan views of the L-box test configuration 

 

 

This research assessed passing ability of FC mixtures using the J-ring, C-bar, and L-

box tests. 

 MATERIALS, EXPERIMENTAL PLAN, AND METHODS  

The following section describes the materials characteristics used in the research. This 

is then followed by the description of the variables assessed in the research and how 
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these were selected. The methods used to assess the concrete workability are also 

presented.  

3.3.1 Materials 

To characterize the aggregates used in this research, standard and modified standard 

test methods were used. The CA’s had a MSA of 3/8-inch (9.5 mm). The FA was a 

natural fine sand and the same FA was used for all mixtures. The aggregates were 

characterized using the following ASTM standards: 

 ASTM C136 – Sieve Analysis of Fine and Coarse Aggregates 

 ASTM C29 – Bulk Density (Unit Weight) and Voids in Aggregate 

 Modified ASTM C29 – Bulk Density (Unit Weight) and Voids in 

Combined Coarse and Fine Aggregate 

 ASTM C127 – Density, Relative Density (Specific Gravity), and 

Absorption of Coarse Aggregate 

 ASTM C128 – Density, Relative Density (Specific Gravity), and 

Absorption of Fine Aggregate 

 ASTM D3398 – Index of Aggregate Particle Shape and Texture 

Note that a modified ASTM C29 test was used in this research. The modified test 

included an assessment of a mixture of combined FA and CA instead of only the CA. 

This test was performed to assess the void content for the different FA/CA values used 

in this research. 
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The CA’s met ASTM C33 requirements for size number 8 (3/8-inch to No. 8 or 9.5 to 

2.36 mm). The FA met ASTM C33 requirements for FA. The fineness modulus for the 

FA was 3.07. Each aggregate also met Caltrans individual gradations requirements for 

concrete. The combined FA and CA gradations for the CR and RO aggregates were 

within Caltrans limits for the most part. The 1.26 and 1.38 FA/CA’s for the CR CA 

exhibited gradations slightly above the No. 4 sieve size limit. Also, the 1.10 and 1.20 

FA/CA’s for the RO CA exhibited gradations slightly above the No. 4 sieve size limit. 

All other gradations were within Caltrans limits. 

A summary of the standard aggregate characterization test results are shown in Table 

3.2. The table shows that the oven dry, saturated surface dry (SSD) and apparent 

specific gravities of both the CR and RO CAs are relatively similar. The percent 

absorptions of both CAs are also very similar. The most significant difference between 

the two CAs is the IAPST value (shape and texture).  

 

Table 3.2 Summary of ASTM aggregate characterization test results 

 

ASTM C29 ASTM C127/C128 
ASTM 

D3398 

 Bulk 

Density 

lb/ft3 

(kg/m3) 

Percent 

Void 

Content 

Oven 

Dry 

Specific 

Gravity 

SSD 

Specific 

Gravity 

Apparent 

Specific 

Gravity 

Percent 

Absorption 
IAPST 

 

CR 

CA 

99.4 

(1590) 
41.7 2.74 2.78 2.85 1.50 8.5 

RO 

CA 

106.2 

(1700) 
35.5 2.64 2.68 2.76 1.60 5.0 

FA 
100.2 

(1610) 
36.3 2.53 2.59 2.69 2.47 N/A 

N/A: not applicable 
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The results for the modified ASTM C29 are shown in Figure 3.5. The combined FA 

and CA void content is shown for both the CR and RO aggregates at different 

FA/CAs. From this figure it can be seen that the RO aggregate exhibited lower AV 

contents at a lower FA/CA values than the CR aggregate. The larger circles shown in 

Figure 5 indicate the FA/CA values tested for FC mixtures assessed in this study. Note 

that, for the aggregate used in the FC mixtures, the circled AV contents decrease as the 

FA/CA increases for the CR aggregate mixtures and the circled AV contents increase 

as the FA/CA increase for the RO aggregate mixtures. This was determined with 

preliminary trial mixtures. 
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Figure 3.5 Modified ASTM C29 test AV content versus FA/CA 
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A Type I/II cement and Class F fly ash from Lafarge North America was used for all 

mixtures in this research. The fly ash replacement was 28 percent for all mixtures. The 

chemical analysis for the cement and fly ash are shown in Table 3.3. A high range 

water reducing admixture (HRWRA) and a set retarder were used for all mixtures. The 

HRWRA and set retarder dosages were 5 and 4 fl oz/cwt (325 and 260 mL/100kg), 

respectively. These quantities were determined based on the manufacture’s 

recommendations. 

