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Abstract 

 

Development of reference materials for cement paste and mortar: 

Calibration of rheological measurements 

 

Alex Olivas, M.S.Arch.E. 

The University of Texas at Austin, 2016 

 

Supervisor:  Howard M. Liljestrand 

Co-Supervisor:  Raissa P. Ferron 

 

This thesis presents the results of five interrelated projects conducted to advance 

the progress of studies in concrete workability. Specifically, work conducted towards the 

development and certification of Standard Reference Materials (SRMs) for cement paste 

and mortar rheometers are presented in this work. Other SRMs developed at NIST have 

served a multitude of services, but these SRMs target the concrete industry by providing a 

way for commercially available rheometers to be calibrated economically and with good 

accuracy. However, problems regarding reproducibility of the paste SRM, microbial 

contamination of the paste SRM, and accuracy of measurement have limited the 

development of the concrete SRM. Thus, this thesis includes studies that were conducted 

to address these issues. In Project 1, the SRM preparation method was modified to improve 

reproducibility. The major outcome of this project was the development and re-certification 

of a standard reference material for cement paste. This recertification includes new 

rheological characteristics and statistical analyses. The goal of Project 2 was to extend the 
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shelf life of the SRM since it was discovered that after 10 days the rheological properties 

of the SRM was not stable It was found that use of biocides, such as sodium propionate, 

extends the stability of the SRM. In Project 3, the development and certification of a SRM 

for mortar is provided with rheological properties and statistical analyses. Description of a 

model that was developed to predict the behavior of the SRM is also provided. In Project 

4, a literature review regarding why industrial rheometers experience slippage issues was 

conducted. Key findings were that slippage issues depends on the rheometry choice and 

boundary conditions (free surfaces). Project 5 presents the results of a critical analysis 

conducted to evaluate the effect of rheometry systems for calibrating mortar-type 

rheometers. Rheological behaviors of two SRMs were measured experimentally and the 

results were compared to a computer simulation models. Discussion on the best rheometry 

system to avoid slippage is provided in that project. Overall, the outcomes of the work 

conducted in fulfillment of this thesis serve as the initial steps towards developing a 

reference material for concrete rheometers. 

 

Keywords: Rheology, Reference Materials, Biocide, Microorganisms, Microbes, 

Slippage, Rheometry, Calibration, Flow Curves, Viscosity, Bingham, Mortar, Suspensions  

 

 



 viii 

Table of Contents 

List of Tables ....................................................................................................... xiv 

List of Figures ..................................................................................................... xvii 

List of Illustrations ............................................................................................. xxiv 

CHAPTER 1: INTRODUCTION ...................................................................................1 

CHAPTER 2: BACKGROUND .....................................................................................4 

2.1 Rheology ............................................................................................................4 

2.2 Rheology of Concrete ........................................................................................6 

2.3 Standard Reference Materials (SRM) ................................................................8 

CHAPTER 3: BINGHAM PASTE REFERENCE MATERIAL, SRM2492 ....................10 

3.1 Overview ..........................................................................................................12 

3.2 Introduction ......................................................................................................13 

3.3 Description of Rheological Measurements ......................................................15 

3.4 Rheological parameters ....................................................................................17 

3.5 Measurements and interpretation .....................................................................19 

3.5.1 Experimental set-up .............................................................................19 

3.5.2 Calculation of the rheological parameters from the measurements .....22 

3.5.3 Calibration with oil ..............................................................................23 

3.6 Materials ..........................................................................................................24 

3.6.1 Characteristics of the Limestone and Corn Syrup ...............................24 

3.6.2 Packaging .............................................................................................28 

3.6.3 New preparation method of the SRM ..................................................28 

3.6.4 Quality control of the corn syrup solution ...........................................30 



 ix 

3.7 Experimental Design ........................................................................................32 

3.8 Viscosity Curves ..............................................................................................35 

3.9 Statistical Analysis ...........................................................................................39 

3.9.1 Re-analysis of Rheological Quantities for SRM2492 ..........................39 

3.9.2 Statistical Analysis of Viscosity curves ...............................................45 

3.9.2.1 Viscosity versus shear rate .......................................................45 

3.9.2.2 Bingham Parameters ................................................................50 

3.10 Summary ........................................................................................................52 

CHAPTER 4: SHELF-LIFE EXTENSION OF SRM2492 .............................................54 

4.1 Overview ..........................................................................................................55 

4.2 Introduction ......................................................................................................55 

4.3 Background ......................................................................................................57 

4.4 Materials ..........................................................................................................62 

4.4.1 SRM2492 .............................................................................................62 

4.4.2 Biocides used .......................................................................................62 

4.4.2.1 Grapefruit Seed Extract............................................................63 

4.4.2.2 Sodium Propionate ...................................................................64 

4.4.2.3 Honey-B-Healthy .....................................................................65 

4.4.2.4 Sodium Azide (NaN3) ..............................................................66 

4.4.2.5 Cinnamaldehyde (C9H8O) ........................................................66 

4.4.2.6 Silver Nanoparticle Suspension ...............................................67 

4.5 Experimental Procedure ...................................................................................67 

4.5.1 Sterilization Approaches ......................................................................67 

4.5.1.1 Heat Sterilization .....................................................................67 

4.5.1.2 Chemical Sterilization ..............................................................68 

4.5.2 Measurement Devices ..........................................................................69 

4.5.2.1 Rheometer ................................................................................69 

4.5.2.2 Vibrational viscometer .............................................................70 



 x 

4.5.3 Moisture content analysis ....................................................................70 

4.6 Results and discussion .....................................................................................71 

4.6.1 Heat treatment sterilization ..................................................................71 

4.6.2 Analysis of Biocides ............................................................................72 

4.6.3 Biocide Rheological Effects ................................................................74 

4.6.3.1 Impact of immediate introduction of biocide with the mixing water

.....................................................................................................74 

4.6.3.2 Impact of delayed addition of biocides ....................................76 

4.6.3.3 Alternate Biocides ....................................................................79 

4.6.4 Biocide Optimization ...........................................................................84 

4.6.5 Effect of moisture content on SRM2492 shelf-life ..............................88 

4.6.5.1 Moisture Content of SRM2492 ................................................89 

4.6.5.2 Storage Container Analysis......................................................92 

4.6.5.2.1 Container and sealant types .........................................92 

4.6.5.2.2 Performance of sealing systems ...................................95 

4.6.5.3 Summary of storage container analysis .................................100 

4.7 Recommended standard practice for storage of SRM2492 ...........................100 

4.8 Conclusion .....................................................................................................102 

4.8.1 Proposed solution to increase shelf-life .............................................102 

CHAPTER 5: MORTAR REFERENCE MATERIAL, SRM2493 ...............................103 

5.1 Overview ........................................................................................................104 

5.2 Introduction ....................................................................................................105 

5.3 Materials .....................................................................................................107 

5.3.1 Limestone and Corn Syrup ................................................................107 

5.3.2 Glass Beads ........................................................................................107 

5.3.2.1 Sample selection and analysis schedule .................................108 

5.3.2.2 Specimen set-up .....................................................................109 

5.3.2.3 Light microscope ...................................................................110 



 xi 

5.3.2.4 X-ray Computed Tomography and Spherical Harmonic Analysis

...................................................................................................113 

5.3.2.5 Bead analysis results ..............................................................115 

5.3.2.6 Pseudo-random number generator .........................................120 

5.3.3 Mixing and composition ....................................................................120 

5.3.4 Packaging ...........................................................................................121 

5.4 Modeling Approach .......................................................................................122 

5.5 Rheological measurements .........................................................................126 

5.5.1 Geometries .........................................................................................126 

5.5.2 Experimental Design ..........................................................................128 

5.5.3 Rheometer data calibration ................................................................131 

5.5.4 Experimental Results .........................................................................134 

5.5.4.1 Bingham Parameters ..............................................................138 

5.6 Comparison between model and experimental ...........................................140 

5.6.1 Experimental viscosity curves ...........................................................140 

5.6.2 Modeled viscosity curves ...................................................................142 

5.7 Statistical analysis ..........................................................................................145 

5.7.1 Flow curves ........................................................................................145 

5.7.2 Bingham parameters ..........................................................................152 

5.7.3 OpenBUGS code ................................................................................156 

5.8 Summary ........................................................................................................158 

CHAPTER 6: RHEOLOGICAL MEASUREMENTS OF SUSPENSIONS WITHOUT SLIPPAGE: 

EXPERIMENTAL AND MODEL ......................................................................159 

6.1 Overview ........................................................................................................160 

6.2 Introduction ....................................................................................................161 

6.3 Materials & Procedures ..................................................................................163 

6.3.1 Materials ............................................................................................163 

6.3.2 Rheological Measurements ................................................................164 



 xii 

6.4 Modeling Approach .......................................................................................166 

6.4.1 Experimental results...........................................................................166 

6.4.2 Model results ......................................................................................170 

6.4.3 Confined rheological measurements ..................................................172 

6.4.4 Literature review ................................................................................176 

6.5 Summary ........................................................................................................180 

6.5.1 Recommended Tools .........................................................................180 

6.5.2 Influence of the spiral manufacturing ................................................181 

6.6 Conclusion .....................................................................................................187 

CHAPTER 7: CALIBRATION OF RHEOMETERS FOR CEMENTITIOUS MATERIALS188 

7.1 Primary Discussion ........................................................................................189 

CHAPTER 8: CONCLUSION AND FUTURE RECOMMENDATIONS ..........................191 

Appendices ...........................................................................................................195 

Appendices for Chapter 3: Bingham Paste Reference Material .................196 

Appendix A: Statistical analysis for re-certification Bingham calculations

...................................................................................................196 

Appendix B: Data for re-certification calculations ............................196 

Appendix C: Viscosity Curve Data ....................................................196 

Appendix D: Viscosity Curve Certified and Reference Values .........196 

Appendices for Chapter 5: Mortar Reference Material, SRM2493 ............197 

Appendix A: Original data measured from rheometer ......................197 

Appendix B: Data for calibration .......................................................197 

Appendix C: Calibrated data for Bingham & Viscosity curves .........197 

References ............................................................................................................198 

Chapter 1 and Chapter 2 References:..........................................................198 

Chapter 3 References: .................................................................................199 

Chapter 4 References: .................................................................................201 

Chapter 5 References: .................................................................................203 



 xiii 

Chapter 6 References: .................................................................................206 

Vita 209 



 xiv 

List of Tables 

Table 2.1: Composition of SRM2492 unit……………………………….………. 9 

Table 2.2: Composition of SRM2493 unit……. ......................................................9 

Table 3.1: Measured (a) and average (b) data for PSD of limestone. ....................26 

Table 3.2: Viscosity measurements of corn syrup solution with vibrational 

viscometer, and the corresponding temperature. ..............................31 

Table 3.3: Randomized order of testing for 12 selected units (boxes) ..................33 

Table 3.4: SRM testing schedule.. .........................................................................34 

Table 3.5: Yield Stress and Plastic Viscosity from linear shear rate scale………45 

Table 3.6: Yield Stress and Plastic Viscosity Values from log shear rate scale. ...52 

Table 4.1: Biocides selected for analysis ...............................................................63 

Table 4.2: NFPA ratings for the main components of HBH. .................................65 

Table 4.3: Stable viscosity values determined using a vibrational viscometer. .....73 

Table 4.4: Nomenclature for biocide series results. ...............................................84 

Table 4.5: Listing of all components analyzed for most effective                            

container sealing system. ..................................................................93 

Table 4.6: Moisture Vapor Transmission Ratings (MVTR) of common polymers. 

MVTR values are in g-mil/100in. 2/24hr. [20] .................................94 

Table 5.1: Randomly selected bottle for bead analysis........................................108 

Table 5.2: Schedule for bead analysis..................................................................109 

Table 5.3: Table 3: Grid boxes randomly selected for analysis.. .........................113 

Table 5.4: Total and deformed bead count for both analysis methods. ...............117 

Table 5.5: Deformed bead % in either category of distorted or double spheres.. 118 

Table 5.6: Simulation data portrayed (as x’s and o’s) in Figure 5.2. ...................124 



 xv 

Table 5.7: Scale factors for rescaling SRM 2492 paste data to predict mortar viscosity 

for volume fractions 20 % and 40 %. .............................................125 

Table 5.8: Testing schedule complemented by the key on the right side. ...........130 

Table 5.9: Scaling factors calculated for each geometry tested in this study. .....139 

Table 5.10: Viscosity and yield stress at 0%, 20% and 40% bead concentrations for 

all three geometries observed in this study. ....................................139 

Table 5.11: Double Spiral with 0 % beads ..........................................................146 

Table 5.12: Double Spiral 20 % beads.................................................................147 

Table 5.13: Double Spiral 40 % beads.................................................................147 

Table 5.14: Blade Vane 0 % beads ......................................................................148 

Table 5.15:  Blade Vane 20 % beads ...................................................................149 

Table 5.16: Blade Vane 40 % beads ....................................................................149 

Table 5.17: Serrated Coaxial Cylinder 0 % beads ...............................................150 

Table 5.18: Serrated Coaxial Cylinder 20 % beads .............................................151 

Table 5.19: Serrated Coaxial Cylinder 40 % beads .............................................151 

Table 5.20: Double Spiral: Posterior means, standard deviations and 95 % uncertainty 

bounds for α (yield stress) ...............................................................154 

Table 5.21: Blade Vane: Posterior means, standard deviations and 95 % uncertainty 

bounds for α (yield stress) ...............................................................155 

Table 5.22: Serrated Coaxial Cylinder: Posterior means, standard deviations and 95 % 

uncertainty bounds for α (yield stress) ............................................155 

Table 5.23: Double Spiral: posterior means, standard deviations and 95 % uncertainty 

bounds for β (plastic viscosity) .......................................................155 

Table 5.24: Blade Vane: posterior means, standard deviations and 95 % uncertainty 

bounds for β (plastic viscosity) .......................................................156 



 xvi 

Table 5.25: Serrated Coaxial Cylinder: posterior means, standard deviations and 95% 

uncertainty bounds for β (plastic viscosity) ....................................156 

Table 6.3: Comparison of Normal vs Confined system results for relative viscosity, 

µR. The ∆µR values represent the magnification in relative viscosity 

measurement caused by confining the rheological system. ............175 

Table 6.4: Relative viscosities from the literature for mixtures similar to our spherical 

40% mortar, and the various particle sizes analyzed in those studies are 

also displayed. .................................................................................178 

Table 6.5: Summary of Double Spiral Tools Varying in Manufacture Characteristics.

.........................................................................................................182 

Table 7.1: Ratio of the viscosity at 40 % and at 0 % beads concentration, at the 

rotational speed of 100 rpm [10.47 rad/s]. ......................................190 

 



 xvii 

List of Figures 

Figure 3.1: Bingham model calculation of the plastic viscosity and yield stress. .19 

Figure 3.2: Parallel Plate Rheometer: a) actual serrated plates used; (b) schematic of 

system showing top plate is subjected to torque; (c) details about 

serrations of the plates;  (d) evaporation trap for sample..................21 

Figure 3.3: Particle size distribution of the 12 limestone containers. ....................27 

Figure 3.4: Density of the 12 limestone containers, measured with helium 

pycnometer. .......................................................................................27 

Figure 3.5: Represents one sample of the mixes using both equal log- and linear-scale 

measurement intervals. .....................................................................37 

Figure 3.6: Viscosity curves for five samples of SRM2492 at age = 1 day. .........38 

Figure 3.7: Viscosity curves for five samples of SRM2492 at age = 3 days. ........38 

Figure 3.8: Viscosity curves for five samples of SRM2492 at age = 7 days. ........39 

Figure 3.9: Average viscosity curves for each day from the statistical analysis. ..50 

Figure 4.1: SRM2492 rheological properties show stability until they exceed age = 10 

days, the samples shown were stored at [A] 6ºC and [B] 23ºC. .......58 

Figure 4.2: Two-year old SRM stored in a closed container in the laboratory ......59 

Figure 4.3: Corn syrup + water solution signs of microbial growth after 12 d. ....60 

Figure 4.4: Microbial growth appears in top layer of SRM paste at 9 weeks........60 

Figure 4.5: Accelerated microbial growth environments analyzing a (left) normal 

SRM sample and (right) a sterilized SRM sample. ...........................60 

Figure 4.6: Comparison at 9 weeks of sterilized sample (S-S) on the right vs. normal 

sample (N-S) on left. N-S sample shows evidence of microbial activity 

on its surface. ....................................................................................71 



 xviii 

Figure 4.7: Viscosity behavior over time after mixing the biocide emulsions portray 

threshold value of 15 min prior to viscous stability. .........................73 

Figure 4.8: Effect of biocides on temporal evolution of viscosity when biocide is 

added into freshly mixed SRM 2492.. ..............................................75 

Figure 4.9: Effect of biocide on temporal evolution of yield stress when biocide is 

added into freshly mixed SRM 2492 (denoted as “control”).. ..........76 

Figure 4.10: Effect of sodium propionate (SP) addition on viscosity (Visc) and yield 

stress (YS) of SRM 2492. Orange vertical line represents time of biocide 

addition at age = 21 days. .................................................................78 

Figure 4.11: Effect of grapefruit seed extract (GSE) addition on viscosity (Visc.) and 

yield stress (YS) of SRM 2492. Orange vertical line represents time of 

biocide addition at age = 35 days. .....................................................78 

Figure 4.12: Effect of Honey-B-Healthy (HBH) addition on on viscosity (Visc) and 

yield stress (YS) of SRM 2492. Orange vertical line represents time of 

biocide addition at age = 42 days. .....................................................79 

Figure 4.13: Addition of SNS to SRM2492 slightly increases viscosity but Bingham 

behavior remains similar to control sample. .....................................80 

Figure 4.14: (Left) SRM2492 paste with SNS at 5 weeks. (Right) Accelerated growth 

showed signs of microorganisms at 2 weeks. ...................................81 

Figure 4.15: Use of Sodium Azide (SA) on SRM2492 does not alter the rheological 

properties significantly. The 4th day values are extremely low due to 

higher temperatures during weekend.. ..............................................82 

Figure 4.16: (Left) SRM2492 paste with SA at 9 weeks. (Right) Accelerated growth 

lacked signs of microbes at 11 weeks. ..............................................82 



 xix 

Figure 4.17: Cinnamaldehyde (CN) maintains SRM viscosity stable over few days, 

but has slight increase in yield stress.. ..............................................83 

Figure 4.18: (Left) SRM2492 paste with CN at 5 weeks. (Right) Accelerated growth 

lacked signs of microbes at 8 weeks. ................................................83 

Figure 4.19: Effect of CN on viscosity of SRM2492 decreases after 2 months.. ..85 

Figure 4.20: Effects of different dosages of Honey-B-Healthy (HBH) on                     

viscosity of SRM2492.......................................................................87 

Figure 4.21: Effects on viscosity of SRM2492 by different dosages of                       

sodium propionate (SP).....................................................................88 

Figure 4.22: Composition of SRM2492 shown in (left) its entirety and (right) with 

only the liquid components. ..............................................................89 

Figure 4.23: Moisture content available in SRM2492 samples of different ages, 

observed via continuous oven-drying at 40 ºC. ................................91 

Figure 4.24: Moisture content available in SRM2492 samples of different ages, 

observed via continuous oven-drying at 100 ºC. ..............................91 

Figure 4.25: Moisture content observed for liquid composition (diluted corn syrup 

only) of SRM2492 at oven-drying conditions of 40 ºC and 100 ºC..92 

Figure 4.26: Mass losses of SRM2492 samples recorded over time to show water 

content evaporated when stored increases with time. .......................96 

Figure 4.27: Moisture loss when storing SRM2492 reduced significantly by 

application of lined lid. .....................................................................97 

Figure 4.28: Various methods of sealing the containers were analyzed using surround 

wrap, Ziploc bag or a combination. None of which retained moisture 

more effectively than the normal or lined lid. ...................................98 



 xx 

Figure 4.29: Evolution of moisture loss (by % mass) show high losses in the PS 

containers. Color codes shown on legend represent the container and lid 

type for lines portrayed in the figure above. .....................................99 

Figure 5.1: Light microscope with adjustable lighting of the specimen. .............110 

Figure 5.2: Grid system placed under specimen allows easy selection of analysis 

areas. The grid system creates (row, col) coordinates for random 

selection analysis. ...........................................................................112 

Figure 5.3: Sample of snap shot image captured with the light microscope, beads 

shown are about 1mm diameter. .....................................................112 

Figure 5.4: Skyscan 1172 (left) and Re-construction monitors (right). ...............114 

Figure 5.5: Deformed bead percentage comparison of two analysis methods. ...119 

Figure 5.6: Total deformed beads from the two analysis methods. .....................119 

Figure 5.7: Simulation model data and predicted data from scaling parameters are 

compared to experimental data results. ...........................................126 

Figure 5.9: Schematic for the calibration of rheometer data from raw torque and 

rotational speed to fundamental rheological variables, viscosity and 

shear rate.. .......................................................................................133 

Figure 5.10: Flow curve comparison of the calibrated 0 % flow curves for all three 

geometries. The flow curves are compared to their reference curve 

shown in black, SRM2492 certified values. ...................................136 

Figure 5.11: Calibrated flow curves (0 %, 20 % and 40 % vol.) for Double Spiral 

geometry. ........................................................................................136 

Figure 5.12: Calibrated flow curves (0 %, 20 % and 40 % beads by vol.) for six blade 

vane geometry .................................................................................137 



 xxi 

Figure 5.13: Calibrated flow curves (0 %, 20 % and 40 % beads by vol.) for serrated 

coaxial cylinder geometry. ..............................................................137 

Figure 5.14: Viscosity curve at concentrations of 20% and 40% by volume of glass 

beads.. .............................................................................................141 

Figure 5.15: Displays the highlighted area from Figure 14 to clearly show the relative 

viscosity (µR) for each rheometry and mortar composition (20% or 

40%) in comparison to the SRM2492 baseline...............................141 

Figure 5.16: Comparison of modeled vs experimental viscosity curves for a 20% 

composition mortar mixture. Relative viscosity is shown in plot to 

portray the magnitude difference with respect to the baseline (SRM2492 

data).................................................................................................143 

Figure 5.17: Comparison of modeled vs experimental result flow curves for a 40% 

composition mortar mixture. Relative viscosity, µR, is shown in plot to 

portray the magnitude difference with respect to the baseline (SRM2492 

data).................................................................................................144 

Figure 5.18: Torque vs. rotational speed for 20 % beads using 6 blade vane. The red 

line is the least squares line fitted to all of the points. ....................152 

Figure 5.19: Fitted line and 95 % uncertainty bounds for 20 % beads using Blade 

Vane with data for mixture 1, whose median is shown by red line 154 

Figure 6.1: Three rheometry types (spindles) used for testing in this study. .......166 

Figure 6.2: Omitted, see Section 6.4 Modeling Approach. 

Figure 6.3: Flow curve comparison of the calibrated 0% flow curves for all three 

rheometries. The flow curves are compared to their reference curve 

shown in black, which were the SRM 2492 certified values. .........167 



 xxii 

Figure 6.4: Viscosity curve at concentrations of 20% and 40% by volume of glass 

beads based on experimental data. ..................................................169 

Figure 6.5: Displays the highlighted area from Figure 4 to clearly show the 

experimental relative viscosity (µR) for each rheometry and mortar 

composition (20% or 40%) in comparison to the SRM2492 baseline.169 

Figure 6.6: Comparison of modeled vs experimental viscosity curves for a 20% 

composition mortar mixture. Relative viscosity is shown in plot to 

portray the magnitude difference with respect to the baseline (SRM2492 

data).................................................................................................171 

Figure 6.7: Comparison of modeled vs experimental result flow curves for a 40% 

composition mortar mixture. Relative viscosity, µR, is shown in plot to 

portray the magnitude difference with respect to the baseline (SRM2492 

data).................................................................................................172 

Figure 6.8: Diagram of confined coaxial rheometer system shown shearing a general 

suspension. The purple bar represents the lid created to "encapsulate" the 

system and eliminate any free surfaces. ..........................................174 

Figure 6.9: Influence of capping the rheometer increases relative viscosity of 

geometry used but not enough to match the 40% model.. ..............175 

Figure 6.10: Influence of capping the rheometer increases relative viscosity and 

exceeds the 20% model. The standard uncertainty for the plastic 

viscosities of SRM paste is 0.74 Pa·s per the SRM2492 certificate of 

analysis. ...........................................................................................176 

Figure 6.11: Various particle sizes found in literature yielded various relative 

viscosities for suspensions similar to this study. ............................179 

Figure 6.12: Double Spiral Tools Utilized ...........................................................183 



 xxiii 

Figure 6.13: Paste tests – average results, Uncertainty represent one standard 

deviation of all measurements with 5 different spirals (from SpiralData-

SRMCompilation-rev) ....................................................................185 

Figure 6.14: Mortar results averages.  Uncertainty represent one standard deviation of 

all measurements with 5 different spirals (from SpiralData-

SRMCompilation) ...........................................................................186 



 xxiv 

List of Equations 

 

Equation 3.1: Bingham equation............................................................................18 

Equation 3.2: Shear rate calculation ......................................................................22 

Equation 3.3: Shear stress calculation ...................................................................22 

Equation 5.1: Modeled equation for matrix fluid……………………………… 132 

Equation 5.2: Bingham relationship for viscosity................................................132 

Equation 5.3: Shear Rate scaling factor calculated by Bingham relationship. ....132 
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CHAPTER 1: INTRODUCTION 

The construction industry is moving toward a performance-based design of 

concrete. This implies that test methods need to be available to qualify concrete; as such 

there needs to be accurate, reliable methods to characterize the flow and deformation 

behavior (i.e., the rheology) of fresh state concrete.  Rheometers are devices that are 

commonly used in the food and pharmaceutical industry to measure the flow and 

deformation behavior of products used in those industries.  Rotational rheometers shear a 

material between two surfaces, where one surface is in rotation at a specified shear rate; 

then, the torque generated is recorded and converted into a shear stress.  Thus, concrete 

rheometers should allow the user to characterize the flow and deformation properties of 

concrete using fundamental units of stresses and strains (strain rates).  This will further 

promote the use of rheology in the field of concrete and allow users to specify and design 

concretes using rheology as the basis to characterize flow behavior instead of empirical 

measurements of slump. This is especially important for advanced cement-based 

suspensions such as self-consolidating concrete (SCC), underwater concrete, shotcrete, 3-

d printed slurries, and grouts due to the demanding fresh state flow behavior required of 

such suspensions.   Although concrete rheometers are available commercially, there is no 

method to calibrate them. Furthermore, while the ranking of mixtures tested using these 

rheometers tend to match, the absolute values for the rheological properties of the mixtures 

evaluated with different rheometers are not well correlated [1, 2]. Therefore, there is a need 

a reference material that can be used to calibrate concrete rheometers; such a reference 

material will enable friendly comparison of rheological measurements from all rheometer 

types.  



 

 

2 

The use of standard reference materials (SRMs) is common practice to calibrate 

measurements. In the United States, SRMs are typically certified at the National Institute 

of Standards and Technology (NIST), and currently NIST provides over 1300 different 

SRMs to academia and various industries [3]. The creation of SRMs for cement-based 

materials typically used in the construction industry will advance the field of rheology 

within the cement and concrete community. Calibration of concrete rheometers is needed 

to assure accurate results are being generated and it will allow for rheological data from 

labs all over the world to be directly compared. There are several SRMs related to the 

cement industry but none are useful to determine the rheological properties of cement 

paste, mortar or concrete As such, NIST is developing a series of three standard reference 

materials (SRMs), from paste to concrete, that can be used for rheological calibration. SRM 

2492 is the calibration suspension simulating cement paste. SRM 2493 simulates mortar 

and will be created by the addition of 1mm beads into SRM 2492. SRM 2497 is the 

calibration suspension simulating concrete and it will be created from the addition of 10 

mm beads into SRM 2492. This report will concentrate in SRM 2492 and SRM 2493. A 

concrete SRM for the calibration of rheometers is best approached in a multi-phase method 

since concrete itself is a multi-material complex suspension; it is readily apparent that the 

SRM 2492 is critical to the development of a concrete SRM since it the SRM 2492 will be 

the suspending matrix for the concrete SRM. 

 

This thesis is the compilation of five studies conducted on SRMs 2492 and 2493, 

as listed below: All the tests were conducted at NIST.  

1. “Re-Certification of SRM 2492: Bingham Paste Mixture for Rheological 

Measurements; NIST Special Publication SP 260-182” [4]: SRM 2492 was first 
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certified by NIST in 2012. However, the SRM2492 needed to be re-certified since 

it was found that the results from SRM 2492 were not reproducible outside of NIST 

due to issues on how the materials were mixed. Thus, the report discusses a study 

conducted to determine how to prepare SRM2492 to increase its reproducibility.  

2. “Cement Paste Reference Material (SRM 2492) Shelf-Life Extension”: It was 

found that after 7 d the properties of the SRM were changing, thus solutions were 

examined to extend the shelf life. 

3. “Certification of SRM 2493: Standard Reference Mortar for Rheological 

Measurements”: In this report, the collection and analysis of the data that will be 

used to develop the certificate for SMR2493 is presented and discussed.  

4. “Rheological measurement of suspensions without slippage: Experimental and 

model”: This report contains discussions on important misconceptions and issues 

found when measuring the rheological properties of suspensions like mortar by 

using a coaxial rheometer.   

5. “Calibration of rheometers for cementitious materials” [5]: was accepted for 

publication in the proceedings of 6th North American Conference on Design and 

Use of Self-Consolidating Concrete (SCC2016) conference in Washington DC, 

May 15-18, 2016. This paper summarizes issues found when measuring rheological 

properties of suspensions, and discusses best available method of calibrating 

currently available rotational rheometers designed for paste to concrete. 

 

These reports will be published by NIST and most will be available by download 

from NIST’s website. The first report (SRM2492) is currently available at the link: 

http://www.nist.gov/manuscript-publication-search.cfm?pub_id=918347 

http://www.nist.gov/manuscript-publication-search.cfm?pub_id=918347
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CHAPTER 2: BACKGROUND 

2.1 Rheology 

Over 80 years ago, observations of strange behavior of many commonly-known 

materials and the difficulty in answering some simple questions led to the creation of 

rheology. Rheology is actually one of the very few disciplines that can be traced back to 

its exact formal establishment: April 29, 1929 [6, 7]. On this day, the first meeting of The 

Society of Rheology took place in Columbus, Ohio whose attendee list included: Eugene 

C. Bingham, Winslow H. Herschel, Markus Reiner and Wolfgang Ostwald to name a few 

pioneers. The term “rheology” was proposed to be described as “the study of the flow and 

deformation of all forms of matter” by E.C. Bingham and M. Reiner. In fact, the motto of 

the subject was influenced by a quote from Heraclitus “παντα ρει” [“panta rhei”] or 

“everything flows” [8]. Since its inception date, rheology has grown from constitutive 

equations that theoretically describe flow behavior to experimental advances and 

computational prediction models. However, the progression of the discipline was not 

monotonic and took nearly a century before contributions by scientists from a wide variety 

of fields condensed these studies into the formal field of rheology [9].    

 

Rheology is known as an independent branch of natural sciences which studies the 

behavior of materials that exhibit liquid-like, solid-like and intermediate properties [10]. 

This new field of application emerged due to the lack of description that the words “liquid” 

and “solid” could portray for many real materials. These real materials were those for 

which simple questions became difficult to answer, for example [11]:  

 If paint behaves like liquids, why does it not drip down the surface of the vertical 

wall as many other liquids would? 
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 Clay may appear to be a solid, but it is able to be molded into any shape; is it also 

a liquid? 

 Many sealants used in construction must be liquid-like when applied in order to fill 

voids, but should immediately convert into solid-like material to avoid sagging. 

Does this make the sealant a liquid or solid? 

These are few examples of real materials that commonly represent both solid- and liquid-

like properties. Thus, better representations of materials with intermediate properties 

became the main interest of rheologists.  

 

Like any natural science dealing with reality, rheology’s main method of describing 

experimental results is done by means of phenomenological models [12]. In fact, the 

concepts of liquids and solids are also models whose mathematical representations were 

invented by the classical works of Isaac Newton and Robert Hooke. An engineer would 

define rheology as the description of materials using “constitutive equations” between the 

stress history and the strain history. This “constitutive equation” is the mathematical 

representation of rheology’s first and main goal: to establish the relationship between 

applied forces and geometrical effects caused by those forces, i.e. modeling the behavior 

of a material. Nonetheless, rheology doesn’t just study the macroscopic behavior which the 

constitutive equations describe, but also looks into understanding laws of molecular 

movements and interactions. The independent second goal in rheology is to establish a 

relationship between the rheological properties and molecular structure of the material 

[12]. These two goals apply to rheological studies of many materials, but this thesis will 

focus on the rheological properties of concrete materials.  
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2.2 Rheology of Concrete 

The majority of the structures on our planet, from tall-rise buildings to your patio, 

consist of some form of concrete. Admired for its ability to compress under large loads, 

concrete is among the most commonly used materials in construction today. Therefore, the 

behavior of concrete throughout its life cycle should be well understood in order to 

optimize its performance. Concrete is a mixture of aggregates (rocks and sand), cement, 

water and at times other additives like chemical admixtures and supplementary 

cementitious materials for special performance. The concrete mixture undergoes two major 

stages in its life, fresh and hardened, of which the latter is required to satisfy defined 

standards with respect to its strength, appearance, durability, and creep. The former 

requires standards that ensure the concrete batch is able to be mixed, placed, pumped, 

finished, or consolidated to assure a good surface appearance. On the other hand, 

‘workability’ has become a common scale for describing the quality of the fresh concrete 

stage, whose scaling values are based on concrete’s rheological properties. ‘Workability’ 

is a descriptive way to state how much work we can expect the concrete to properly perform 

by itself if we simply pour it in place, and without the aid of tools for placement.   

 

The rheology of concrete has practical importance during its dormant period, which 

is the window of time when concrete can be transported and molded into its final form 

before hardening, i.e. fresh concrete stage. The concrete’s life begins when proportioned 

batches of aggregates, cement and water are mixed systematically until a homogenous 

suspension is formed. After mixing, we can consider that the aggregates become embedded 

in the cement paste, which is a dense suspension of cement particles in water [11]. This 

marks the beginning of the dormant period where the quality and quantity of the 
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composition must complete its tasks to ensure that the hardened concrete meets its 

requirements. During this period, the fresh concrete must satisfactorily be mixed and 

transported, poured into all corners of formworks (which can be difficult with the presence 

of congested reinforcement) and provide a good surface finish. The term that has been 

commonly used for fresh concrete meeting these requirements is ‘workability’; although 

the level of workability required for any mix depends on the project. For example, low 

workability is acceptable when molding a simple flat slab with the help of vibrating tools. 

On the other hand, high workability would be required for cast-in place columns with 

congested reinforcement. ‘Workability’ is a descriptive way to state how much work we 

can expect the concrete to properly perform by itself if we simply pour it in place, and 

without the aid of tools for placement.  Once the dormant period ends, the hydration period 

begins where chemical reactions between cement and water begin to harden the cement 

paste, i.e. the acceleratory period. The water component is responsible for hydrating the 

cement particles into a poorly crystalline/amorphous phase known as calcium-silicate-

hydrate (C-S-H) which can be visualized as a multi-layer material composed mainly of 

calcium, iron, silicates and aluminates. The proper formation of C-S-H is critical to 

concrete performance since its role is to adhere around the aggregates and absorb the other 

mixture components until ultimately transforming the entire mixture into the hardened 

stage, essentially creating an artificial stone known as concrete.  

 

Although many empirical tests have been created to measure the rheological 

properties of fresh concrete, the field of concrete rheology is merely beginning to bloom 

into a new era of technology. Benefits from traditional tests blended with that of emerging 

technologies allows us to enhance our understanding of concrete, but most importantly 
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ensure that concrete will continue to evolve alongside the rest of the world. The 

development of a satisfactory method of measuring workability should also lead to the 

establishment of a better control of concrete production and thus result in substantial 

savings [13]. Today, one of the most useful tools to measure rheological properties is the 

use of a rotational rheometer. These rotational rheometers can be calibrated using standard 

oils. However, after completing two inter-laboratory studies related to rheological 

properties of concrete, it was determined that a need exists for a granular calibration 

reference material specifically designed for concrete [1, 2]. 

 

2.3 Standard Reference Materials (SRM)  

The SRMs presented in this thesis are part of a multiphase project which includes 

the development of individual SRMs for paste, mortar and concrete. SRM 2492, a Paste 

Reference Material was the first step in developing a reference material for concrete. This 

SRM serves as the matrix fluid for the mortar reference material, SRM 2493, whose 

composition is completed by addition of 1mm glass beads. The final phase will be a 

reference material for concrete which was merely started during the tenure of this thesis at 

NIST, SRM 2497.   

 

Rheological properties are typically measured using a rotational rheometer. The 

rheometer rotates at a specified angular velocity and the response of the material is then 

monitored by the torque measurements. Like most machinery, calibration of the equipment 

is important to assure it is operating correctly. Manufacturers of these rheometers 

recommend the use of standard calibration oil, but these oils are Newtonian fluids and not 
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complex rheological fluids like cement paste and mortars.  Since concrete is often 

characterized as a Bingham fluid, it is preferably that the calibration fluid developed for 

concrete rheometers are able to capture this behavior.  Therefore, a series of standard 

reference materials (SRMs) was developed that will perform the calibration for 

measurements from cementitious rheometers. Ultimately, the goal of these SRMs was to 

develop a non-Newtonian (Bingham) reference material, which imitates concrete behavior, 

at a reasonable cost. Thus, the SRM2493 takes advantage of its high density paste which 

allowed the fine aggregate component to be 1mm glass beads, as opposed to a more 

expensive component like plastic-hollow beads. In the use of standard Newtonian oils the 

hollow plastic beads would be required so that the suspended particles do not sediment too 

quickly. Plus, the use of SRMs requires incorporation of cost of certification which are not 

disclosed in this thesis as this was not the scope. Rather this thesis focused on the aspect 

of providing a non-degradable reference material which imitates concrete rheological 

behavior. The SRM compositions as-packaged for purchase via NIST are described in 

Tables 1 and 2.          