 

 

Table 3.3 Chemical composition of the cementitious materials 

Chemical 

Composition 

Percent Weight 

Cement 
Class F Fly 

Ash 

SiO2 20.0 48.7 

Al2O3 4.8 18.4 

Fe2O3 3.5 5.4 

MgO 0.8 4.3 

SO3 3.1 0.8 

CaO 63.4 13.4 

 

 

3.3.2 Experimental Plan 

An experimental plan was developed to assess the workability of the FC mixtures. 

Two CA types, three paste contents, and three FA/CAs were assessed (18 mixtures). 

The CA’s were a crushed granite rock (CR) and a round river gravel (RO). The paste 

volumes for the FC mixtures in this study were selected based on a general procedure 

developed by Hendrix and Trejo (2015). Using this procedure resulted in paste 
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contents of 38, 40, and 42 percent of the concrete volume for all mixtures. The three 

percent paste volumes were categorized as low paste (LP), medium paste (MP), and 

high paste (HP) volumes. The optimal FA/CA for the different CA’s was also selected 

based on the Hendrix and Trejo (2015) mixture proportioning procedure. For the RO 

aggregate the optimal FA/CA was 1.00. Additional FC trial mixtures were mixed with 

FA/CA values of 1.10 and 1.20. The optimal FA/CA for the CR aggregate was 1.38 

and the two additional FC trial mixtures contained FA/CA values of 1.26 and 1.13. 

The AV content changes as the FA/CA changes and this can influence workability. 

Therefore, the AV content was a characteristic assessed in this research. 

The mixture proportions that remained unchanged were the percent replacement level 

of fly ash, the dosage rate of HRWRA and set retarder, and the w/cm. All mixtures had 

a w/cm of 0.39.  

3.3.3 Methods for Assessing Concrete Workability 

The FC mixtures were mixed in a standard rotary concrete mixer (capacity of 3 ft3 

(0.08 m3)). The procedure for mixing followed ASTM C129, Standard Practice for 

Making and Curing Concrete Test Specimens in the Laboratory. The workability tests 

used to assess flowability, stability, and passing ability are shown in Table 3.4. 

Standard equipment was used to perform these tests. Each mixture was mixed in 

triplicate and assessed for flowability and stability. Only one mix of each mixture was 

assessed for passing ability. The mixtures assessed for workability using standard tests 

are shown in Table 3.5. For the purpose of this research, mixtures were considered to 
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exhibit adequate workability if they achieved a minimum 22-inch (560 mm) slump 

flow, a VSI of 1 or less, and passed one of the passing ability tests.  

 

Table 3.4 Workability tests and the intended workability characteristics measured 

Workability Test 
Workability Characteristics 

Measured 

Slump flow with VSI 

(ASTM C1611-09) 
Flowability and stability 

J-ring (ASTM 1621-09) Passing ability  

C-bar Passing ability  

L-box 
Passing ability and 

flowability 
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Table 3.5 Experimental tests 

CA 

Type 
FA/CA 

Paste 

Volume 

QE Workability Test (Number of 

Tests) 

Slump flow 

w/VSI 
J-ring C-bar L-box 

CR 

1.13 

38% 

(LP) 
3 1 1 1 

40% 

(MP) 
3 1 1 1 

42% 

(HP) 
3 1 1 1 

1.26 

38% 

(LP) 
3 1 1 1 

40% 

(MP) 
3 1 1 1 

42% 

(HP) 
3 1 1 1 

1.38 

38% 

(LP) 
3 1 1 1 

40% 

(MP) 
3 1 1 1 

42% 

(HP) 
3 1 1 1 

RO 

1.00 

38% 

(LP) 
3 1 1 1 

40% 

(MP) 
3 1 1 1 

42% 

(HP) 
3 1 1 1 

1.10 

38% 

(LP) 
3 1 1 1 

40% 

(MP) 
3 1 1 1 

42% 

(HP) 
3 1 1 1 

1.20 

38% 

(LP) 
3 1 1 1 

40% 

(MP) 
3 1 1 1 

42% 

(HP) 
3 1 1 1 
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 EXPERIMENTAL RESULTS AND DISCUSSION  