 

Table 2.1: Composition of SRM2492 unit.        Table 2.2: Composition of SRM2493 unit 
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Note to Reader: 

 

The following chapters 3 – 7 were derived from reports that have been or will be 

published in the near future (by end of 2016). In order to maintain the cohesiveness of the 

discussions in the reports, this thesis did not alter the in-body [references] nor the Section, 

Figure, Table, or Appendices called out in the body. By leaving those as-published the 

reader can receive the information from each of those chapters in similar format as the 

published reports. Therefore, an explanation in the Appendices and References section 

were provided to explain the method those will be reported in this thesis. In regard to 

Sections called out (referred to) within the body will remain relative to that chapter, i.e. if 

Chapter 1 refers reader to see section 3. Then, it is referring to the 3rd section within that 

chapter. 

 

The Figures and Tables called out in the body also remain “relative” to that report 

(i.e. figure names were not changed within the body). The only modifications from as-

published figures to this thesis were the captions. This thesis included the chapter number 

in front of the as-published figure number. For example, Figure 15 from the to-be published 

report in Chapter 5 (SRM2493 Certification) is labeled Figure 5.15 in this thesis. This 

modification was executed to provide a master list of figures and tables at front matter of 

this thesis. 
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CHAPTER 3: BINGHAM PASTE REFERENCE MATERIAL, 

SRM24921 
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Mixture for Rheological Measurements," National Institute of Standards and Technology. (NIST Special 

Publication 260-182). U.S. Department of Commerce, Gaithersburg, MD, August 2015.  
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In order to maintain the cohesiveness as discussed in the report, this chapter will 

follow a similar format to the order in which the publication [4] is presented.  

3.1 Overview 

Rheological measurements are often performed using a rotational rheometer. In this 

type of rheometer, the tested fluid is sheared between two surfaces, one of which is rotating 

[1]. Usually, an angular velocity is imposed on the fluid (through the rotating surface) and 

this angular velocity determines the shear rate the fluid is subjected to. The response of the 

material is monitored by the measurement of the resultant torque on the shaft of the 

rheometer; this torque can then be converted to shear stress. In order to calibrate a 

rheometer, a standard oil of known viscosity should be tested in the rheometer to verify 

that the instrument is operating correctly. However, these standard oils are expensive; 

which makes it impractical for use in calibrating with the rheometer with a large capacity 

as needed for concrete. 

 

Additional, these standard oils that are not suspensions (i.e. they do not have solid 

particles suspended in the media), and thus using them may not capture some issues that 

may occur in a suspension rheology. Therefore, a relatively inexpensive, reference material 

is needed that incorporates aggregates for concrete rheometers. As concrete and mortar are 

non-Newtonian, the reference material should also be non-Newtonian. This report follows 

the development and serves as re-certification of a Standard Reference Material (SRM) for 

cement paste [2]. A multiscale approach will be utilized to develop SRMs for mortar and 

concrete in the future. The SRM 2492 will be the matrix fluid for a mortar SRM that will 

in turn become the matrix fluid for a concrete SRM. 
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The report SP 260-174 Rev.2012 [2] describes how this SRM 2492, a “Bingham 

Paste Mixture for Rheological Measurements” was developed and provides all the details 

on the various ingredients. After an inter-laboratory study under the sponsorship of the 

American Concrete Institute (ACI) committee 238, Workability of Fresh Concrete, it was 

found that the instructions provided to prepare the SRM were inadequate to obtain 

reproducible data in all laboratories. Thus after establishing a better preparation method, 

new instructions were drafted and it was found that the certified values were no longer 

valid. Thus, it was necessary to redo a series of testing to obtain a new certified value. This 

report provides all measurements obtained, the calculation of the new rheological 

characteristics and the statistical analyses. 

 

3.2 Introduction 

A National Institute of Standards and Technology (NIST) Standard Reference 

Material® (SRM) meets specific certification criteria2 and is issued with a certificate of 

analysis that reports the results of its characterization and provides information regarding 

the appropriate use(s) of the material. An SRM is prepared and used for three main 

purposes: 1) to help develop accurate methods of analysis; 2) to calibrate measurement 

systems used to facilitate exchange of goods, institute quality control, determine 

performance characteristics, or measure a property at the state-of-art limit; and 3) to ensure 

the long-term adequacy and integrity of measurement quality assurance programs. NIST 

provides over 1 300 different SRMs to industry and academia. Every NIST SRM is 

                                                 
2 http://www.nist.gov/srm/program_info.cfm  

http://www.nist.gov/srm/program_info.cfm
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provided with a certificate of analysis that gives the official characterization of the 

material’s properties. In addition, supplementary documentation, such as this report, 

describing the development, analysis, and use of SRMs, is also often provided to ensure 

effective use of these materials. 

 

There are several SRMs related to the cement industry but none are related to the 

rheological properties of cement paste, mortar or concrete. The existing calibration oils are 

too expensive to fill a concrete rheometer; therefore, a need exists in the industry for an 

inexpensive non-Newtonian reference material specifically designed for concrete. SRM 

2492, the first step for concrete rheological SRM production, was developed as described 

in a previous report [2]. After the certification of SRM 2492, American Concrete Institute 

(ACI) Committee 238, Workability of Fresh Concrete, organized an inter-laboratory study, 

where it was found that the certified values were not easily reproducible by laboratories 

other than NIST. Therefore, a new preparation method of the SRM was developed to ensure 

reproducible values are obtained universally. The values given in this report were obtained 

through testing performed at NIST using a commercial rheometer with a serrated parallel 

plate geometry system. 

 

The objective of this report is to correct and re-certify the values of the SRM 2492: 

“Bingham Paste Mixture for Rheological Measurements.” A brief description of the 

methodology and all measurements used are provided along with the statistical analysis. 
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3.3 Description of Rheological Measurements 

Rheological measurements are commonly performed using a rotational rheometer. 

In this type of rheometer, the test fluid is sheared between two surfaces, one of which is 

rotating while the other is stationary [1]. The rate of the rotating surface is precisely 

controlled by a computer, while measuring the torque resulting from the material response. 

Commercial Laboratory rheometers are mainly designed for homogeneous liquids (e.g., 

oils) containing no particles. The equipment manufacturers recommend the use of a 

standard oil of known viscosity to verify that the rheometer is operating correctly. The 

dynamic viscosities of the standard oils are determined by reference to the water viscosity 

established by an international consensus in 1953 [3], as described in International 

Organization for Standardization (ISO)-3666 [4]. In 1954, NIST [3] conducted a study to 

compare two rheological devices, the Bingham viscometer and the Cannon Master 

viscometer (both based on capillary flow) that are still used today for determining the 

viscosity values of standard oils. 

 

It is not economically practical to use the standard oils (sold in 100 mL containers) 

in concrete rheometers due to the large volumes of oil needed (often around 7 L to 20 L 

depending on the design). In 2003, an international round-robin used an oil of a known 

viscosity (29.5 Pa·s ± 0.6 Pa·s) to calibrate concrete rheometers [5, 6, 7]. It was shown that 

not all rheometers were able to measure rheological properties of this oil, due to the lack 

of specific shear patterns and slippage on the shearing surfaces. In the case of fresh 

concrete, the geometry of the rheometer needs to accommodate aggregates, at least 25 mm 

in diameter. The complex geometry of the rheometer results in unknown shear patterns and 

test results that cannot be quantitatively characterized in fundamental units; therefore, 
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calibration of such large and non-standard rheometers is impossible using the traditional 

measurement protocols. 

 

The results of the inter-laboratory study revealed the need for a new reference 

material for calibrating concrete rheometers. Concrete is a non-Newtonian suspension, thus 

any reference material mixture should also be a non-Newtonian, chemically stable 

suspension. Ideally such a material must be inexpensive, reproducible and repeatable with 

respect to both its physical and chemical properties, and readily allow the inclusion of 

aggregates similar as used in concrete. Given the constraints, the new strategy was to 

develop a granular mixture similar to concrete. The ACI Committee 238 on “Workability 

of Fresh Concrete” considered this approach and recommended the use of an oil of known 

viscosity in which particles could be added. The calculation of the viscosity of the mixture 

would be a combination of experimental measurements and computerized modeling. Thus, 

spherical particles would simplify the computerized model. Moreover, the particle specific 

gravity should match that of the oil to avoid sedimentation during testing as the medium 

has no yield stress. Given these constraints, hollow plastic spheres were an excellent 

candidate material. Unfortunately, their cost was prohibitive. Therefore, this idea was 

deemed impractical and thus, was abandoned as a viable strategy. Instead, a multiscale 

approach was considered to be the next best option. 

 

The multiscale approach consists of developing a paste, followed by a well-

characterized mortar and a well-characterized concrete. A mortar is produced by adding 

sand to the cement paste, while a concrete is produced by adding coarse aggregates to the 

mortar. The rheological parameters of the mortar and concrete would be determined from 
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the paste through a combination of measurements and computer simulation. The simulation 

is designed to calculate the viscosity of the suspensions (mortar or concrete) from the 

medium viscosity (cement paste) with various aggregate concentrations, aggregate size 

distribution, and particle shape. Therefore, the first step is to develop a paste reference 

material. This report presents a new paste SRM that was produced based on a preliminary 

study [8]. 

 

A non-Newtonian reference material for cement paste should have the following 

characteristics: 1) no particle segregation for the duration of the test; 2) linear Bingham 

stress response to shear rates over a large range such as cement paste; 3) rheological and 

chemical properties unchanged over at least several days, with no chemical reactions 

between the medium and the particles; 4) a yield stress sufficient to avoid segregation of 

added sand and coarse aggregates; and 5) the linear response should be reversible, implying 

no structural breakdown or build-up, flocculation or deflocculation during the test (i.e., no 

hysteresis). 

3.4 Rheological parameters 

The primary output of rheological measurements is either a shear stress-shear rate 

plot or a plot of the rotational speed of the rotating surface versus the torque. In cases where 

the geometry of the rheometer does not permit a direct calculation of the shear stress and 

shear rate in fundamental units, the rotational speed is plotted against torque [9]. 

 

The viscosity [1] is defined as the ratio of the shear stress over the shear rate at a 

given shear rate and temperature. For a Newtonian fluid, the viscosity is constant across all 
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shear rates and is the slope of a line with zero intercept fit to the shear stress-shear rate 

data. Most granular mixtures are non-Newtonian (i.e. Viscosity is shear-rate dependent). 

One common type of non-Newtonian fluids exhibits a yield stress. This yield stress can be 

estimated from the shear stress and shear rate in several ways. The most common method 

used for cement-based materials is the curve fitting the shear stress-shear rate curve with 

the Bingham test equation [9, 10, 11]. 

 

The Bingham equation (Eq. 1) assumes a linear relationship between shear stress 

and shear rate, where the plastic viscosity ηpl is the slope and the yield stress τB is the 

intercept of the curve at zero shear rate. The point of zero shear rate is generally not 

measured, so it is determined by an extrapolation (Figure 1). The Bingham rheological 

parameters, yield stress and plastic viscosity, will characterize the flow curve within a 

range of shear rates, as shown in Figure 1 and Equation 1.  

 

Equation 3.1: Bingham equation where σ = shear stress, σB = yield stress, ηpl = plastic 

viscosity, and   = shear rate. 
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Figure 3.1: Bingham model and calculation of the plastic viscosity and yield stress.  

 

3.5 Measurements and interpretation 

3.5.1 EXPERIMENTAL SET-UP 

Conventional rotational rheometers often have different geometries. Nevertheless, 

the measurement always involves the material being sheared between two surfaces [1]. The 

geometry used in this report is serrated parallel plates as shown in Figure 2. The plates 

were 35 mm in diameter. Figure 2A shows the actual plates while Figure 2B shows a 

schematic of a parallel plate rheometer. To shear a granular material, precautions need to 

be taken to avoid slippage of the shearing surface. Both plate in the device used had serrated 

surfaces as shown in Figure 2C. As this SRM contains water, precautions also need to be 

taken to avoid evaporation during the measurement. This is achieved by creating a small 

enclosure around the shearing plates as shown in Figure 2D. Finally, a wet sponge was 

placed in the enclosure to maintain a high relative humidity environment. This set-up is 

identical to the one used in the previous report [2], but the current rheometer is a newer 

model. 
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The gap between the two parallel plates was 0.600 mm ± 0.001 mm (one standard 

deviation). A smaller gap could cause the particles to jam while a larger gap might lead to 

the material not staying between the plates. The temperature of the rheometer was 

maintained at 23 °C ± 0.5 °C during all tests via controlled water bath. A measured volume 

of 1.2 mL of material was placed in the rheometer and the gap adjusted to 0.6 mm 

automatically. Then the material was nominally sheared at 0.01 s-1 for 150 s before starting 

the Bingham test. The Bingham test consisted of increasing the nominal shear rate from 

0.1 s-1 to 50 s-1 (15 points in total) and then decreasing shear rate from 50 s-1 to 0.1 s-1 

(20 points in total). Both linear and logarithmic scales were used (Section 4 and Section 5). 

At each point the shear rate was maintained at the desired value until a stable value (less 

than 5 % changes automatically determined by the computer) of the torque was reached, 

but for a time not to exceed 30 s, to limit the duration of the testing time. The hysteresis 

(Pa/s) was defined as the area between the up (increasing shear rate) and down (decreasing 

shear rate) curves of a shear stress vs. shear rate graph. 
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Figure 3.2: Parallel Plate Rheometer: a) actual serrated plates used; (b) schematic of 

system showing top plate is subjected to torque; (c) details about serrations 

of the plates;  (d) evaporation trap for sample 
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3.5.2 CALCULATION OF THE RHEOLOGICAL PARAMETERS FROM THE MEASUREMENTS 

The rotational speed is controlled and the torque is measured. The computer 

software calculates the shear rate and shear stress automatically from the rotational speed 

and measured torque. The shear rate is calculated as follows:  

 

Equation 3.2: Shear rate calculation, where:   

 R  = shear rate at the outer edge [1/s] 

 R = radius of shear [mm] (17.5 mm in our case) 

 h = gap or distance between the plates [mm] (0.600 mm ± 0.001 mm) 

 n = speed of rotation of the top plate, revolution/s [1/s] 

The shear stress calculation from the torque accounts for the non-Newtonian 

properties [9]: 

 

Equation 3.3: Shear stress calculation, where:  

 τ = shear stress [Pa] 

 T = torque at the outer edge [N.m] 

 R = radius of shear [mm] (17.5 mm in our case) 

   R  = shear rate [1/s] 
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This non-Newtonian approximation is used because the shear rate is not constant 

in the radial direction (i.e. shear rate is zero in the center of the plate and then reaches a 

maximum value at the outer edge), thus the torque at the outer edge of the plate is used to 

approximate the shear stress. This is considered a better approximation of the paste 

behavior and was used to calculate the certified values.  

 

3.5.3 CALIBRATION WITH OIL 

Accurate rheological error assessment, including the correction of the zeroing of 

the plates, requires a standard oil. The measurement protocol for making these assessments 

is described in the previous report [2]. After calculating the shear rate and shear stress from 

the torque and angular velocity, these values were corrected for plate roughness and 

zeroing error (due to the instrument) as outlined by Ferraris et al. [10]. This correction 

consists of modifying the gap by 0.22 mm [11, 13, 14]. Further details on the uncertainty 

of the method can be found in ref. [10]. 
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3.6 Materials 

3.6.1 CHARACTERISTICS OF THE LIMESTONE AND CORN SYRUP 

The mixture is composed of a corn syrup aqueous solution and limestone (further 

details about the preparation of the mixture is provided in Section 3.4). A commercial 

source of 100% glucose corn syrup was identified, and the purity was confirmed by testing 

done at NIST. The limestone powder is a micro-limestone flour. Analyses were conducted 

on samples of the limestone powder to determine its particle size distribution (PSD), as 

well as its mineralogical, chemical, and physical properties. The same materials were used 

as those described in the previous report [2], which provides detailed characterization of 

these materials. 

 

Two methods were used in our characterization process to measure the density of 

the limestone. In addition to using the current standard method, ASTM C188-14 (Le 

Chatelier method), a helium pycnometer was also used to provide more consistency. A 

study at NIST compared the two methods for the limestone and other powders, which 

concluded by proposing that the helium pycnometer be a new standard method for density 

measurements of hydraulic cement [15]. The pycnometer provides more efficient density 

measurements since the testing fluid is a gas (helium) rather than a liquid (kerosene or 

alcohol for example); therefore, the pycnometer is capable of filling more air voids. The 

helium pycnometer measured the average density of the limestone to be 2724 kg/m3 ± 15 

kg/m3, while the Le Chatelier method recorded a value of 2608 kg/m3 ± 35 kg/m3. The 

density by helium pycnometer is used as it is more repeatable. This is an update to the 

limestone density reported previously [2]. The particle size distribution (PSD) and densities 

for all 12 mixes used during the re-certification process are shown on Figure 3 and 4, 
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respectively. The PSD data measured using a laser diffraction device [12] and the 

calculated averages are presented in Table 1 (a) and (b). (I and F represent limestone 

storage location, explained in Section 4). It should be noted that there is no difference in 

the PSD or the density measured on the samples from the two storage areas (See Table 3b). 
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Table 3.1: Measured (a) and average (b) data for PSD of limestone. The d values 

represent the size of the particles at which 10 % (0.1), 50 % (0.5) and 90 % (0.9) of the 

sample by volume is finer. 

 

(a) 

(b) 
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Figure 3.3: Particle size distribution of the 12 limestone containers. 

 

Figure 3.4: Density of the 12 limestone containers, measured with helium pycnometer. 
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Rheological characterization of the corn syrup was performed using a viscometer, 

as explained later in Section 3.3.1. Some variation in viscosity for the SRM packaged corn 

syrup was detected. Further investigation revealed that two shipments of corn syrup were 

received by NIST and used for the preparation of the SRM. Both shipments came from the 

same manufacturer; therefore the viscosity was not expected to change due to shipment 

date. A vibrational viscometer and rheometer were used to test twelve mixtures during this 

re-certification process, and the results helped quantify any difference in viscosity values 

for the corn syrups (Section 3.3.1). 

 

3.6.2 PACKAGING 

The previous report [2] described the packaging scheme that was executed for the 

SRM materials. The packaged SRM contains enough material to make two batches of 

paste. No further packaging was performed for this re-certification. 

 

3.6.3 NEW PREPARATION METHOD OF THE SRM 

The re-certification of SRM 2492 originates from the discovery, during an inter-

laboratory study sponsored by ACI committee 238, that other laboratories could not obtain 

the same certified value as NIST. Therefore, the mixing procedure was modified in order 

to enhance the reproducibility. 