The capacity of a CIDH pile is dependent on the density and integrity of the hardened 

concrete. To ensure that uniform hardened concrete densities are achieved, the fresh 

concrete must be of adequate workability. Both constituent material characteristics and 

mixture proportions can influence workability. The flowability, stability, and passing 

ability for several FC mixtures are evaluated and the results from this testing are 

presented here. These results are assessed as a function of the paste volume, FA/CA, 

and PV/AV. The influence of CA type is also assessed for each case. 

3.4.1 Influence of Aggregate Type and Mixture Proportions on Flowability 

The influence of aggregate type (CR and RO) and mixture proportions (paste volume, 

FA/CA, and PV/AV) on flowability is presented here. The average slump flow data 

(triplicate mixtures) are shown for the CR and RO mixtures as a function of the paste 

volume in Figures 3.6 and 3.7, respectively. These figures show that the paste volume 

significantly influences the average slump flow. As paste volume increases the 

average slump flow increases for both CR and RO mixtures. In addition, the FC 

mixture containing the RO CA exhibited higher variation.  
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Figure 3.6 Average slump flow versus percent paste volume for CR mixtures 
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Figure 3.7 Average slump flow versus percent paste for RO mixtures 
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The influence of FA/CA on the average slump flow is also assessed. For these cases, 

the average slump flow is plotted as a function of FA/CA for different paste volumes. 

The average slump flow values for the CR and RO mixtures are shown in Figure 3.8. 

This figure shows that the FA/CA has a relatively minor influence on the slump flow 

for mixtures with medium and high paste contents. However, if the paste content is 

low and the mixture contains the RO CA, the FA/CA can significantly influence 

slump flow. For the RO mixtures containing low paste volumes the average slump 

flow decreases as the FA/CA increases. This is expected because increasing the FA 

increases the surface area. Note however, that the FA/CA also influences the AV 

content, which also influences slump flow. 
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Figure 3.8 Average slump flow versus FA/CA for CR mixtures   
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It is generally accepted that minimizing the AV content can minimize the paste 

volume. For concrete to flow their must be sufficient paste to fill the AV content and 

additional paste (beyond the measured AV content) is necessary to separate and 

provide lubrication for the aggregates. Therefore, both the paste volume and the AV 

content are influencing factors on flowability. Because of this, the ratio of the paste 

volume to AV content (PV/AV) is assessed. The average slump flow as a function of 

PV/AV is shown in Figure 3.9. This figure indicates that the slump flow is 

significantly influenced by the PV/AV, increasing as the PV/AV increases. The RO 

mixture containing a 1.00 FA/CA exhibited the highest slump flow value (31 inches 

(790 mm)). Note that a best fit curve for all mixtures is shown in Figure 3.9. Based on 

the best fit curve average slump flow can be estimated using Equation 1.  

2( ) [ 115 (PV/AV) 347 (PV/AV) 229]avgSlumpFlow k      
 (3.1) 

where k is 1 for imperial units (inches) and 25.4 for SI units (mm).  
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Figure 3.9 Average slump flow versus PV/AV for CR and RO mixtures 

 

Note that if the AV content is minimized the paste volume for a given slump flow can 

be reduced. Note that the CA exhibiting a lower IAPST value (RO) exhibited a lower 

AV content at a lower FA/CA value. Therefore, CAs with a lower IAPST values can 

be used to decrease the paste volume and FA/CA requirements to achieve a given 

slump flow. Also, note that the CA with a high IAPST (CR) did achieve adequate 

slump flow but with slightly higher paste volumes.   

3.4.2 Influence of Aggregate Type and Mixture Proportions on Stability 

The stability of FC concrete mixtures is qualitatively assessed here with VSI. The 

influence of paste volume on VSI is assessed first. The VSI with respect to paste 

volume is shown in Figures 3.10 and 3.11 for the CR and RO mixtures, respectively. 
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Concrete mixtures exhibiting a VSI of 1 or less are considered to have adequate 

stability for FC mixtures. These figures show that increasing the paste volume can 

decrease the stability of the FC and that a maximum paste volume limit is needed to 

maintain adequate stability. The influence of FA/CA on VSI is also shown in Figures 

10 and 11. Generally, as the FA/CA increases adequate stability can be achieved at 

higher paste volumes. Therefore, as FA/CA increases the stability of the mixtures also 

increases. This is expected as FA/CA influences the surface area of the aggregate 

which can be beneficial for stability. The results indicate that both paste volume and 

FA/CA have an influence on FC stability.  
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Figure 3.10 VSI versus percent paste volume for CR mixtures 
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Figure 3.11 VSI versus percent paste volume for RO mixtures 

 

The influence of PV/AV on VSI is also assessed. The VSI is shown as a function of 

the PV/AV in Figure 3.12 for both the CR and RO mixtures. Note that a best fit line is 

shown for all the data and the average VSI for all mixtures can be estimated as 

follows: 

20.4 (PV/AV) 25.3avgVSI   
  (3.2) 
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Figure 3.12 VSI versus PV/AV for CR mixtures 

 

The VSI results indicate that a change in PV/AV has a significant influence on the 

stability of the mixtures. As the PV/AV increases, the VSI increases (less stability). 

Because of this, a maximum PV/AV value must be identified to ensure stability.  

3.4.3 Determining Range of PV/AV for Adequate Flowability and Stability 

Based on the stability and slump flow results a maximum and minimum PV/AV limit 

can be estimated for each aggregate type and FA/CA. These limits can be used to 

determine the  range of PV/AV values needed to proportion mixtures with adequate 

stability (VSI of 1 or less) and flowability (slump flow of 22 inches (560 mm) or 

greater). The minimum (controlled by flowability) and maximum (controlled by 

stability) PV/AV values determined in this research are shown in Table 3.6. Note that 
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as the AV content decreases the range of PV/AV values to achieve sufficient slump 

flow and VSI increases. Therefore, by decreasing the AV content the cement content 

can be decreased, more robust mixtures can be created, and a wider range of 

acceptable PV/AV values can be used.  

 

 

Table 3.6 Minimum and maximum PV/AV limits based on stability and flowability 

requirements 

      

Slump 

Flow 

Limit 

VSI 

Limit 
Range 

Mixtures FA/CA 

AV 

content 

(%) 

Min. 

PV/AV 

Max. 

PV/AV 

Difference 

Between Max. 

and Min. 

CR 

Mixtures 

1.13 32.3 1.16 1.21 0.05 

1.26 31.8 1.16 1.25 0.09 

1.38 29.7 1.23 1.35 0.12 

RO 

Mixtures 

1.00 29.5 1.16 1.31 0.15 

1.10 30.0 1.20 1.34 0.14 

1.20 30.3 1.23 1.32 0.09 

 

 

The RO mixtures containing a 1.00 FA/CA exhibited the highest range of PV/AV 

values. A visual representation of this is shown in Figure 3.13. Note that the 90th 

percentile confidence intervals, the high probability of acceptable range (HPAR) for 

PV/AV, and the estimated acceptable PV/AV range are shown in the figure. The 

estimated acceptable PV/AV range is based on the average slump flow (controlled by 

minimum PV/AV) and VSI (controlled by maximum PV/AV) values. Based on the 

average slump flow and VSI data shown in Figure 3.13 the acceptable PV/AV range 

can be estimated using the following equations: 
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min, avg

16.9

PV/AV
33.6

SlumpFlow

k



  (3.3) 

max, avg

23.3
PV/AV

18.6

VSI 


  (3.4) 

where k was defined earlier, slump flow must be 22 inches (560 mm) or greater, and 

VSI must be 1 or less. 