The mixture composition of the SRM is provided below: 

• Corn Syrup: 200 g 

• Distilled water: 63.16 g 

• Limestone: 458.1 g 
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A prepared mixture of SRM has a shelf life of about 7 days. Therefore, it should 

not be prepared too far in advance of its usage. The SRM mixture is prepared by using a 

high shear blender as described in ASTM C1738. The modification of how to introduce 

the corn syrup to the high shear blender was implemented as follows: 

 

Place the correct amount of corn syrup in a wide mouth plastic jar (volume about 

140 mL), then introduce the measured room temperature water to the jar, and mix 

with a spatula by hand until the mixture is homogeneous. On average it will take 

five minutes to dilute the visible glucose chains of the corn syrup in the water. 

Assuring the syrup is diluted prior to adding it into the high shear blender results 

in a more effective transfer of the corn syrup into the mixture. Thus, this method 

assures that the mixture composition is as proposed. 

 

Fifteen minutes after the corn syrup solution has been mixed, introduce it in the 

mixer and proceed as described in ASTM C1738 to complete mixing the SRM. The water 

bath and the rheometer should be maintained at 23 °C ± 2 °C. The delay of 15 min (± 1 

min) after mixing the corn syrup and before introducing it in the mixer was dictated by the 

viscosity measurements done at NIST (Section 3.3.1) to verify the homogeneity of the corn 

syrup solution and ensure that the temperature is stable at 23 °C ± 2 °C. 

 

Store the prepared SRM mixture in a sealed plastic jar maintained at 23 °C ± 2 °C. 

It is recommended to use a plunger mixer to remix the prepared SRM before each use for 

at least 60 s at 300 RPM (31 rad/s). The plastic jar should be low moisture vapor 

transmission rate (MVTR), i.e., less than 5·10-6 g·m/m2·d (1 g-mil/100 in2/d) such as 

polypropylene. Also, when not in use the jar should be closed with a lid and sealed with 

wax paper. This would prevent any evaporation of the water in between testing. 



 

 

30 

 

3.6.4 QUALITY CONTROL OF THE CORN SYRUP SOLUTION 

During the development of the SRM and the round-robin sponsored by ACI 

Committee 238, it was found that the introduction of the corn syrup in the blender was 

problematic, i.e. difficult to ensure that all the corn syrup was being used as some was left 

on the walls of the container. It was determined that the new method of premixing the corn 

syrup in water should improve the process. To verify this assumption, the quality of the 

solution was monitored by measuring its temperature and its viscosity prior to the 

introduction in the blender. 

 

To measure the viscosity of the solution a vibrational viscometer was used. The 

viscometer consists of a rod that is immersed in the fluid to be measured. The rod vibrates 

at a high frequency, and it measures the damping due to the fluid. The amplitude is small 

and the power consumed is then converted to viscosity [16]. The viscosity measured is the 

kinematic viscosity of the fluid. The temperature can also be measured at the same time 

using a thermocouple. The data are shown in Table 2. 

 

An observation during this quality control process showed that the corn syrup 

viscosity varied depending on the date received. The two different shipments are labelled 

CS-A and CS-B; CS-A was received prior to CS-B and typically had a higher viscosity 

than CS-B. Most corn syrup bottles in the SRM 2492 packages consist of CS-A since this 

shipment was exhausted; this created the need to order exceCS-B. Unfortunately, the SRM 

as packaged cannot distinguish which corn syrup (CS-A or CS-B) was used. The statistical 

analysis takes this into account. 
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Twenty-minute observations found the average kinematic viscosity of all the 

mixtures prepared for this report to be 159 cP ± 5 cP (1000 cP = 1 Pa∙s) (see Table 2). It 

was discovered that the viscosity readings stabilized after allowing the solution to sit for 

15 minutes post hand-mixing. Therefore, the average viscosity calculated for each mix only 

considers the 15 and 20 minute values since this gives the most accurate viscosity readings. 

The consistency of the data, with a coefficient of variation of only 3 %, served as quality 

assurance that no new sources of error were introduced with the new SRM preparation 

method. The temperature was on average 23.0 ◦C ± 0.5 ◦C (one standard deviation) for 10 

min and 15 min and was 22.8 ◦C ± 0.5 ◦C after 20 min. These patterns showed that the 

temperature slightly decreases with time after mixing, although it is within the standard 

deviation. 

Table 3.2: Viscosity measurements of corn syrup solution with vibrational viscometer, 

and the corresponding temperature.  
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3.7 Experimental Design 

Twelve units of the SRM, as packaged for sale, were randomly selected for testing. 

Each unit contains two batches of SRM, but only one batch was tested from each selected 

unit. The order of testing for the 12 units (boxes) was randomized (see Table 3). Half of 

the 12 units had been stored in the division storage (F), while the other half were stored in 

the SRM lab inventory (I). Location F was a normal laboratory with no particular 

temperature controls other normal building operation. Location I was in temperature 

controlled environment where all NIST SRMs are kept before shipment to customers.  

 

Rheological results were analyzed from batches stored in both storage locations to 

observe any difference due to storage location. After analyzing the rheological 

measurements presented in this report, it was concluded that the storage location had no 

effect on the rheological behavior of our materials. This conclusion verified that the data 

of importance to this study, repeatable Bingham behavior, was observed regardless of 

where the SRM units were stored prior to testing with a rheometer. The data analysis 

showed that all rheological results were identical within small percentage of error, as 

described later in the statistical analysis section.  

 

Each mixture (batch) was tested at 1 d, 3 d and 7 d after mixing. Each reported 

value was the average of 3 consecutive tests run back-to-back using a new paste SRM 

sample loaded in the rheometer from the same batch. The rheometer protocol is provided 
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in Section 2.3.1. Schedule codes were assigned to the box numbers in order to compliment 

the three testing values (1 d, 3 d, 7 d) and complete a testing schedule, as shown in Table 

4. The testing days labelled with the prefix “M” represent the mixing day for the respective 

mixture and are color coded green. The remaining testing days are prefixed with the 

corresponding schedule code and followed by the age of the mixture being tested. The 

mixture age are also distinguished by the color code shown in Table 4.   

 

Table 3.3: Randomized order of testing for 12 selected units (boxes) 
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Table 3.4: SRM testing schedule. Holidays and days on which testing was not executable 

were considered. The testing days labelled with the prefix “M” represent the 

mixing day for the respective mixture as named in Table 1 column 3. Color 

codes distinguish the age of the mixtures as blue (1 d), orange (3 d), yellow 

(7 d) and green (mixing day). 
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3.8 Viscosity Curves 

As an alternative to fitting experimental data to the Bingham equation, one may 

represent rheological data in terms of a viscosity profile that depicts the viscosity of the 

material vs. shear rate. While the two Bingham parameters describe the onset of flow 

(yields stress) and flow at larger shear rates (plastic viscosity), the viscosity depicted in the 

viscosity curves is the ratio of the shear stress to shear rate for each shear rate tested. The 

plot of the viscosity versus shear rate provides a complete representation of the flow 

behavior. Nonetheless, the raw data used for calculating both the plastic viscosity and 

apparent viscosity are the same. Individual viscosity curves for each mixture tested in this 

section can be found in Appendix C. 

 

Not only do viscosity curves portray the viscosity of the material in relation to a 

specific shear rate over the entire range of shear rates tested, but, research has shown that 

the viscosity curves of a suspension composed of solid inclusions embedded in a non-

Newtonian matrix fluid follow the same form as the original embedding fluid [23, 24]. 

Since SRM 2492 is the first step in developing an SRM for concrete, it’s advantageous to 

use viscosity curves when moving forward towards the development of the mortar and 

concrete SRM. The curves allow us to portray flow behavior in a simple macroscopic 

manner, regardless of the existence of a complex microscopic inter-particle flow [25]. 

 



 

 

36 

When constructing viscosity curves, it is useful to present shear rates using equal 

increments according to a logarithmic scale. Acquiring data in log scale allows the 

viscosity at low shear rates to be illustrated better. Therefore, five of the twelve mixtures 

tested for SRM 2492 re-certification had additional measurements performed using points 

of shear rates in logarithmic intervals instead of linear. Figure 5 shows an example of the 

difference between obtaining data with a log and linear shear rate intervals. Due to the lack 

of data in the low shear rates for a linear scale graph, these data could not be used to fully 

represent viscosity curves as shown by the low shear rates on the blue curve of Figure 5. 

 

The five trials measured in log-scale showed that our SRM does exhibit 

reproducible flow behavior in the low shear rate regime (red curve in Figure 5). Each mix 

was tested at 1 d, 3 d and 7 d, and the respective viscosity curves for each are shown in 

Figures 6-8. The curves shown portray both the data for the steps up and down, as explained 

in Section 4. The average viscosity curve for each day was combined into Figure 9 to 

portray that there is repeatable behavior as the SRM age approaches its shelf life. The 

individual viscosity curves recorded at each day (1 d, 3 d, and 7 d) and the data tables for 

Figures 6-8 can be found in Appendix C. 

 

In conclusion, the flow behavior of SRM 2492 can be described using viscosity 

curves, preferably with shear rates measured uniformly on a log-scale. Current research 

shows that viscosity curves for non-Newtonian suspensions have simple scaling laws that 

relate the flow of the suspension to that of the embedding fluid of the suspension. For 

example, the viscosity curves of spherical solid inclusions suspended in a non-Newtonian 

fluid medium can be rescaled to collapse onto the viscosity curve of the fluid medium [25]. 
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This is very helpful to proceed forward to the development of mortar and concrete SRMs, 

which are currently under development. 

 

 

 

Figure 3.5: Represents one sample of the mixes using both equal log- and linear-scale 

measurement intervals.  The log interval data is able to provide more data   

in the low shear rate region (<1.0 s-1) than the linear-interval data 
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Figure 3.6: Viscosity curves for five samples of SRM2492 at age = 1 day. 

 

 

Figure 3.7: Viscosity curves for five samples of SRM2492 at age = 3 days. 
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Figure 3.8: Viscosity curves for five samples of SRM2492 at age = 7 days. 

 

3.9 Statistical Analysis 

3.9.1 RE-ANALYSIS OF RHEOLOGICAL QUANTITIES FOR SRM2492 

This section summarizes the reanalysis of various rheological quantities for SRM 

2492 under the Bingham model after the mixing procedure for the material was changed 

to improve the consistency of results between laboratories. The data used for this analysis 

was collected using a nested design with measurements made at three different sample ages 

within each of twelve units of the SRM (See Section 4). One sample was prepared for each 

unit, using corn syrup from the single bottle associated with the unit and limestone from 

one of the two single-use bottles of limestone powder associated with the unit. 
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With this design a hierarchical linear regression model can be fit to the data to 

assess random variability associated with units and measurements. In addition, the run 

order of the measurements is an implicit factor whose potential effect was addressed by 

randomization of the run order. 

 

Results derived from the raw data were recorded for two quantities, plastic viscosity 

and yield stress, from tests carried out on the samples at three different ages (1 d, 3 d, and 

7 d). The data are shown in Table A-1 (Appendix A). The full viscosity curves associated 

with these samples are shown in Appendix B. For this analysis, the summary of the 

viscosity curves made assuming the Bingham model was carried out prior to transmission 

of the data to the Statistical Engineering Division for analysis. As a result, no assumption 

checking or validation of the appropriateness of the Bingham model for this data is 

included in the statistical analysis described here. 

 

The first step in the analysis of the data was an exploratory data analysis. In this 

analysis plots of the data were examined for evidence of measurement drift, outliers, factor 

effects, and any other features that might impact further analysis for certification. These 

plots are shown in Figure A-1 through Figure A-8 (in Appendix A) and were made using 

the software package R [17]. While a few potentially outlying points were observed in this 

data, these were not associated with any recognized problems associated with sample 

preparation or measurement, so no data were omitted when doing further analysis. 
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Based on the exploratory plots, a hierarchical linear regression model was then fit 

to the data using maximum likelihood as implemented in the R package lme4 [18]. This 

model allowed for random variation between units and measurements but assumed a single 

fixed rate of change, β1, between each response, denoted generically here as yij, and age, 

denoted by Aij. The random errors associated with each unit are denoted by δi and the 

random errors associated with each measurement are denoted by εij. The variances 

associated with each source of random error, unit and measurement, are denoted σu
2 and 

σM
2, respectively. All random errors are assumed to be mutually independent of one 

another. 

Residual plots from the fit of the model are shown in Figure A-9 through Figure A-

14 (Appendix A) and indicate the model fits the data reasonably well. Normal probability 

plots of the residuals suggested some potential for error distributions with lighter tails than 

the normal distribution. To investigate this further a comparison of hierarchical models 

with normal error distributions and p-generalized normal error distributions [19] was made 

using Bayesian methods. However, the results of this comparison indicated that there was 

not enough distributional information in the data to clearly distinguish between these two 

models and the simpler model using normal error distributions was adopted. Output from 

these models is given in Table A-2 and Table A-3 (Appendix A). 
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Finally, to determine the certified values and their associated uncertainties, the 

hierarchical regression model [20, 21, 22] with normal error distributions was refit using 

Bayesian methods to quantify the contributions to the overall uncertainty from random 

errors associated with units and measurements. A Bayesian analysis [20, 21, 22]was used 

because it makes fitting the hierarchical regression model relatively easy and provides 

uncertainty estimates that have a clear statistical interpretation with no need for 

approximation or use of asymptotic results. 

 

In order to fit the Bayesian model, prior assessments of the values of each parameter 

in the model must be provided. The prior assessment for each parameter is specified as 

probability distribution for the parameter’s unknown value. These distributions are called 

prior distributions because they are specified independently of the data (i.e. before the data 

is observed or used). For this analysis, essentially non-informative prior distributions were 

used. Such distributions are relatively flat and have very large variances so that they will 

not provide any quantitative information on the values of the parameters as part of the 

model. In this case shifted and scaled beta distributions [23] with hyper-parameters 1H 

and 1H   were used (i.e. shifted and scaled uniform distributions). The ranges and 

locations of the prior distributions for each parameter were set so that they completely 

covered all the parameter values expected.  

Fitting the model with a range of different prior distributions confirmed that the 

results were not sensitive to the parameters chosen for the prior distributions. The check 

on prior sensitivity also was carried out using shifted and scaled beta distributions, but for 

different combinations of the hyper-parameters, with 
 0.8,  1.2

iH 
 and

 0.8,  1.2
iH 

. 

The same shifting and scaling values used in the original model fit with uniform priors 
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were used throughout the prior sensitivity check. The two hyper-parameters used for each 

of the four primary parameters in the model, 0 , 1 , U and M , were assigned using a  

supersaturated 
 2UE s

 optimal experiment design [24] to study the combined effects of 

eight factors in four runs. The alternative prior specifications and the associated results 

from the fit of each model are shown in Table A-4 and Table A-5 (Appendix A). 

 

A probability distribution for each measurement, given with respect to the 

parameters in the model, is also specified. In this case the random errors associated with 

each factor were modeled as following a normal distribution. Then, based on the model 

and the observed data, the prior distributions for each parameter are updated using Bayes’ 

Theorem to obtain new distributions for each parameter given the information in the data. 

Finally, these new distributions, called posterior distributions, are used to obtain 

uncertainty intervals about each quantity of interest. 

 

The Bayesian model was fit using Markov Chain Monte Carlo simulation as 

implemented in the software package OpenBUGS [25, 26]. Diagnostic plots (not included 

in this memo) show that the Markov Chains had converged by the 5000th iteration of the 

simulation. Then 5000 additional iterations were run for each of 4 parallel Markov chains 

for model validation and to estimate the parameter values. Box plots and scatter plots (not 

shown here) of the posterior predictive residuals from the model for each data point again 

indicate the models fit the data reasonably well.  

 

Assuming that the hierarchical model does provide an adequate description of the 

measurement process, proposed certified values for each of the different rheological 
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quantities at sample ages of 1 day through 7 days were determined from predictive 

distributions for a randomly selected unit. Use of the predictive distribution was chosen for 

this purpose because it accounts for uncertainty from potential heterogeneity between units 

and thus is more robust than an assessment that assumes under certain conditions that the 

material is homogenous. The proposed certified and reference values with expanded 

uncertainties at the 95% probability level are given in Table 5. The bold values show the 

levels of age where data were collected, while no data were collected at the ages shown in 

regular type. However, the values at all seven age levels were predicted using the same 

linear model fit to the data.   
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Table 3.5: Yield Stress and Plastic Viscosity Values from linear shear rate scale (certified 

values are shown in bold and reference values are shown in regular type). 

 

 

3.9.2 STATISTICAL ANALYSIS OF VISCOSITY CURVES 

3.9.2.1 Viscosity versus shear rate 

This section summarizes the statistical analysis of viscosity curves for SRM 2492 

for use in further computational analyses of the subsequently planned SRMs in the series 

(mortar and concrete). The data used for this analysis included the data from both 

Appendices B and C. 
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With the enlarged set of data based on the results shown in both Appendix B and 

Appendix C, a hierarchical linear regression model in sample age can be fit to the data to 

assess random variability associated with units, mixes prepared from each unit, and 

individual measurements. This is similar to the analysis shown in Section 6.1, except with 

one extra variance component that can now be estimated because the data in Appendix C 

is based on some of the same units as the data shown in Appendix B. Unlike the analysis 

in Section 5.1, however, the analysis in this Section does not assume the Bingham model 

necessarily describes the relationship between shear stress versus shear rate. As a result, 

reduction of the raw shear stress vs. shear rate curves was done as part of the analysis 

described here rather than being done prior to the transmission of the data to Statistical 

Engineering Division staff, as in the analysis of Section 5.1. 

 

The reduction from the raw data to the data used to fit the hierarchical regression 

models was carried out by fitting smoothing splines to each shear rate, shear stress curve 

using the software package R [17]. These spline models do not require a functional form 

to be specified and have the flexibility to fit almost any reasonably smooth curve well. The 

spline models were fit by the direction of the change in shear rate for each trace, as well as 

by unit, mix, and age (102 spline fits). The spline models were then used to predict the 

shear stress a consistent set of 38 shear rates over the range of interest. These shear rates 

were chosen so that the change in viscosity would never be more than about 5 Pa∙s between 

points and so that shear rates would never be more than 5 s-1 apart (doing so many 

measurements would not have being too long). Although there appears to be a small 

systematic hysteresis, the two spline functions fit for each run, one for each direction of 

change in shear rate, were averaged to obtain one curve. This was done since the size of 
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this effect was negligible compared to the variation between the curves associated with 

different units and mixes. Similarly, the uncertainties in the spline fits themselves are 

negligible relative to the between-mix and between-unit variability. The random variation 

in the spline fits is part of the variation observed between-measurements, however, so it is 

still implicitly accounted for. 

 

The next step in the analysis of the data was an exploratory data analysis, as done 

in the analysis of Section 5.1, except the analysis was repeated for the data associated with 

each level of shear rate. While a few potentially outlying points were observed in this data, 

as before, these were not associated with any recognized problems associated with sample 

preparation or measurement, so no data were omitted when doing further analyses.  

 

Based on the exploratory plots, a hierarchical linear regression model was then fit 

to a selection of the data sets for different shear rates using maximum likelihood as 

implemented in the R package lme4 [18]. This model allowed for random variation 

between units and measurements but assumed a single fixed rate of change, 1 , between 

each response, denoted generically here as ijky
, and age, denoted by ijkA

. The random 

errors associated with each unit are denoted by i , the random errors associated with each 

mix within a given unit are denoted by ( )i j
, and the random errors associated with each 

measurement are denoted by ( )ij k
. The variances associated with each source of random 
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error, unit, mix, and measurement, are denoted
2

U , 
2

Mix , and 
2

M , respectively. All random 

errors are assumed to be mutually independent of one another. 

Residual plots from the fit of the model were similar to those shown in Appendix 

A, covering the Bingham model analysis, and indicated the model fits the data reasonably 

well. The analysis of the residuals is a graphical check on the assumptions underlying the 

fit of the model. The residuals look qualitatively similar to the way they would look if the 

model truly fit the data, but they are not perfect. 

 

Finally, to determine the certified values and their associated uncertainties, the 

hierarchical regression model with normal error distributions was refit using Bayesian 

methods, as in the analysis of Section 5.1, to quantify the contributions to the overall 

uncertainty from random errors associated with units, mixes, and measurements. Again, as 

for the analysis in Section 5.1, shifted and scaled beta prior distributions with hyper-

parameters 1H  and 1H   were used to fi the Bayesian model. However, the ranges and 

locations of the prior distributions for each parameter were set so that they completely 

covered all practical parameter values that could be possible across all shear rates 

considered. 

 

Fitting the model with a range of different prior distributions confirmed that the 

results were not sensitive to the parameters chosen for the prior distributions. The check 

on prior sensitivity also was carried out using shifted and scaled beta distributions, but for 

different combinations of the hyper-parameters, with 
 0.8,  1.2

iH 
 and

 0.8,  1.2
iH 

. 

The same shifting and scaling values used in the original model fit with uniform priors 

were used throughout the prior sensitivity check. However, the two hyper-parameters used 
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for each of the five primary parameters in the model, 0 , 1 , U , Mix and M , were not 

assigned using a  supersaturated 
 2UE s

 optimal experiment design [24] as illustrated in 

Section 5.1. 

A probability distribution for each measurement, given with respect to the 

parameters in the model, is also specified. In this case the random errors associated with 

each factor were modeled as following a normal distribution. Then, based on the model 

and the observed data, the prior distributions for each parameter are updated using Bayes’ 

Theorem to obtain new distributions for each parameter given the information in the data. 

Finally, these new distributions, called posterior distributions, are used to obtain 

uncertainty intervals about each quantity of interest.  

 

As before, the Bayesian model was fit using Markov Chain Monte Carlo simulation 

as implemented in the software package OpenBUGS [25, 26]. Unlike the analysis of 

Section 5.1, however, the fits were carried out using the BRugs R package [30] to run 

OpenBUGS so that all 38 models could be fit using an R script that automatically looped 

through the data sets. For the fits made in R a single Markov chain was used with a burn-

in of 5000 runs and then 30000 runs to compute the samples used to obtain the results, 

thinning each run by a factor of 100. Diagnostic plots fit directly in OpenBUGS for some 

of the data sets throughout the range of shear rates show that the Markov Chains had 

converged by the 5000th iteration of the simulation. Then 5000 additional iterations were 

run for each of 4 parallel Markov chains for model validation. Box plots and scatter plots 

of the posterior predictive residuals from the model for each data point again indicate the 

models fit the data reasonably well. 
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Assuming that the hierarchical model does provide an adequate description of the 

measurement process at each shear rate, proposed certified values for each of the different 

rheological quantities at sample ages of 1 d through 7 d were determined from predictive 

distributions for a randomly selected unit, as for the analysis of Section 5.1. The proposed 

certified values with expanded uncertainties at the 95 % probability level are given in 

appendix D and in Figure 9. 

 

 

Figure 3.9: Average viscosity curves for each day measured from the statistical analysis.  

 

3.9.2.2 Bingham Parameters 

Using the data developed in Section 5.2.1 and shown in Table D-1 through D-7 

(Appendix D), the Bingham parameters (plastic viscosity and yield stress) were calculated 

and are shown in Table 5. The shear stress, σ, not shown in the Tables D-1 to D-7, for each 

shear rate, γ ̇, was calculated using the viscosity, η, using the following relationship: 
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The shear stress standard uncertainty, u(σ), was computed from the standard 

uncertainty of the viscosity, u(η) by: 

  

The standard and expanded uncertainty of the Bingham parameters was obtained 

by parametric Monte Carlo [31] by generating 10 000 samples of shear stress values for 

each shear rate using a Gaussian distribution with the mean given by the shear stress value 

and the standard deviation given by the corresponding uncertainty. For each of the 10 000 

random samples of the shear stress values, a linear regression produced a slope and 

intercept. The standard deviation of these 10 000 estimates is the standard uncertainty of 

the Bingham parameters. The coverage factors were computed using the 95 % probability 

intervals of the samples. 
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Table 3.6: Yield Stress and Plastic Viscosity Values from logarithmic shear rate scale 

(certified values are shown in bold type and reference values are shown       

in regular type). 

 

3.10 Summary 

A new paste reference material was developed that consists of three components 

mixed to form a suspension: water, corn syrup and fine limestone. The uniqueness of this 

material is that similar to cement paste, it is a suspension that is comprised of a fine powder 

in a liquid. The user needs to prepare the mixture according to the proportions defined in 

the certificate, and mix it using ASTM C1738 with the modification for introduction of the 

corn syrup to the blender as described in Section 3.3 of this report (and will also be 

described on the certificate).  
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This report provides the development of the certified Bingham values or yield stress 

and plastic viscosity (section 5.1), and the viscosity curves composed of the viscosity vs 

shear rate relationship (section 5.2). In both cases an extensive statistical analysis allows 

the determination of the values with their uncertainty.  All the results obtained are provided 

in the appendixes. Currently, research on the addition of fine and coarse aggregates to 

develop SRM’s for characterizing the performance of mortar and concrete rheometers is 

under way. 
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CHAPTER 4: SHELF-LIFE EXTENSION OF SRM2492 
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4.1 Overview  

Cement-based materials are complex rheological fluids that display time-

dependent, shear-dependent rheological behavior. Over the years, various rheometers have 

been proposed for concrete; however the rheological properties determined from these 

devices often cannot be correlated.  Typical calibration fluids used in commercial 

rheometers are not well suited for the concrete rheometer calibration due to their high cost 

and they are Newtonian (i.e., not a complex fluid). Therefore, there was a clear need for a 

reference material specifically designed for concentrated, granular suspensions, such as 

cement paste, mortar and concrete; this need led to the new development of a series of 

reference materials for calibration of devices used in cement-based suspension rheological 

testing. The reference material to simulate cement paste, SRM2492, was composed of a 

fine limestone powder in a corn syrup matrix. Due to microbial growth in the paste matrix, 

the shelf life of standard reference material 2492 was limited to 7 d. This paper presents 

the results of a study conducted to analyze how to minimize microbial growth within the 

paste matrix. Various biocides that extend the shelf-life of the reference material were 

examined, with the most promising method being sodium propionate, a non-toxic 

chemical. Furthermore, the study provides recommendations that improve the storage of 

SRM. 

 

4.2 Introduction  

Rheology is a branch of science that deals with the study of the flow and 

deformation behavior of complex fluids. With the development of advanced rheological 

cement-based suspensions, such as self-consolidating concrete, underwater concrete, and 
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3-d printing slurries, there is an increasing desire to accurately determine the rheological 

properties of cement based materials ranging from cement paste to concrete. While great 

progress has been made in the field of concrete rheology, one aspect that has limited the 

broader adoption of rheological characterization in the concrete community is due to the 

fact the rheological properties extracted from the concrete rheometers lack good correlation 

amongst each other.  The American Concrete Institute Committee 238 used two 

international testing campaigns to determine correlation between existing concrete 

rheometers and found that there was a need for a reference material to calibrate the 

rheometers [1, 2]. Discussions from ACI Committee 238 found that the reference material 

cannot be the traditional standard oils as they are likely to be too cost-prohibitive to fill a 

whole concrete rheometer (20 L); additionally, standard oils display Newtonian behavior, 

which is not representative of the rheological behavior of concrete. Therefore, there was a 

clear need for a reference material that could simulate paste, mortar and concrete with a 

large distribution of particles and that was a Bingham fluid.  This led to the development 

by NIST of a series of standard reference materials (SRM), composed of a corn syrup 

solution and fine limestone powder with glass beads inclusions.  

 

The SRM2492 is a paste for cement paste calibration; a key attribute of this paste 

was that it was engineered to display Bingham behavior. This study focuses on developing 

methods that ensure the SRM 2492 is viable for a length of time that exceeds the certified 

7 d shelf life [3, 4]. As it was found from preliminary studies that microorganism growth 

seems to be a cause of the deterioration of the SRM 2492, efforts were focused in this study 

on finding an appropriate biocide.  
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It was observed that after 10 d of storage microbial growth becomes noticeable, 

along with changes in the rheological properties of the SRM paste [5]. One method to 

destroy microbial growth would be heat treatment sterilization, but it is obviously labor 

intensive since all instruments and containers need to be heat treated, as well as all materials 

such as the limestone and water.  This is not an easy task in a laboratory and especially in 

the field. The other solution would be to use chemical sterilization, such as a biocide. 

Ideally it is preferable that the biocides selected are not toxic to humans, so that no special 

precautions need to be implemented to use them and eventually dispose of the SRM after 

usage. Therefore, this study was limited to the analysis of three biocides: grapefruit seed 

extract (GSE), Honey-B-Healthy (HBH) and sodium propionate (SP).  The optimal biocide 

addition time was also examined: initially with the mixing water or later after the mixture 

is older than 7 d. A discussion is presented on the selection criteria of the biocides, as well 

as other factors that could contribute to the deterioration of the SRM and provides solutions 

to prolong the shelf life of the SRM.  

 

4.3 Background 

The development of SRM 2492 [3] provided a non-Newtonian reference material, 

with Bingham behavior composed of non-setting materials. The constituents are fine 

limestone, corn syrup and water, with the first constituents provided in the SRM box and 

the water provided by the user. The re-certification [4] of this SRM served as the matrix to 

create SRM 2493 [6], which is the mortar SRM by addition of 1 mm glass beads. SRM 

2493 will then contribute as the stepping stone to develop a concrete SRM 2497 by addition 

of 10 mm beads thus completing the multi-phase series (expected in 2016).   
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It was observed during the development of SRM 2492 that the rheological 

properties are stable up until 7 d to 10 d after mixing. Figure 1 presents the plots showing 

the temporal evolution of yield stress and viscosity of the SRM paste. Initially, the yield 

stress and viscosity of the SRM was around 55 Pa and 6 Pa*s, respectively, when stored at 

6 °C. Similarly, the yield stress and viscosity of the SRM when stored at 23 °C, was around 

62 Pa and 7 Pa*s, respectively,  These values are higher than typical values measured for 

paste likely due to the additional viscosity of the corn syrup which can be found in the 

original certification report [3]. Storing the SRM at a lower temperature, 6 °C, in between 

measurement was thought to inhibit the growth of microorganisms, but this had no 

significant effect on the results as shown in Figure 1. 

 

 

Figure 4.1: SRM2492 rheological properties show stability until they exceed age = 10 

days, the samples shown were stored at [A] 6ºC and [B] 23ºC. [5] 
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The first leading factor causing the data divergence was discovered from 

observations of microbial growth on the SRM after two years as shown in Figure 2..  Then, 

two mixtures were prepared: an aqueous solution of corn syrup and a SRM. After just 12 

d of storage in a closed container in the laboratory, the microbial growth was clearly visible 

on the side of the containers (Figure 3). Figure 4 shows the growth after 9 weeks in the 

SRM. It is speculated that the limestone had additional traces of minerals which could 

provide additional nutrients, the microorganisms feed on the sugars in the corn syrup, or 

that the limestone serves as substrate promoting the formation of microbial networks (e.g., 

biofilms); ultimately leading to further microbial growth. 

 

To test the hypothesis that the microorganisms seen would be generated in a typical 

SRM mixture, small amounts of SRM mixture was placed in accelerated growth mediums. 

Figure 5 shows two cases: a normally prepared SRM and a SRM with all the ingredients 

sterilized by heat-treatment first. Within 4 d, a green-yellow pubescence is visible in the 

normal sample but not on the sterilized sample.  It was speculated that the presence of the 

microorganisms could be causing the increase in viscosity and yield stress observed in 

Figure 1.     

 

Figure 4.2: Two-year old SRM stored in a closed container in the laboratory 
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Figure 4.3: Corn syrup + water solution showed signs of microbial growth after 12 d. 

 

Figure 4.4: Microbial growth appears in top layer of SRM paste. Image taken at 9 weeks. 

 

Figure 4.5: Accelerated microbial growth environments analyzing a (left) normal SRM 

sample and (right) a sterilized SRM sample. 
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These examinations led to analyze two possible approaches that limit the microbial 

growth and control the degradation of the SRM after mixing: (1) heat treatment sterilization 

and (2) chemical sterilization. .Heat treatments are very effective at deactivating/killing 

microorganisms, however the need for strict laboratory controlled conditions may hinder 

SRM users from being able to successfully implement this method. The efficacy of a 

particular biocide will vary depending on its concentration and the type of microorganism 

present, however chemical sterilization treatments using biocides are advantageous when 

there are concerns that the high temperatures from heat treatments may damage the 

material. Additionally, the simplicity of the chemical sterilization means that the SRM 

owner can introduce the biocide during initial mixing or at a later time period after the 

SRM is prepared.   

 

Another interesting phenomena was also investigated. The rheological values 

shown in the SRM 2492 certificate show an increasing trend with time from 1 d to 7 d. All 

the values are still within the uncertainty posted, thus they can still be considered constant 

for 7 d. One hypothesis, is that the containers used to store the material were not adequate 

to avoid some water loses. Alternative containers were also examined in this study. 
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4.4 Materials  

4.4.1 SRM2492 

The main component in this study, SRM 2492 cement paste reference material, 

forms the matrix of all samples examined with the following composition, as per the 

certificate [7]. 

 Corn Syrup: 200 g 

 Distilled water: 63.16 g 

 Limestone: 458.1 g 

The constituents need to be prepared by the user according to the specification described 

in the certificate [7]. Further detail about the composition or properties of SRM2492 can 

be found in the published certification report [4]. 

 

4.4.2 BIOCIDES USED 

The selection of the biocides was restricted to those that were commercially 

available and inexpensive products and are listed in Table 1. On the other hand, a few non-

commercial biocides were also analyzed for comparison and to offer more accurate 

solutions. These non-commercial biocides were prepared in-house at NIST. The biocides 

(with abbreviations for future references) considered are listed below and followed by a 

more detailed description provided in the following sections. 
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Table 4.1: Biocides3 selected for analysis 

 

4.4.2.1 Grapefruit Seed Extract4  

The grapefruit seed extract (GSE) is a liquid extracted from a grapefruit’s seeds and 

pulp. GSE is a great source of plant antioxidants which makes it rich in nutrients and 

phytochemicals [8]. There have been a number of reported uses of GSE in cosmetics and 

dietary supplements which claimed antioxidant and antibacterial effects [9].   

 

The effectiveness of a processed GSE was investigated in the literature, as the 

commercially available biocide would also be processed into chemical (liquid) form by the 

biocide supplier. Results suggest GSE consistently contained antibacterial characteristics 

that are comparable to that of proven topical antibacterial; although, the GSE appeared to 

have greater inhibitory effect on gram-positive organisms than on gram-negative 

organisms, its comparative effectiveness against a wide range of bacterial biotypes is 

significant. [10]. Gram-positive bacteria are typically known to be the helpful, probiotic 

                                                 
3 Abbreviations specified are solely for use during this report. They were created to ease references to the 

biocide name in and in no way represents any other brand or scientific name. 
4 Certain commercial products are identified in this paper to specify the materials used and procedures 

employed. In no case does such identification imply endorsement or recommendation by the National 

Institute of Standards and Technology, nor does it indicate that the products are necessarily the best 

available for the purpose. 
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bacteria that live in human guts and help digest food [11]. On the other hand, gram-negative 

bacteria are thought of as the bad organisms that can be harmful and make humans sick 

[12].  

 

The levels of toxicity for GSE concentrations [13] would signify both microbial 

and nontoxic threshold values. The usage of scanning transmission electron microscopy 

(STEM) revealed the mechanism of GSE’s antibacterial activity. The results showed that 

GSE disrupts the bacterial membrane and liberates the cytoplasmic contents within 15 min 

after contact. However, tests indicate that GSE remains bactericidal but toxic at GSE 

solution concentrations of 1:1 through 1:128, while at a 1:512 dilution GSE is bactericidal 

but completely nontoxic.  

 

4.4.2.2 Sodium Propionate  

The sodium propionate (SP) is used as a food preservative in the United States, the 

European Union, and several other countries. Although SP is slightly toxic, it is generally 

safe in small amounts (less than 0.3 percent of total sample mass).  Sodium propionate 

(also known as Mycoban) is commercially available but can also be easily prepared by the 

reaction of propionic acid with sodium carbonate or sodium hydroxide.  

 

For this study the sodium propionate was prepared at NIST by the stoichiometric 

addition of 2 moles/L of sodium hydroxide into neat liquid propionic acid.  A 10 percent 

stock solution (wt./wt.) of SP in deionized water was used as the working solution and 

diluted as needed.    
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4.4.2.3 Honey-B-Healthy 

The Honey-B-Healthy (HBH) is a commercially available product and it was 

expected to serve as a preservation agent for the corn syrup solution. HBH uses lemongrass 

and spearmint oil concentrates for its naturally occurring pheromones. As shown in these 

studies, HBH concentrate [14] can be kept in syrup solutions with tightly sealed containers 

and fed to bees when needed during nectar shortages to help maintain healthy productive 

colonies for pollination and honey production.  

The safety information of the main components for HBH (lemongrass oil, 

spearmint oil, and sucrose) were examined for possible hazards using available literature. 

The NFPA (National Fire Protection Association) ratings from the SDS (Safety Data Sheet) 

for all three components are summarized in Table 2, which show that the HBH is not a 

hazardous material for operators due to its low NFPA ratings. The blue, red and yellow 

diamonds represent the health, flammability and instability hazard, respectively. Where the 

Health (blue) Rating is 2 indicates continued exposure can lead to temporary incapacitation 

unless given prompt medical attention. Also, Flammability (red) 2 indicate the material 

needs to be exposed to relatively high temperature before ignition can occur. Where Health 

1 rating is indicated, only minor injury can occur if no treatment is given, and Flammability 

1 indicates materials need preheating before ignition can occur. Any ratings of 0 are 

considered normal conditions. 

Table 4.2: NFPA ratings for the main components of HBH. 
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4.4.2.4 Sodium Azide (NaN3) 

Sodium azide (SA) is a sodium salt of hydrazoic acid that is colorless, odorless, 

crystalline solid (salt-like) and is soluble in water or liquid ammonia. SA is used to prevent 

the growth of microorganisms as shown by of its main applications as an additive to 

perishable food and is used as a broad spectrum biocide. For this study, a 4 percent solution 

(wt. /wt.) of Sodium Azide in deionized water was made as the primary working solution 

and diluted as needed 

 

However, SA can be highly toxic and the solid material can present an intensive 

explosion risk when shocked or heated [15].  Nonetheless, SA is not harmful to humans if 

the dosage is between 0.3 mg to 150 mg dosage [16]. Since levels of toxicity typically 

depend on the concentration, former studies have examined low concentrations of SA to 

minimize the effect of toxicity [17]. The analysis of this biocide found that a dosage of 

0.01 % of biocide per total SRM sample mass not only helps prevent the characteristic 

growth of bacilli, but it also inhibits common bacteria and other microorganisms and is at 

a level that is not toxic to humans.  