The HPAR is based on the 90th percentile confidence intervals. Proportioning a 

mixture using a PV/AV value within the HPAR has a higher probability of exhibiting 

adequate flowability and stability. The PV/AV values within the HPAR range for 90th 

percentile confidence intervals is shown in Figure 3.13 and can be determined using 

the following equations: 

max, 90%

18.9

PV/AV
33.6

SlumpFlow

k



  (3.5) 

min, 90%

22.7
PV/AV

18.6

VSI 


  (3.6) 

where k was defined earlier, slump flow must be 22 inches (560 mm) or greater, and 

VSI must be 1 or less. 
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Figure 3.13 Extrapolated slump flow and VSI versus PV/AV for RO mixtures 

containing a 1.00 FA/CA 

 

 

3.4.4 Influence of Aggregate Type and Mixture Proportions on Passing Ability 

Along with flowability and stability, FC mixtures must also exhibit adequate passing 

ability to flow around reinforcement and develop a composite system with the 

reinforcement in the concrete. The three tests performed in this research, intended to 

assess the concrete passing ability, are the J-ring, C-bar, and L-box tests. One mix of 

each mixture was assessed for passing ability.  

As with the other results presented in this report, the J-ring passing ability results were 

assessed as a function of the paste volume, FA/CA, and PV/AV. The J-ring test results 

showed no general trend or sensitivity to the influence of any of these mixture 

proportions. Because of this, results will not be shown here. The reason for the 
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insensitivity of the test is unknown as increasing the paste volume or PV/AV should 

increase passing ability. Increasing the paste decreases the aggregate fraction and 

increases the separation and lubrication between the aggregate which should increase 

passing ability. Also, an increase in the FA/CA should increase passing ability 

(assuming sufficient flow characteristics) because the amount of larger aggregate 

passing through the J-ring reinforcement would decrease. Even so, all mixtures passed 

the J-ring test except for select mixtures that contained low paste volumes and 

exhibited low slump flow. These mixtures exhibited J-ring passing ability results 

slightly above the 2-inch (50 mm) limit. The lack of an observed trend may be due to 

the relatively small MSA (3/8-inch (9.5 mm)). The J-ring reinforcement clear spacing 

was 1.73 inches (44 mm) and the MSA may have been sufficiently small to pass 

through the J-ring without blocking. Additional studies with larger MSA could 

provide more information on the influence of paste volume, FA/CA, and PV/AV on 

passing ability. 

The C-bar results were also assessed versus paste volume, FA/CA, and PV/AV. The 

C-bar results indicated that the test was not sensitive to paste volume, FA/CA, or 

PV/AV and because of this, these results will not be presented here. All mixtures 

exhibited adequate C-bar passing ability ratios. Similar to the J-ring testing, these 

results may be due to the mixtures containing a 3/8-inch (9.5 mm) MSA. Further 

research is necessary to assess the C-bar requirements and limits.  

The influence of paste volume, FA/CA, and PV/AV on the L-box passing ability ratio 

is also assessed. The L-box passing ability ratio as a function of the FA/CA showed no 
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general trends or sensitivity. These results are similar to the J-ring and C-bar test 

results. Unlike the J-ring and C-bar the L-box passing ability ratio was sensitive to 

PV/AV. The L-box passing ability ratio values are plotted versus the PV/AV for the 

CR and RO mixtures in Figure 3.14. Note that a best fit line is shown with a positive 

slope, increasing as the PV/AV increases. Therefore, in general, the L-box passing 

ability ratio increases as the PV/AV increases. The influence of paste volume on L-

box passing ability exhibited a similar trend but is not shown here. The highest L-box 

passing ability ratio for the CR mixtures was 0.88 and the highest L-box passing 

ability ratio for the RO mixtures was 0.94. Because higher paste volumes are required 

to achieve adequate L-box passing ability, the 0.8 passing ability ratio may not be an 

adequate test requirement for FC mixtures. Further research to assess the passing 

ability ratio requirements is needed.  



76 

 

 

0

0.2

0.4

0.6

0.8

1

1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5

CR FA/CA = 1.13
CR FA/CA = 1.26
CR FA/CA = 1.38
RO FA/CA = 1.00
RO FA/CA = 1.10
RO FA/CA = 1.20
Best Fit Line

L
-b

o
x
 P

as
si

n
g

 A
b
il

it
y
 R

at
io

PV/AV

Passing

Not Passing (< 0.8)

 
Figure 3.14 L-box passing ability ratio versus PV/AV for all mixtures 

 

 CONCLUSIONS 

The research investigated the influence of CA type and mixture proportions on 

flowability, stability, and passing ability. Based on the results, the PV/AV and CA 

type (IAPST) have significant influence on slump flow. The FA/CA influences the 

overall aggregate surface area and the AV content and both influence slump flow. 

Increasing the paste volume and PV/AV can increase slump flow. Concrete mixtures 

containing a lower AV content can exhibit higher slump flow values than concrete 

mixtures with higher AV contents containing the same paste volume. The CA that 

exhibited a lower IAPST value exhibited a lower AV content at a lower FA/CA value. 

Therefore, CA with a lower IAPST can be used to decrease the paste volume and 
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FA/CA requirements to achieve a given slump flow. However, a CA with a high 

IAPST can also be used for FC mixtures, but will require more paste.  

The FA/CA and PV/AV significantly influence stability. However, increasing the 

PV/AV generally decreases the stability of concrete mixtures. Increasing the FA/CA 

can increase stability. The results indicate that the CA IAPST does not significantly 

influence stability for the mixtures assessed in this research.  

The L-box results indicate that PV/AV is an influencing factor for passing ability. The 

L-box results indicate that increasing the PV/AV generally increases passing ability. 

The L-box results also indicate no clear trend on the influence of FA/CA and CA 

IAPST on passing ability. The observed influence of CA IAPST and mixture 

proportions on J-ring and C-bar passing ability results is unclear. This could be a result 

of the smaller MSA used in the research. Even so, both methods are reasonable 

approaches to assessing passing ability. However, further testing is needed. 
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Chapter 4 SUMMARY 

There is a demand for FC mixtures because certain RC structures require highly 

workable concrete mixtures. One example, CIDH piles, are often inaccessible to 

internal vibration and are often densely reinforced. To minimize or eliminate the 

potential for voids in these RC structures, the FC mixtures must exhibit adequate 

workability (i.e. flowability, stability, and passing ability). Understanding the 

influence of constituent material characteristics and mixture proportions on FC 

workability is useful for proportioning FC mixtures with adequate flowability, 

stability, and passing ability for CIDH pile applications. Information from this 

research can help prevent or minimize the potential for costly repairs or replacements 

that are required when large voids are present. 

This research presented a new method for proportioning FC mixtures in Chapter 2. 

This method involved nine steps. The objectives of steps one through five are to 

determine the appropriate aggregate mixture proportions that can result in a workable 

FC mixture. Steps six through nine are used to determine the percent paste volume, 

water weight, cementitious material weight, FA weight, CA weights, and check 

calculations for trial mixtures. The objective of mixing trial mixtures is to identify the 

amount of paste necessary to achieve a mixture with high flow, adequate stability, and 

adequate passing ability. This research presented the flowability, stability, and passing 

ability results of six trial mixtures with different paste volumes. 

Mixtures with adequate flowability, stability, and passing ability were proportioned 

using the mixture proportioning method presented in Chapter 2. The CA IAPST and 
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modified ASTM C29 tests provide valuable information with regards to the FA/CAopt, 

AVopt, and required paste to achieve adequate flowability. This mixture proportioning 

method can provide a complementary or alternative method to the ACI 211.6T-14 

method for proportioning FC mixtures. 

Chapter 3 assessed the influence of CA type and mixture proportions (paste volume, 

FA/CA, and PV/AV) on FC workability. This study assessed the flowability, stability, 

and passing ability results of 18 mixtures. Two CA types, three paste contents, and 

three FA/CAs were assessed.  

Based on the Chapter 3 results, the PV/AV and CA type (IAPST) have significant 

influence on slump flow. Increasing the paste volume and PV/AV can increase slump 

flow. The FA/CA influences the overall aggregate surface area and the AV content 

and both the surface area and AV content influence slump flow. Using CA with a 

lower IAPST value can decrease the AV content, paste volume, and FA/CA required 

to achieve a given slump flow. However, CA with a high IAPST can also be used for 

FC mixtures.  

The FA/CA and PV/AV significantly influence stability. Increasing the PV/AV 

generally decreases the stability of concrete mixtures. Increasing the FA/CA can 

increase stability.  