 

4.4.2.5 Cinnamaldehyde (C9H8O) 

Cinnamaldehyde (CN) is a liquid, organic compound which aids in avoiding 

bacterial growth and mold formation. CN is typically used in the food industry, where it is 

often used as a fungicide and insecticide due to its low toxicity for human. Although this 

study used this product as produced synthetically, it should be noted that CN does occur 

naturally from the bark of cinnamon trees.   
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4.4.2.6 Silver Nanoparticle Suspension 

The silver nanoparticle suspension (SNS) is biocide as a suspension composed of 

silver nanoparticles capped with citrate. The citrate is essentially the salt or ester of citric 

acid. The silver nanoparticles have been applied in various fields such as electronics, 

optics, water treatment and biotechnology. Silver Nanoparticle Solution (SNS) serves this 

wide range of industries due to silver’s (Ag) antimicrobial behavior. Recent [18] reports 

showed that silver nanoparticles have potential risks to human health due to their “Trojan 

horse” mechanism when the silver ions are released via dissolution. The studies on the 

toxicity of SNS portray that the measurement of the silver ion fraction is crucial for toxicity 

studies. The suspension examined here was composed of 60 mg silver nanoparticles per 

liter of water. The silver nanoparticles had a particle size of 20 nm in diameter.  

 

4.5 Experimental Procedure  

4.5.1 STERILIZATION APPROACHES 

4.5.1.1 Heat Sterilization  

Sterilization via dry heat was deemed a good approach on the principle that 

microbial growth is improbable if there are no viable microbial cells in the system. This 

approach attempts to kill the microbial sources via heat treatment of the SRM constituents, 

instruments, and other laboratory equipment that comes in contact with the SRM.  

 

The sterilization of the constituents begins by heating the limestone at 150 °C for 

48 h in order to ensure that devitalization of any bacteria or microorganisms in the 
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limestone is reached. A sterilized glass container, by cleaning it with an alcohol such as 

ethanol, is used for storage after heating. As for the water, it was deionized and boiled at 

100 °C, then stored in a sterile container at room temperature. There is no need to sterilize 

the corn syrup, as without dilution it does not allow microbial growth.  

 

Then, all the instruments and any tool that comes into contact with the SRM should 

be sterilized. This was achieved by rinsing all parts repeatedly with ethanol. By sterilizing 

all instruments, external microbial contamination is avoided through pre-mixing and 

sampling of material which are to be done during all measurements. Alternatively, to use 

less ethanol, heat sanitation may be used for the metallic tools or instrument parts by 

placing the items in the oven with the limestone. Also the usage of gloves and dust masks 

can help to reduce opportunistic microbial contamination from the human body. Once the 

materials are cooled, they are mixed according to the mixing procedure in the certificate of 

analysis [7]. The storage containers should also be sanitized with ethanol before storing the 

SRM paste. The storage conditions, such as room temperature and location, can be the 

same as for the normal samples.  

 

4.5.1.2 Chemical Sterilization 

Two approaches were used to introduce the biocides (as chemical sterilization 

agents): (1) immediate addition and (2) delayed addition.  The immediate addition 

approach consisted of following the standard mixing procedure for SRM2492 as per the 

certificate of analysis [7]. The only modification to the process is the inclusion of the 

biocide dosage with the mixing water. By adding the biocide into the water component 
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during preparation, the water acts as the medium that the biocide particles can use to travel 

into the SRM paste. 

 

The second approach adds the biocide chemical at a later age, after the SRM paste 

has already been used and stored. Each SRM2492 batch contains enough material such that 

it was split in half and stored in two separate containers prior to testing. One half served as 

a control mixture while the other half received a dosage of a biocide. In this approach, the 

biocide is added into the SRM paste then re-mixed with a high shear blender for 2.5 minutes 

at 300 rpm. This re-mixing step is highly recommended when re-using the SRM at a later 

age, regardless if the biocide is added or not.  

 

4.5.2 MEASUREMENT DEVICES  

4.5.2.1 Rheometer 

Since this study focuses on extending the life of SRM2492, the rheometer protocol 

followed the exact procedure that was certified for SRM2492 [4]. Therefore, serrated 

parallel plates of 35 mm in diameter were used to gather the rheological data. The gap 

between the two parallel plates was 0.600 mm ± 0.001 mm and the temperature of the 

rheometer was maintained at 23 °C ± 0.5 °C during all tests via controlled water bath.  

 

The testing protocol consisted of shearing the material at 0.01 s-1 for 150 s before 

starting the Bingham test. The Bingham test consisted of increasing the nominal shear rate 

from 0.1 s-1 to 50 s-1 (15 points in total) and then decreasing shear rate from 50 s-1 to 0.1 

s-1 (20 points in total). At each step, a time of 30 seconds was allowed for the torque 



 

 

70 

readings to reach steady state behavior before the torque value was recorded. More details 

of the procedure could be found in [4].  

 

 

4.5.2.2 Vibrational viscometer 

This type of viscometer can only be used with a Newtonian fluid whose viscosity 

does not change with shear rate. The viscometer consists of a rod that is immersed in the 

fluid to be measured. The rod vibrates at a high frequency, and it measures the damping 

due to the fluid. The amplitude is small and the power consumed is then converted to 

viscosity [17]. The viscosity measured is the kinematic viscosity (μ), in units of centipoise5 

[cP], of the fluid. The temperature can also be measured at the same time using a 

thermocouple. The kinematic viscosity is equal to the viscosity/density of the fluid. 

 

4.5.3 MOISTURE CONTENT ANALYSIS  

To determine the amount of water content in a prepared SRM batch, small samples 

at various time of storage (i.e. various sample ages) were placed in an oven in order to 

evaporate all the water, and the mass was measured before and after heating. Furthermore, 

in order to truly determine whether the containers were poorly sealed, just water was placed 

in various containers and the mass loss of the container was monitored over time.  

 

                                                 
5 Unit Note: 1 cP = 10-3 Pa·s 



 

 

71 

4.6 Results and discussion 

4.6.1 HEAT TREATMENT STERILIZATION 

The sterilization process yielded evidence of microbial depletion. As shown in 

Figure 6, there was a clear display of microbes in the normal SRM paste sample (N-S), 

while the heat treated sterilized sample (S-S) showed considerably less microbial growth 

[1] after 9 weeks.  The only visible formation on the S-S was a layer of water due to 

bleeding and sedimentation, which were found to occur on SRM2492 samples during 

storage. This phenomenon is further discussed in Section 4.3. 

 

Figure 4.6: Comparison at 9 weeks of sterilized sample (S-S) on the right vs. normal 

sample (N-S) on left. N-S sample shows evidence of microbial activity on 

its surface. 

Although the heat treatment sterilization method reduced the presence of 

microorganisms in the SRM paste, it is was deemed cumbersome as sanitation of parts for 

every rheological measurement will greatly increase the required time for testing. 

Nevertheless, this method is also a non-toxic approach to extending the SRM paste shelf-

life. 
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4.6.2 ANALYSIS OF BIOCIDES 

To pre-screen the biocides effectiveness, they were tested using only the aqueous 

solution of corn syrup at first.  To determine the effect of the addition of a biocide on 

rheological properties, the viscosity of the solution was monitored before and after addition 

of the biocide. The measurement was done by a vibrational viscometer.  

 

To ensure that the viscosity measured was stable, the data were collected up to 20 

min after mixing.  Each mixture was measured 3 times to determine the uncertainty. Figure 

7 shows the data obtained.  All three biocides and the control displayed decreasing 

viscosities until reaching a 15 min threshold, after which the viscosities stabilized from 15 

min to 20 min. Therefore, it is recommended to wait 20 min between mixing end time and 

making rheological measurements in order to allow the viscosity of the liquid components 

to stabilize.  

 

Table 3 only reflects the viscosity values of the biocide emulsions after 15 min of 

mixing as it is considered the stable value. The biocides did cause an increase in viscosity 

compared to the control, but none of them altered the changes in viscosity over time. The 

biocide dosages for measurements shown in Figure 7 were specified at 0.2% mass of 

biocide per mass of water-syrup solution. Significant alterations to the biocide dosage can 

lead to changes in SRM viscosity, therefore this study analyzes the optimal dosages for 

SRM2492, as discussed in the following sections. 
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Figure 4.7: Viscosity behavior over time after mixing the biocide emulsions portray 

threshold value of 15 min prior to viscous stability. The uncertainty bar is one 

standard deviation calculated from 3 measurements on the same mixture. 

 

Table 4.3: Stable viscosity values determined using a vibrational viscometer for the 

biocide emulsions analyzed in this study obtained after 15 min post-mixing. 
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4.6.3 BIOCIDE RHEOLOGICAL EFFECTS  

The solution to use biocide to increase the shelf-life led to several application questions: 

 Optimization of addition time: with the mixing water or later? How late to ensure 

that biocide addition is still effective?  

 How to determine the correct dosage for each of the biocides selected? 

 How the addition of the biocides would affect the rheological properties of the SRM 

2492 as shown in the certificate? 

In this section, the answer to the questions will be analyzed.  

 

4.6.3.1 Impact of immediate introduction of biocide with the mixing water 

The main purpose of this first series of biocide analysis was to observe the stability 

in rheological behavior of the SRM paste when the biocide was introduced at the beginning 

of the SRM’s life. During this phase of the work, only the following biocides were 

evaluated: GSE, HBH, and SP. The GSE and HBH biocides were of main interest to 

analyze since they were selected based during this most recent investigation into good 

biocide candidates. SP was chosen based on previous work showing the SA was promising.  

Despite the good results from SA, another compound with similar effectiveness and less 

toxicity was needed; thus leading this study to observe Sodium Propionate (SP).  This 

previous work is discussed in Section 4.3.3. Alternate Biocides which includes the analysis 

of those remaining biocides that are not discussed in this section.  

 

The expectations set for biocides in this phase of the work were that they should 

extend the stability past 7 d (where stability is determined by no significant changes in 

rheological properties). The biocide selections were tested and compared to a control 
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mixture (no biocide) in the viscosity curves shown in Figure 8 and Figure 9. The biocide 

dosages were specified at 0.2% for all three biocides in this first series, where the dosage 

was calculated as mass of biocide per total SRM paste mass. It was determined that adding 

the biocides was causing a reduction in viscosity of the SRM paste; however, the viscosity 

in mixtures that contained a biocide had better stability over time compared to the control 

which had no biocide. On the other hand, the yield stress of the SRM paste increased when 

HBH was added to the SRM, while addition of the other two biocides slightly reduced the 

yield stress of the control sample.  

 

 

Figure 4.8: Effect of biocides on temporal evolution of viscosity when biocide is added 

into freshly mixed SRM 2492. SRM 2492 is denoted as the “control” 

mixture in the figure. The uncertainty bar is one standard deviation 

calculated from 3 measurements on the same mixture. 
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Figure 4.9: Effect of biocide on temporal evolution of yield stress when biocide is added 

into freshly mixed SRM 2492 (denoted as “control”). The uncertainty bar is 

one standard deviation from 3 measurements on the same mixture. 

 

4.6.3.2 Impact of delayed addition of biocides 

A second series of analysis was conducted on three mixtures of various ages from 

the SRM 2492; each mixture was split in half and stored in two separate containers prior 

to testing. One half served as a control mixture while the other half received a dosage of a 

biocide. Thus, a total of six samples were created which tested a total of three biocides. 

This second series of biocides were specified at 0.5% for all three biocides, where the 

dosage was calculated as mass of biocide per total SRM paste mass. Figures 10-12 show 
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the viscosity and yield stress behavior of the mixes with and without delayed biocide 

additions. Viscosity is represented in the figures by red lines while yield stress is shown as 

blue lines. The lines with white-filled data points represent the SRM without any biocide 

(control or host mixture) which are shown having unstable behavior after 10 d for all three 

samples. The lines with color-filled data points represent the behavior of the host sample 

after receiving the biocide. The orange dashed line represents the time of biocide 

introduction to the host SRM sample. 

 

The expectation for biocides to be rated with a good performance was that the 

addition would stabilize the viscosity (and yield stress) readings beyond 10 days (i.e. the 

point where the original SRM rheological behavior begins to diverge), and ideally this 

stability would continue for an extended time. The addition of SP and HBH stabilized the 

viscosity of the mixture and nearly returned it to its original value (see Figure 10 and 12, 

respectively). Whereas, addition of SP decreased the yield stress and addition of HBH did 

not result in any considerable changes to the yield stress. The GSE did not show promising 

results since it did not appear to stabilize the SRM viscosity nor yield stress when added to 

the host sample, as shown in Figure 11.   
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Figure 4.10: Effect of sodium propionate (SP) addition on viscosity (Visc) and yield 

stress (YS) of SRM 2492. Orange vertical line represents time of biocide 

addition at age = 21 days. 

 

Figure 4.11: Effect of grapefruit seed extract (GSE) addition on viscosity (Visc.) and 

yield stress (YS) of SRM 2492. Orange vertical line represents time of 

biocide addition at age = 35 days. 
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Figure 4.12: Effect of Honey-B-Healthy (HBH) addition on on viscosity (Visc) and yield 

stress (YS) of SRM 2492. Orange vertical line represents time of biocide 

addition at age = 42 days. 

 

4.6.3.3 Alternate Biocides 

The third series of the biocide analysis consists of Cinnamaldehyde (CN), Sodium 

Azide (SA), and Silver Nanoparticle Solution (SNS).  This set of biocides options were 

analyzed prior to the options presented in the most recent studies, and served as the initial 

step towards finding the most suitable biocide for SRM users. In the following discussions, 

the results yielded from these initial studies [5] are presented. Such initial results inspired 

this study’s selection of biocides (HBH, GSE, and SP) which have been the focus of 

discussion thus far. 
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The silver nanoparticle solution (SNS) was prepared by replacing the distilled water 

component of the SRM with SNS. The corn syrup and limestone components remained the 

same. The rheological behavior of SRM2492 when SNS was added remains very similar 

to Bingham behavior, like the control sample, as shown in Figure 13. The viscosity appears 

to be slightly higher for the SNS sample since the slope is slightly steeper. However, 

microbial growth was confirmed when monitoring the SNS + SRM2492 sample in the 

accelerated growth environment, see Figure 14.  

 

 

Figure 4.13: Addition of SNS to SRM2492 slightly increases viscosity but Bingham 

behavior remains similar to control sample. [5] The uncertainty of the shear 

stress values is 1.69 Pa, which was obtained from the SRM2492 certificate 

of analysis.   
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Figure 4.14: (Left) SRM2492 paste with SNS at 5 weeks. (Right) Accelerated growth 

showed signs of microorganisms at 2 weeks. [5] 

The addition of Sodium Azide (SA) was analyzed at a concentration of 0.08%, 

where the dosage was calculated as mass of biocide per total SRM paste mass which was 

added and introduced with the water component of SRM2492 during the standard mixing 

process. The viscosity and yield stress were monitored for 12 d and appeared to not change 

drastically with the exception of an outlier. The outlier occurs on the 4th day and is believed 

to be due to changes in lab room temperature during that period. Specifically, the room 

temperature would increase due to energy saving procedures by NIST of shutting down the 

air conditioning. However, the rheological properties returned to being close to the original 

value once normal conditions were reestablished, shown in Figure 15. Yield stress is 

represented by YS, and viscosity by µ in the following figures. The SA was analyzed in 

both the accelerated growth environment and normal storage conditions, and both 

conditions lacked signs of microbes after several weeks (see Figure 16.).     
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Figure 4.15: Use of Sodium Azide (SA) on SRM2492 does not alter the rheological 

properties significantly. The 4th day values are extremely low due to higher 

temperatures during weekend.  [5] The uncertainties are 1.69 Pa and 0.74 

Pa·s for yield stress and viscosity, respectively. Obtained from the 

SRM2492 certificate of analysis. 

 

Figure 4.16: (Left) SRM2492 paste with SA at 9 weeks. (Right) Accelerated growth 

lacked signs of microbes at 11 weeks. [5] 

The addition of Cinnamaldehyde (CN) was monitored at a dosage of 0.55 mL CN 

per 62.58 mL of water [5]. The limestone and corn syrup components were not modified, 

and the standard mixing process was followed. The addition of CN to the SRM appeared 
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to keep the viscosity slightly constant over time as shown in Figure 17; while the yield 

stress showed a slight increase. The use of CN in the accelerated and normal conditions 

yielded results of no microbial growth after several weeks, as portrayed in Figure 18.  

 

Figure 4.17: Cinnamaldehyde (CN) maintains SRM viscosity stable over few days, but 

has slight increase in yield stress. [5] The uncertainties are 1.69 Pa and 0.74 

Pa·s for yield stress and viscosity. 

 

Figure 4.18: (Left) SRM2492 paste with CN at 5 weeks. (Right) Accelerated growth 

lacked signs of microbes at 8 weeks. [5] 
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4.6.4 BIOCIDE OPTIMIZATION 

The following discussions on biocide optimization will give nomenclature to the 

biocide results discussed in the previous sections. Table 4 correlates the terms “biocide 

series” with their respective sections from this report, for reader clarity. 

 

Table 4.4: Nomenclature for biocide series results. 

 

Based on the first series of biocide analysis results, the SP and GSE biocides were 

deemed to be more promising than the HBH biocide in applications where the biocide will 

be mixed into freshly prepared SRM mixtures. Addition of SP and GSE biocides do not 

show considerable change on the yield stress, and provide a lower but more stable viscosity 

if added to SRM2492.   

 

The results from the second analysis series showed that GSE was to be discontinued 

from future research in this study since it failed to comply with the acceptable requirements 

of both Biocide Series 1 and 2. The HBH showed better results in Series 2 than it did prior 

in Series 1, since it helped stabilize the viscosity and didn’t affect the yield stress of 

SRM2492 when added into the mix at a later age. Also, as expected from results from 

Series 1, the SP showed promising results since it stabilized the viscosity even if added at 

a later age. 
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The alternate biocide series portrayed that SNS was not a good candidate for further 

analysis since it was the only biocide of this third series that showed microbial growth in 

the accelerated environments. The SNS is also an expensive solution, thus not the best for 

practical use either. On the other hand, the SA and CN both yielded positive results in the 

accelerated and normal condition monitoring since no microbial growth was traced.  

However, the analysis of the CN was discontinued due to its poor long term performance. 

The plastic viscosity of a sample with CN tends to drop significantly after 2 months as can 

be seen from the slopes of the lines in Figure 19. The large viscosity change deemed the 

CN solution not desirable since the predictability of the data is affected. The SA resulted 

being the most promising option from this series of biocides, but another compound with 

similar effectiveness and less toxicity than SA was needed; thus leading this study to 

observe Sodium Propionate (SP).  

 

Figure 4.19: Effect of CN on viscosity of SRM2492 decreases after 2 months. The 

uncertainty is 1.69 Pa for shear stress measurements. Obtained from the 

SRM2492 certificate of analysis. 
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Based on the results discussed above, further analysis was conducted in order to 

optimize the standard practice of using the better biocide selections: SP and HBH. This 

analysis only focused on optimizing results based on viscosity stabilization; yield stress 

was not observed since the HBH doesn’t affect it, and the SP lowers the yield stress initially 

but keeps it constant at the lower value. Different dosages of SP and HBH were analyzed 

with the goal of stabilizing viscosity at a value close to the original certified SRM2492 

values. As shown in Figure 20 and Figure 21, some dosages were added at the initial sample 

mix (shown by filled circles to represent biocide dosage is present in sample) or introduced 

at a later age (shown by white circles to represent empty biocide dosage). The dosages are 

also labeled along the lines. 

 

Thus, optimization of the biocide requires a dosage that is not too small such that it 

doesn’t take effect, like the 0.18% SP dosage. Also, the dosage shouldn’t be so high that 

there is too much liquid content added since that would cause a decreased viscosity as 

shown by the 0.35% SP dosage. All dosages mentioned in this section onward are shown 

as percentages (%) which were calculated as mass of biocide per mass of total SRM paste. 

Therefore, we aimed at a dosage of SP that could balance the loss of moisture which 

resulted being around 0.26% as shown by the blue line. This dosage appears to stabilize 

viscosity effectively enough to bring the viscosity value close to the desired baseline value, 

furthermore the stability works even if added at later age. However, for HBH all dosages 

appeared to behave very similar to the control by gradually increased viscosity; therefore, 

is not as reliable a biocide as the SP.  
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For best practice when using SRM2492, sodium propionate (SP) should be used as 

the biocide to account for microbial growth activity that has been noticed to form on the 

paste after 14 d of storage. As shown in this study, the SP can be added at any time and 

still stabilize the viscosity to the paste viscosity value certified for SRM2492.  

 

Figure 4.20: Effects of different dosages of Honey-B-Healthy (HBH) on                     

viscosity of SRM2492.  
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Figure 4.21: Effects on viscosity of SRM2492 by different dosages of                       

sodium propionate (SP). 

 

4.6.5 EFFECT OF MOISTURE CONTENT ON SRM2492 SHELF-LIFE 

During this study an observation was made of water bleeding to the top of the SRM 

paste when stored for an extended period of time. Many samples showed a thin layer of 

water atop the paste surface after at least a day of resting; the longer the samples were left 

untouched yielded thicker layers of bleeding water. This layer does not affect the 

rheological properties of the SRM 2492 as it is protocol to mix it for 30 s at 300 rpm (31.4 

rad/s) prior to any rheological tests. This bleed water is problematic from two aspects: (1) 

bleed water on the surface of the SRM mixture may promote an environment for microbial 

growth (2) the polymer storage containers are not 100% resistant to moisture evaporation, 

thus the bleed water may slowly evaporate which ultimately is reducing the water content 
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in the mixture composition. This part of the work investigates the role aspect 2 plays on 

the rheological properties of the SRM. Nevertheless, a trend of increased viscosity in the 

certified values was observed despite the fact that the values are still within the statistically 

certified uncertainty. Thus, an investigation into the storage containers was conducted to 

determine if the reason for the increasing viscosity trend was due to water loss during 

storage.   

 

4.6.5.1 Moisture Content of SRM2492 

The analysis for moisture loss began by observing the moisture content conducted 

with traditional tests of oven drying over time. Figure 22 shows the original composition 

of SRM2492 compared to its solely liquid composition (excluding the limestone). Samples 

of SRM2492 and its liquid portion were both monitored over time for changes in moisture 

content. By independently analyzing the liquid portion only we are able to observe the 

contribution that the corn syrup solution has on the SRM’s moisture losses. 

 

 Figure 4.22: Composition of SRM2492 shown in (left) its entirety and (right) with only 

the liquid components. 
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The moisture content tests were conducted on SRM2492 samples of three different 

ages: 5 weeks, 17 weeks and 35 weeks old. Furthermore, the samples we dried at two 

temperature conditions: 40ºC and 100ºC as shown in Figure 23 and 24, respectively. Each 

age was represented by 3 test samples which yielded a mass loss uncertainty of 1%. Thus, 

nine total SRM2492 samples of various ages were placed in the oven and weighed regularly 

for 14 d. It was found that after 14 d, it can be assumed that most of the water was removed 

as shown by the slope of the curves.  Figures 23 and 24 both highlighted the moisture 

content of the 5-weeks old SRM2492 sample is higher than the water content at 17 weeks 

and 35 weeks old, regardless of temperature condition tested. This is assumed to be caused 

by the moisture losses due to evaporation which is primarily occurring in the first weeks.  

 

The results yielded larger moisture contents when oven-dried at 100 ºC compared 

to conducting the test at 40 ºC. SRM2492 samples dried at 100 ºC yielded moisture contents 

of about 14 % ± 1 % while the 40 ºC samples had moisture contents of about 9 % ± 1 % 

This occurrence is also portrayed in the testing of the liquid composition (corn syrup + 

water only). As shown in Figure 25 the moisture contents for the liquid portion when oven-

dried at 100 ºC and 40 ºC differ from 37 % ± 0.5 % to 30 % ± 0.5 %, respectively. These 

differences of moisture content calculations can either be due to the higher heat loads at 

100 ºC being able to drive out amounts of water from the samples, possibly some 

decomposition of corn syrup, or a combination of the two.  
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Figure 4.23: Moisture content available in SRM2492 samples of different ages, observed 

via continuous oven-drying at 40 ºC. The moisture contents have an 

uncertainty of 1% calculated from 3 samples measured at each point. 

 

Figure 4.24: Moisture content available in SRM2492 samples of different ages, observed 

via continuous oven-drying at 100 ºC. Moisture contents have an uncertainty 

of 1% calculated from 3 samples measured at each point. 
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Figure 4.25: Moisture content observed for liquid composition (diluted corn syrup only) 

of SRM2492 at oven-drying conditions of 40 ºC and 100 ºC.These moisture 

contents have an uncertainty of 0.5% calculated from 3 samples measured at 

each point. 

4.6.5.2 Storage Container Analysis  

A series of tests were conducted to determine the effectiveness of the containers in 

which the SRM2492 samples were stored. The analyses observed the loss of mass over 

time when storing SRM2492 paste and compared those results to only storing water in 

similar containers. This study analyzed different methods of sealing the storage containers 

with the intention of finding the most effective method to retain the moisture content when 

stored long periods of time.  

 

4.6.5.2.1 Container and sealant types 

A variety of containers, lids and sealing methods were analyzed in order to find the 

sealing system with the least moisture loss during storage. This analysis looked into 
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altering not only the material type for the containers and lids, but also observed different 

methods of sealing the containers. All the types of components that were analyzed are listed 

in Table 5 in no particular order, from which various combinations were observed during 

this study. 

 

Table 4.5: Listing of all components analyzed for most effective                            

container sealing system. 

 

 

The original container from SRM2492 certification testing is composed of 

polypropylene (PP) with a normal lid, where normal signifies the lid has no special 

performance of moisture retention. The alternate container type analyzed in this study 

differs to the normal container by the polymer type which it is composed of, which is 

polystyrene (PS). The main difference between PP and PS that will impact this study is the 

Moisture Vapor Transmission Rate (MVTR) of each polymer. MVTR is a measure of the 

passage of gaseous H2O through a barrier. Thus, a lower MVTR rating represents a better 

retention of moisture content. As shown in Table 6, the PS has a high MVTR of 10 while 

the PP only has a 0.5 rating. The table also compares the two polymers to other commonly 

found polymers simply for reference. The only advantage a PS container has in this 
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comparison over a PP container is that PS has better clarity, but impact strength wouldn’t 

be significantly different between the two polymers. 

 

Table 4.6: Moisture Vapor Transmission Ratings (MVTR) of common polymers. MVTR 

values are in g-mil/100in. 2/24hr. [20] 

 

Other than changing the container’s polymer type, this study also observed the use 

of an alternative lid labelled in this study as “lined lid”. Both the normal and lined lid were 

obtained from the same manufacturer and are composed of Polypropylene. However, the 

lined lid represents a lid that is more air-tight since it comes with the addition of a PTFE-

Faced Foamed Polyethylene liner adhered on the underside of the lid surface (PTFE: 

Polytetrafluoroethylene). The polymer pad fits snug between the lined lid and the container 

once closed, thus making the container more air-tight.  

 

Furthermore, various methods of sealing the containers with materials that are 

commonly available were also analyzed, such as plastic wrap and Ziploc bags. In addition 

to the common household item, plastic wrap, this study also investigated the use of paraffin 

film wrap since it is a more adhesive type of wrap. The application of the paraffin film 

wrap was executed in two ways, either (1) placed under the cap when closed or (2) placed 

on the entire circumference of the container lid (as if taping the lid shut around its edge). 
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The moisture retention performance for various combinations of the components listed in 

this section are discussed in the following sections.   

 

4.6.5.2.2 Performance of sealing systems 

The effectiveness of the lids was analyzed by observing the evolution of SRM2492 

mass loss when stored, and assuming some mass loss is due to moisture evaporation. First, 

an analysis was conducted to measure the difference in moisture loss prevention between 

the normal and lined lid on a normal container. During this first analysis, parallel samples 

were analyzed to observe the effect of mixing protocol on the SRM2492 sample when 

making measurements of mass loss. The parallel analysis allowed us to highlight mass loss 

behavior in a more practical scenario since an SRM user would in fact be required to re-

mix their sample prior to making rheological measurements. As shown in Figure 26, all 

samples experienced mass loss due to evaporation, as expected. When interpreting the 

figure, the lines with circle data points signify a normal lid was used during storage while 

square lines represent a lined lid was applied. In regards to mixing protocol, the solid data 

points mean the samples were re-mixed prior to measuring such data point while open data 

points represent sample that were never re-mixed prior to measurement. These results 

highlight a significant reduction in moisture loss when using the lined lid given that both 

of the samples with lined lids (samples C and D) showed the lowest mass losses regardless 

of mixing protocol. The effect of re-mixing a sample stored in a normal, unlined container 

(sample A) showed reduction in moisture loss compared to not re-mixing (sample B). This 

supports the idea that water evaporates (moisture is lost) from the bleed layer formed 

during storage, because re-mixing prevents the amount of water in the bleed layer to grow. 

On the other hand, when re-mixing an SRM sample stored in a lined container (sample C) 
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the opposite effect occurs, and an increase in moisture loss compared to not re-mixing 

(sample D) occurs. This is likely due to the paste’s exposure to air when opening the 

container to conduct the re-mixing and rheological testing. Furthermore, the lined container 

is able to maintain its original composition fairly well, so any exposure to air will result in 

more moisture loss compared to keeping the lined lid closed by not re-mixing.  

 

Figure 4.26: Mass losses of SRM2492 samples recorded over time to show water content 

evaporated when stored increases with time. Circles represent normal lid 

was used during storage; squares represent lined lid. Solid data were re-

mixed pre-measurement; open data were unmixed samples. 

It is evident from the Figure 26 that the use of a lined lid is recommended for 

standard practice when using SRM2492 and intending on storing for future use even for 

less than 7 d. Nonetheless, a second analysis was conducted on two unmixed samples to 

verify the effectiveness of using a lined lid versus a normal lid. As shown in Figure 27, the 

use of a lined lid can reduce the loss of moisture from being nearly 3 % in 20 d down to 

under 0.5 %.  

A Normal Test Day

B Normal None

C Lined Test Day

D Lined None

Code Lid type
Mixing 

Protocol
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Figure 4.27: Moisture loss when storing SRM2492 reduced significantly by application 

of lined lid. 

 

Next, an analysis on containers with only water was conducted in order to focus the 

results on the effectiveness of moisture loss prevention, since it is safe to assume from 

previous results that much of the mass loss during SRM2492 storage is due to moisture 

evaporation. This set of analysis compares the use of the normal lid, lined lid, Ziploc bag 

and plastic wrap to seal the water-filled containers. As expected, the lined lid yielded the 

lowest moisture losses keeping the loss under 0.05 % mass loss after 21 d (see Figure 28). 

Strangely the application of a Ziploc bag and/or plastic wrap caused a higher loss in water 

compared to the normal container. 
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Figure 4.28: Various methods of sealing the containers were analyzed using surround 

wrap, Ziploc bag or a combination. None of which retained moisture more 

effectively than the normal or lined lid. 

A final series of moisture loss analysis was conducted in which the two container 

types (PP and PS) were also included in the combination of sealing systems analyzed, 

shown in Figure 29. Furthermore, an additional lid type was included during this final 

series which was labelled “Alternative Lined Lid” since it is also a PVC lid, however from 

a new source whose identity is irrelevant to the results. The original Lined Lid is still 

included in the following analysis, but the Alternative Lined Lids were ordered due to the 

effectiveness shown from the original’s results. 

 

Refer to the legend below the figure for important notes on interpreting the results. 

The PS container resulted having higher losses of moisture compared to the original PP 

container, as expected due to PS having a higher MVTR. On the other hand, the use of 

paraffin film wrap portrayed good retention of moisture. In fact, the samples with paraffin 
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film wrap around the lid’s circumference yielded the lowest moisture losses (gold-bordered 

circles) similar to the PP container with a lined lid (purple line). These results were 

promising for the paraffin film wrap the lined lid is expected to yield the best sealing 

system, from the results shown thus far.  In conclusion, the use of a lined lid or paraffin 

film wrap are able to keep moisture losses under 0.5 % by mass.   

 

 

Figure 4.29: Evolution of moisture loss (by % mass) show high losses in the PS containers. 

Color codes shown on legend represent the container and lid type for lines 

portrayed in the figure above. PP types are represented by the circles, while 

PS are shown as squares. Containers with lined lids have black borders around 

the circle/square, while unlined lids shown by white borders. Containers with 

film wrap shown with gold borders around circles.     

A PP Unlined None

B PS Unlined None

C PP Lined None

D PS Alt Lined None

E PP Alt Lined None

F PP Alt Lined Circumference

G PP Alt Lined Under cap

H PP Unlined Circumference

Code
Container 

type
Lid type Film wrap
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4.6.5.3 Summary of storage container analysis 

The high MVTR of the PS container resulted causing higher loses of moisture than 

the original PP container, therefore the latter are not recommended for use with SRM2492. 

The original PP containers resulted being the best choice in terms of having one of the 

lowest MVTRs, and are recommended for storage of SRM2492. The results from the 

moisture analysis enabled this study to recommend that SRM2492 should be stored in 

polypropylene (PP) containers, and preferably in combination with a lined lid and possibly 

with the addition of paraffin film wrap to seal the lid. More importantly, the finding of this 

recommended practice helped explain the cause of increased viscosities found at later ages 

of the SRM2492 life (during storage), in addition to the microbial activity visible after 14 

d. The use of lined lid can serve as the solution to restraining evaporation from the bleeding 

layer which forms due to the natural occurrence of particle sedimentation caused by 

gravity. In conclusion, the use of a lined lid helps minimize moisture loss and assures the 

moisture content of SRM2492 is not altered during storage and prevents undesired 

viscosity increases. 

 

4.7 Recommended standard practice for storage of SRM2492 

Before the microbial activity visible at 14 d, another issue dominates the paste 

behavior which is the bleeding of water due to particle sedimentation; this phenomenon 

creates a layer of water at the top surface of the SRM2492 sample. The formation of such 

bleeding layer could be providing an environment for microbial activity to grow; whose 

presence then increases the viscosity of the sample as well as makes the rheological data 

unpredictable. Furthermore, the container in which the samples are stored appear to lose 

moisture over time, which depletes the water in the bleeding layer. The moisture loss of 
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the aqueous layer results in increased viscosity of the entire SRM mixture. These issues 

encouraged the moisture analyses conducted in this study which yielded methods to 

prevent or minimize moisture loss. 

 

The most effective method of preventing moisture loss during storage resulted 

being the use of a low MVTR plastic, like polypropylene (PP), combined with a lined lid. 

Applying this as standard practice for storage of SRM2492 ensures the water content won’t 

change significantly when the paste is re-used past the sample’s certified age of 7 d. The 

bleeding of the water alone does not affect the rheological properties as the SRM needs to 

be remixed for 30 s at 300 rpm (31.4 rad/s) prior every usage.  

 

This study provided mitigation issues for the moisture factor which occurs in the 

first 14 d, and solutions to microbial activity which occurs after 14 d. While this study 

showed that sterilization of all equipment and materials worked well in keeping viscosity 

stable, it was deemed a complex process for user-friendliness. Therefore, based on the 

results from the Biocide Series, sodium propionate (SP) is recommended for use during 

future work on this SRM since it showed the most promising results.  

 

This study will allow some changes in the certificate of the SRM 2492 to include 

how to better store the material after mixing by using the proper container and lid. 

Nevertheless, more tests would be needed before recommending the use of a biocide, as 

full statistical analysis would need to be conducted.  
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4.8 Conclusion  

4.8.1 PROPOSED SOLUTION TO INCREASE SHELF-LIFE 

An analysis on various methods to extend the shelf life and reduce variability of 

paste reference material, SRM 2492 was conducted. It was observed throughout this study 

that microbial activity is visible at about 10 d after mixing a SRM2492 sample.  Therefore, 

an analysis on various methods to extend the shelf life of the paste reference material were 

conducted. Heat treatment sterilization was found to be adequate in reducing microbial 

growth, but was deemed too complex for user-friendliness. However chemical stabilization 

through use of biocides, particularly sodium propionate (SP), was found to be effective in 

extending the shelf life of SRM 2492 by preventing microbial growth. This study focused 

not only considering the effectiveness of the biocides to stabilize rheological results (for 

better predictability), but also considered the simplicity of practicing these methods at any 

sample age. Therefore, the use of SP proved to be the most effective method to account for 

microbial growth and extend the shelf life of SRM2492. As for the moisture loss prevention 

it is recommended that the standard practice for the storage of SRM2492 is with 

polypropylene containers with lined lids. Alternatively, the application of film wrap around 

the circumference of the closed lid provides an effective method to minimize moisture loss. 
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CHAPTER 5: MORTAR REFERENCE MATERIAL, SRM2493 
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5.1 Overview 

Rheological measurements are often performed using a rotational rheometer. In this 

type of rheometer, the tested fluid is sheared between two surfaces, one of which is rotating 

[1]. Usually, the rotational velocity is imposed and the response of the material is 

monitored by the measurement of the torque. The manufacturers recommend the use of a 

standard oil of known viscosity to verify that the instrument is operating correctly.  

 

Because these oils are expensive, however, they cannot be used for the large 

volumes employed in concrete rheometers. Therefore, a relatively inexpensive, accurate 

reference material is needed that incorporates aggregates for concrete rheometers. As 

concrete and mortar are non-Newtonian, the reference material should also be non-

Newtonian. The development of this new Standard Reference Material (SRM) is based on 

a multiphase approach. The first phase completed the paste reference material [2], which 

was followed by this study providing the description of the development and certification 

of the mortar phase of the SRM developments. The completion of an SRM for concrete is 

currently in progress based on this certification.  