The L-box results indicate that paste volume and PV/AV are influencing factors on 

passing ability. The L-box results indicate that increasing the paste volume and 

PV/AV generally increase passing ability. The L-box results also indicate no clear 

trend on the influence of FA/CA and CA IAPST on passing ability. The observed 
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influence of CA IAPST and mixture proportions on J-ring and C-bar passing ability 

results is unclear. This could be a result of the smaller MSA used in the research. Even 

so, both methods are reasonable approaches to assessing passing ability. However, 

further testing is needed. 
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APPENDIX A SUMMARY OF ASTM D3398, STANDARD METHOD FOR  

INDEX OF AGGREGATE PARTICLE SHAPE AND TEXTURE 

The index of aggregate particle shape and texture (IAPST) test provides an index 

value as a quantitative measure of the aggregate shape and texture. This method also 

provides information about the compactability of aggregates.  

A.1 APPARATUS 

To perform this test cylindrical molds, tamping rods, and a scale are required. 

Cylindrical molds with the dimensions shown in Table A.1 are required and these 

molds are available in the OSU labs. Note that Table A.1 also shows the aggregate 

sieve size fractions that are associated with different mold sizes. Tamping rods 

enclosed in a loose fitting sleeve, as shown in Figure A.1, are required. The required 

dimensions and mass of the tamping rods is shown in Table A.2. A balance with a 

minimum capacity of 33 pounds (15 kg) is also required for this test. 
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Table A.1 Dimentions of cylindrical molds (ASTM D3398) 

Mold 

Designation 

Inside 

Diameter, in. 

(mm) 

Inside Height, 

in (mm) 

Min. Thickness 

of Metal, in. 

(mm) 

Sieve Size Fractions for Testing 

Aggregate 

Bottom Wall 
Passing, in. 

(mm) 

Retained, in. 

(mm) 

A 
8.00 +/- 0.01 

(203.2 +/- 0.2) 

9.33 +/- 0.01 

(237.0 +/- 0.2) 

0.24 

(6.1) 

0.24 

(6.1) 
1.5 (38.1) 1 (25.4) 

B 
6.00 +/- 0.01 

(152.4 +/- 0.2) 

7.00 +/- 0.01 

(177.8 +/- 0.2) 

0.24 

(6.1) 

0.24 

(6.1) 

1 (25.4) 3/4 (19.0) 

3/4 (19.0) 1/2 (12.7) 

C 
4.00 +/- 0.01 

(101.6 +/- 0.2) 

4.60 +/- 0.01 

(118.5 +/- 0.2) 

0.20 

(5.1) 

0.20 

(5.1) 

1/2 (12.7) 3/8 (9.5) 

3/8 (9.5) No. 4 (4.75) 

D 
3.00 +/- 0.01 

(76.2 +/- 0.2) 

3.50 +/- 0.01 

(88.9 +/- 0.2) 

0.16 

(4.1) 

0.16 

(4.1) 

No. 4 (4.75) No. 8 (2.36) 

No. 8 (2.36) No. 16 (1.18) 

No. 16 (1.18) No. 30 (0.60) 

E 
2.00 +/- 0.01 

(50.8 +/- 0.2) 

2.33 +/- 0.01 

(59.3 +/- 0.2) 

0.15 

(3.8) 

0.15 

(3.8) 

No. 30 (0.60) No. 50 (0.30) 

No. 50 (0.30) 
No. 100 

(0.15) 

No. 100 (0.15) 
No. 200 

(0.07) 
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Figure A.1 Tamping rod and sleeve (ASTM D3398) 

Table A.2 Dimensions and mass of tamping rods (ASTM D3398) 

Rod 

Designation 

Diameter, in. 

(mm) 

Length, in. 

(mm) 
Mass, g 

A 
0.83 +/- 0.01 

(21.1 +/- 0.2) 

32.0 +/- 0.01 

(814.0 +/- 0.2) 
2204 +/- 10 

B 
0.63 +/- 0.01 

(15.9 +/- 0.2) 

24.0 +/- 0.01 

(610.0 +/- 0.2) 
930 +/- 10 

C  
0.42 +/- 0.01 

(10.6 +/- 0.2) 

16.0 +/- 0.01 

(406.9 +/- 0.2) 
276 +/- 3 

D 
0.31 +/- 0.01 

(7.9 +/- 0.2) 

12.0 +/- 0.01 

(306.0 +/- 0.2) 
116 +/- 1 

E 
0.21 +/- 0.01 

(5.3 +/- 0.2) 

7.9 +/- 0.01 

(201.7 +/- 0.2) 
34 +/- 0.5 

 

 

A.2 AGGREGATE SAMPLE AND PREPERATION 

The aggregate to be tested must be sampled in accordance with ASTM D75 and 

D3665 practices. The sample must yield at least the mass required for the molds being 
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used (see Table A.3). The molds used are dependent on the gradation of aggregate 

being tested. Sieve the aggregate in accordance with ASTM C136. For an aggregate 

size fraction to be tested for IAPST, at least 10% of the total weight percent must be 

retained on that sieve (shown in Table A.1). If less than 10% of the total weight 

percent is retained on a sieve then that aggregate size fraction is not tested for IAPST. 

The aggregate should be sieved until adequate amounts of aggregate masses are sieved 

in to each size fraction for testing. The mass of aggregate required for each mold is 

shown in Table A.3. The bulk-dry specific gravity (SGCA) must then be determined 

using ASTM C127 or C128 (whichever is applicable). The bulk-dry specific gravity is 

used later in calculations. 

 

Table A.3 Aggregate specimen sizes for test using various molds (ASTM D3398) 

Mold 

Designation 

Aggregate Specimen Size, lb 

(kg) 

A 30 (13.6) 

B 13 (5.9) 

C 4 (1.8) 

D 2 (0.9) 

E 0.6 (0.3) 

 

A.3 DETERMINING VOIDS 

The aggregate void contents are determined by performing a test similar to the dry-

rodded unit weight test (ASTM C29). However, the tamping rod (shown in Figure 

A.1) is different and the number of rod drops is different. The aggregate void contents 

are determined at two different levels of compaction. First a cylindrical mold is placed 
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on a solid foundation. The mold is then filled one-third of the way full. This layer is 

compacted using 10 evenly distributed drops of the tamping rod. Then the mold is 

filled two-thirds of the way full and compacted with 10 evenly distributed drops of the 

tamping rod. The remaining empty space of the mold is then filled and compacted 

with 10 evenly distributed drops of the tamping rod. After the final layer has been 

compacted, aggregate is added to the mold to make the surface of the aggregate even 

with the rim of the mold. The mass of the aggregate in the mold is then determined to 

an accuracy of at least 0.01 pounds (four grams). This procedure is then repeated and 

an average of the two determined aggregate masses is used to determine the void 

content at 10 drops of the tamping rod per layer.  

The same test procedure is performed twice for aggregate compacted at 50 drops of 

the tamping rod per layer. The average mass of aggregate compacted at 50 drops per 

layer is used to determine the voids in the aggregate at this compaction level. 

The percentage of voids is determined for each size fraction at 10 and 50 drops per 

layer. The following equations can be used to determine the percent void content at 10 

and 50 drops per layer, respectively:  

10
10 1 100

( ) ( )CA

M
V

SG v

  
    

  
 (A.1) 

50
50 1 100

( ) ( )CA

M
V

SG v

  
    

  
  (A.2) 

where V10 is the void content in the aggregate compacted at 10 drops per layer (%), V50 

is the void content in the aggregate compacted at 50 drops per layer (%), M10 is the 
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average mass of the aggregate compacted at 10 drops per layer (lbs or grams), M50 is 

the average mass of the aggregate compacted at 50 drops per layer (lbs or grams), 

SGCA is the bulk-dry specific gravity of the aggregate sieve size fraction, v is the 

volume of the mold (ft3 or mL).  

A.4 PATICLE INDEX 

The particle index (not IAPST) is determined for each sieve size fraction using the 

following equation:  

10 501.25 ( ) 0.25 ( ) 32.0aI V V       (A.3) 

Calculate the IAPST by taking a weighted average of the Ia for each sieve size 

fraction. The weighted average is based on the percent of aggregate mass on each size 

fraction from the original gradation. If a sieve size fraction is represented by less than 

10% of the grading (void test not performed), then use the average Ia of the next 

coarser and finer sieve size fractions. If information is only available for one of the 

coarser or finer sieve size fractions, then use the particle index for the coarser or finer 

sieve size fraction (whichever Ia is available). 

 