 

The purpose of this report is to describe the process used to certify SRM 2493, a 

“Standard Reference Mortar for Rheological Measurements”. All measurements used for 

the development of the rheological characteristics are provided along with statistical 

analyses.  A description of the modeling that was programmed to predict the behavior of 

the SRM is also provided. The data analyzed in this study serve to certify that the proposed 

models and values are valid.  
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5.2 Introduction 

A National Institute of Standards and Technology (NIST) Standard Reference 

Material® (SRM) meets specific certification criteria and is issued with a certificate of 

analysis that reports the results of its characterization and provides information regarding 

the appropriate use(s) of the material. An SRM is prepared and used for three main 

purposes: 1) to help develop accurate methods of analysis; 2) to calibrate measurements 

systems used to facilitate exchange of goods, institute quality control, determine 

performance characteristics, or measure a property at the state-of-art limit; and 3) to ensure 

the long-term adequacy and integrity of measurement quality assurance programs.  The 

National Institute of Standards and Technology (NIST) provides over 1300 different SRMs 

to industry and academia. Every NIST SRM is provided with a certificate of analysis that 

gives the official characterization of the material’s properties. In addition, supplementary 

documentation, such as this report, describing the development, analysis, and use of SRMs, 

is also often provided to ensure effective use of these materials. 

 

There are several SRMs related to the cement industry but none are useful to 

determine the rheological properties of cement paste, mortar or concrete. After completing 

two inter-laboratory studies related to rheological properties of concrete, it was determined 

that the use of expensive oils was not suitable for calibration of concrete rheometers [3] 

[4]. Thus, a need exists for a granular reference material specifically designed for concrete 

as requested by the industry. SRM 2492 was the first step towards creating a concrete 

rheological SRM, and serves as the basis for the SRM certified in this report. The second 

step is a mortar reference material, SRM2493. The operator needs to mix the SRM 2492 

as certified [1] [2] with the addition of 1 mm glass spheres as the fine aggregate component. 
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Once mixed the material shelf life of the mixture is 7 d.  The reported values were obtained 

through testing performed at NIST using a double spiral, a coaxial and a vane geometry. 

Also, simulation results of pure couette system are provided in comparison with the 

experimental data.  

 

The objective of this report is to describe the mortar reference material, SRM 2493, 

and its rheological properties. A brief description of the methodology and all measurements 

used are provided along with the statistical analysis.  

 

Rheological measurements are commonly performed using a rotational rheometer. 

In this type of rheometer, the test fluid is sheared between two surfaces, one of which is 

rotating while the other is stationary [5]. The rate of the rotating surface is precisely 

controlled by a computer, while measuring the torque resulting from the material response. 

Laboratory rheometers are mainly designed for homogeneous liquids containing no 

particles, such as oils. Therefore, a granular reference material is needed to develop 

rheological properties for mortar or concrete and can be easily compared experimentally.  

 

SRM 2492, a Paste Reference Material was the first step in developing a reference 

material for concrete. This SRM now serves as the matrix fluid for the mortar reference 

material developed in this report.  
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5.3 Materials 

5.3.1 LIMESTONE AND CORN SYRUP 

The SRM 2492 paste, which serves as a matrix for the SRM mortar, consists of a 

limestone, corn syrup and water mixture. The limestone is referred to as a micro-limestone 

flour with an average particle size of 45 µm and a density of 2724 kg/m3 ± 15 kg/m3. The 

corn syrup used was specified as a 100% glucose corn syrup with no additives by the 

manufacturer and verified via NIST testing. Analyses were conducted at NIST on samples 

of the limestone powder to determine its mineralogical, chemical, and physical properties, 

as well as its particle size distribution and density. These two materials were the same as 

those used for the certification of SRM 2492, therefore please refer to [1] [2] for more 

details. 

 

5.3.2 GLASS BEADS 

The component of SRM 2493 that was added to SRM 2492 to transform it into a 

mortar was 1 mm glass beads. The glass beads were received in 5-gal buckets that were 

labelled from A to G.  

 

The density of the beads was found to be 2465 kg/m3 ± 3 kg/m3 at NIST by using 

ASTM C188-09. Afterwards the beads needed to be verified for their sphericity and size 

distribution. Thus, a shape analysis and a particle size distribution process for our 1 mm 

glass beads was developed. This three step process was formatted to best satisfy testing 

requirements and statistical factors. The steps include: specimen set-up, light microscope 

analysis, and computed tomography scan analysis.   
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5.3.2.1 Sample selection and analysis schedule  

 

To ensure a statistical representation of the bottles of beads, a pseudo-random 

number generator from Microsoft Excel6 was used to select two bottles that were associated 

with each bucket (see section 2.4). Table 1 shows the bottles selected for analysis. These 

bottles contained enough beads such that they were used during both the bead analysis and 

later the rheological testing.  

 

 The order in which these bottles were analyzed was also randomized using the 

pseudo-random generator, resulting with the schedule on Table 2.  The schedule considered 

the operator’s availability and equipment’s required time for test completion. For the bead 

analysis, only a small portion of the total beads in each bottle was used for testing. 

Therefore, the remaining beads were used for the rheological testing.   

 

Table 5.1: Randomly selected bottle for bead analysis  

 

                                                 
6 Certain commercial products are identified in this paper to specify the materials used and procedures 

employed. In no case does such identification imply endorsement or recommendation by the National 

Institute of Standards and Technology, nor does it indicate that the products are necessarily the best 

available for the purpose. 
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Table 5.2: Schedule for bead analysis 

 

 

5.3.2.2 Specimen set-up 

A specimen that holds the beads needed to be usable for both analysis tests, giving 

clarity for the light microscope and flexibility for the X-ray computed tomography (CT) 

scan. The size of the specimen was specified to be about a 76 mm x 178 mm (3 in x 7 in) 

piece of self-adhesive laminated sheet. This size was governed by the required sample size 

for the X-ray CT test.  

 

The first step in setting up the specimen is removing the protective cover from the 

adhesive sheet, and placing it on a flat surface such that the adhesive side is facing up. 

Then, the beads that are to be analyzed are stirred in a cup for random particle distribution. 

Finally, the beads are evenly sprinkled across the adhesive sheet with the help of a thin 

scoop. Typically, the goal was to obtain a distribution in which the beads were not touching 
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each other, i.e., not very dense in terms of number of beads per area. This goal is 

emphasized in order to avoid the appearance of beads touching in the X-ray CT 

reconstruction process. A total sample of around 2000 to 3000 beads was considered 

adequate for statistical shape analysis [6]. 

 

5.3.2.3 Light microscope  

This step of the bead analysis process requires a microscope with adjustable 

lighting (Figure 1). The microscope in conjunction with an image analysis software, 

ImagePro1, enabled snapping images of the specimen during analysis. The specimen set-

up, as described in section 2.2.2, was placed onto an analysis template and lighting was 

adjusted to minimize shadows or any other factors that affected image visibility.  

 

 

Figure 5.1: Light microscope with adjustable lighting of the specimen. 
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A grid template was developed to place under the specimen in order to construct a 

grid system that guides the operator when using the microscope, see Figure 2. ImagePro’s 

“video mode” allowed us to see the specimen in real-time, therefore we were able to 

maneuver around the grids to the desired grid box of analysis prior to saving the image. 

The system was designed to have grids (6 x 11) of dimensions equal to the best window 

size that provided clear microscope images. Measurements of this window size using a 

metric ruler concluded the individual grids should measure 11.5 mm x 15 mm, since this 

ratio developed an image of the beads at a clear size for human eye analysis, as seen in 

Figure 3. A black background was selected for the template to increase the contrast of the 

glass beads under light. The grey areas that make up the perimeter of this base template 

allow the operator to handle the sheet without altering the number of beads under analysis.  

 

A total of 10 grid boxes were chosen as the standard number to analyze, and were 

randomly selected again using the Excel pseudo-random number generator. This generator 

was modified to retrieve random selections with a more fair weight balance, as described 

in section 2.2.6. The areas selected can be found in Table 3. Once the images were stored, 

the total number of beads and deformities in each picture were counted and recorded by 

the operator. Deformities were defined as either double beads, i.e. two or more beads that 

were physically attached to each other, or distorted beads, i.e. single beads that appeared 

to be significantly non-spherical. This methodology gathers an average count per picture, 

and estimates the total number of beads and deformities in the entire specimen. This 

number was then compared to the bead count calculated using the X-ray CT spherical 

harmonic analysis, in section 2.2.5.   
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Figure 5.2: Grid system placed under specimen allows easy selection of analysis areas. The 

grid system creates (row, col) coordinates for random selection analysis. 

 

 

Figure 5.3: Sample of snap shot image captured with the light microscope, beads shown 

are about 1mm diameter. 
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Table 5.3: Table 3: Grid boxes randomly selected for analysis. The coordinates (row, col) 

indicate to the operator which grid box to scan. The most-right column 

“testing order” was also randomized. 

 

 

5.3.2.4 X-ray Computed Tomography and Spherical Harmonic Analysis  

The final step in the bead shape analysis process consisted of an X-ray computed 

tomography (CT) analysis, which uses X-ray technology and reconstruction algorithm [6] 

to acquire the 3-D particle shapes, which are then analyzed by a spherical harmonic 

process. The specimen used for the light microscope was also used for this final step. The 
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CT scans were performed using a Skyscan 1172 instrument1, shown in Figure 4. To begin 

this analysis process the flat specimen, from the previous step (Section 2.2.3), was first 

rolled into a cylindrical shape, and fit into a sample support that was placed upright into 

the Skyscan. 

 

Figure 5.4: Skyscan 1172 (left) and Re-construction monitors (right). 

The X-ray CT instrument makes X-ray absorption images as the sample is rotated. 

The reconstruction algorithm takes this image data and constructs accurate 2D slices 

orthogonal to the cylindrical axis of the specimen [6]. These slices are applied with a 

threshold so that the particles are white and the background is black, and by stacking the 

slices on top of each other the result is a 3D model of the specimen. A FORTRAN program 

scans each 3D structure, extracts the particles and fits them with a 3D spherical harmonic 

series. Then, it automatically computes various geometrical parameters of each bead, such 

as volume, surface area, and dimensions of a box that merely surrounds the beads (length 

L, width W, and thickness T). The volume equivalent spherical diameter (VESD), the mean 

curvature integrated over the surface, and other factors are also included in these automatic 

calculations [7].  
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The dimensional data of the beads was analyzed to verify that most are indeed 1 

mm spheres. For example, a sphere has L = W = T. A double sphere (or two identical 

spheres glued lightly together) has L = 2, W = 1, T = 1. Any particle that had values of L, 

W, and T outside what was considered to be the spherical range (see below for details) 

were considered to be distorted, and were compared to the number developed by the light 

microscope analysis for confirmation. 

 

5.3.2.5 Bead analysis results 

The analysis of the two tests showed similar characteristics but differed slightly due 

to distinct parameters between the two methods. The analyses did confirm the existence of 

deformed beads, which were categorized as either distorted or double-spheres. These 

deformities taint 1 % to 4 % of the sample population, by number, according to the light 

microscope (LM) and X-ray CT scan tests. Table 4 represents the total deformed beads for 

each sample analyzed from both methods, but doesn’t highlight which are distorted or 

double-spheres. The individual percent of distorted or double-spheres for both analysis 

methods can be found in Table 5.  The “total beads estimate” and “deformed beads 

estimate” from the LM method were calculated by taking the average count of the ten grid 

boxes analyzed, and proportionally estimating the count for the total specimen area. The 

CT scan method numbers come from the automatic calculations described in section 2.2.4. 

 

The deformed beads were categorized as either double-spheres or distorted as seen 

in Table 5. These values were obtained from the CT scan data which gives the dimensions 

of each reconstructed sphere. Therefore, the number of double spheres was calculated by 

counting the beads with length/thickness ratios equal to about 2 ± 0.2. The uncertainty was 
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estimated at 10% based on previous data using the same instrument [6]. A perfect sphere 

will have an L/T ratio of 1, thus doubling that value would signify a double sphere. The 

remaining deformed beads are classified as distorted, if the L/T ratio lands between 1.3 and 

1.8.  

 

The difference in results between both tests, as seen in Figure 5, is likely due to the 

difference in population size for each sample and the method from which such numbers 

are retrieved. The LM method is an estimate calculated via operator visual analysis of 10 

randomly selected grid boxes. This attaches an uncertainty, as shown in Figure 6, to the 

estimated count since the 10 selected grid boxes could’ve missed better representations of 

deformed beads. Furthermore, the CT method computes its numbers from reconstructed 

models, which can over count the deformed percentage by considering two neighboring 

spheres that are too close together as double-spheres. The CT scan can be safely assumed 

to be the more accurate representation since it’s actually analyzing every single bead in the 

specimen, and at worst it will slightly over count as previously mentioned. In conclusion, 

the LM and CT method give the lower and upper boundary of deformed beads, 

respectively.   
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Table 5.4: Total and deformed bead count for both analysis methods. LM method counts 

are estimates, while the CT counts are calculated via reconstruction model. 
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Table 5.5: Deformed ratio separated into either category of distorted or double spheres. All 

percentages are respective to the total amount of beads in each sample. 
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Figure 5.5: Deformed bead percentage comparison between the two analysis methods. 

 

Figure 5.6: Total deformed beads from the two analysis methods. The LM method 

provided an uncertainty due to estimation, shown by error bars 
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5.3.2.6 Pseudo-random number generator 

In order to ensure the generator was producing random numbers that were evenly 

distributed, a deeper look was taken into the function. It was found that the outermost 

numbers were only given half the weight (or chance of being selected) compared to the 

inner numbers. For example, if we want to produce 10 random numbers and the boundaries 

are instinctively selected as 1 and 10, then it will be less likely the generator will produce 

a 1 and 10. The function gives weight to each number by assuming there is 0.5 points before 

and after each number. Therefore, the outermost numbers are only carrying the 0.5 points 

before the 10 and after the 1, which is only half the weight of the full one point that both 

of those numbers should have. As a solution to this, we set the boundaries as 0.5 and 10.5, 

but forced the output number to be a whole number in order to not produce any half 

numbers. This new boundary condition gives the number 1 and 10 a more fair weight 

during the random number generations by adding the missing 0.5 points to each.   

 

5.3.3 MIXING AND COMPOSITION 

The SRM paste portion for SRM 2493 was mixed according to ASTM C1738, as 

described in the previous report [1] [2]. Once the SRM paste was completed, it was stored 

into a polypropylene container for one night. The following day, the beads were mixed into 

the SRM paste using a high-speed plunger blender at 300 RPM (31.41 rad/s) for 5 min to 

reach homogeneity. 

 

The mixing procedure is dependent on the composition of the mortar. It is suggested 

for high volume percentage mortars that the beads be added in increments throughout the 

first three minutes of mixing. This suggestion allows the blender to mix a portion of the 
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added beads without clogging. It is also recommended to mix for at least two additional 

minutes after all the beads have been introduced in order to give the SRM mortar enough 

time to homogenize. The shelf life of the mortar is 7 d (limited by the shelf life of the 

paste). If the SRM mortar will be stored and reused some other day after mixing (but less 

than 7 d) it is recommended to verify that no changes have occurred to the mortar’s 

composition (bead percentage by volume). To avoid issues with assuring the SRM was 

stored and its composition was not altered during future reuse, the certification values were 

only recorded at an age of one day and not reused. 

 

During this study two compositions of mortar were measured, 20 % and 40 % by 

volume. Pre-certification testing showed that the mortar becomes too stiff as the mortar 

composition approaches the maximum packing fraction for spherical particles, 64 %. In 

fact, compositions higher than 50 % caused our rheometer to exceed its maximum torque 

limit. Considering these observations, a 40 % mortar was concluded as a good 

representation of a concentrated bead percentage. Furthermore, for future interpolations 

and model comparisons a 20 % composition was also tested to portray semi-concentrated 

mortars. The experimental results of this study (in section 4) were drawn from samples of 

compositions as discussed in this section.  

 

5.3.4 PACKAGING 

The corn syrup and the limestone used were from SRM 2492 [1].  The beads were 

purchased in one lot and were delivered in 5-gal buckets. Each bucket was labelled from 

A to A to G.  The material was then packaged in 500 mL plastic bottles (100 bottles in 
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total) that would contain about 1500 g.  About 14 bottles were obtained from each bucket. 

The final packaging would include in one box: 

 2 containers of limestone (600 g each) 

 1 container of corn syrup (500 g) 

 1 container of 1-mm beads (1500 g) 

The material is enough to make 2 batches of SRM 2493 at 40 % beads by volume.  

 

5.4 Modeling Approach 

A two-step approach is used to predict the viscosity of the mortar SRM. First a 

direct numerical simulation was used that incorporates the paste SRM rheological 

properties in a computational model of a hard sphere suspension. Once the viscosity is 

calculated for a finite set shear rates, two scaling parameters are determined that map the 

viscosity vs. shear rate data of the suspension to the viscosity vs. shear rate data of the 

matrix fluid (SRM paste). By preforming the inverse of this transformation to the matrix 

viscosity vs. shear rate curve, the full viscosity vs shear rate curve is obtained for the 

suspension. The full description and validation of this scaling ansatz is given in [8].   

 

The computational approach used in this work, for modeling suspensions, is based 

on the Smooth Particle Hydrodynamics (SPH) [9].  SPH is a Lagrangian formulation of the 

Navier Stokes equations that has been adapted to model non-Newtonian fluids containing 

solid inclusions. While a full description of this approach is beyond the scope of this work, 

it is worth mentioning a few features of this simulation.  A Lees-Edwards boundary 

condition is used to model Couette flow in the simulation cell [10]. This approach allows 
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for the establishment of a Couette-like velocity profile in an infinite periodic system. As a 

result, wall effects, which might produce an inhomogeneous density variation or slip 

effects, are avoided. For an applied rate of strain, the volume average stress is calculated. 

The viscosity is then determined by dividing the volume averaged stress by the shear rate.  

An additional feature in this simulation is that lubrication forces are included to properly 

model the interactions between solid inclusions when they are in close proximity as the 

numerical resolution needed to model such effects is too demanding to accomplish using 

SPH alone. The approach utilized for this work has been validated for a variety of flow 

scenarios where excellent agreement with analytic solutions of flow fields for non-

Newtonian continuum fluids in channel, tube geometries and in experimental 

measurements of suspensions composed of micrometer sized spheres with different power 

law matrix fluids in a Couette geometry. [8, 11]  

 

Measurements in this work utilize a SRM (2492) paste to serve as the matrix fluid 

of a suspension composed of mono-sized glass bead inclusions. The matrix fluid is 

described by the following viscosity vs. shear rate curve:   

 

Equation 5.1: Modeled equation for matrix fluid, when:    ̇ 

 𝛾 ̇ ≤ 1      𝐴 = 16.411; B= 0.988; C = 9.883   

 𝛾 ̇  > 1      𝐴 = 19.178; B= 0.727; C = 7.116 

The coefficients, A, B and C, were determined by a least square fit to the paste 

SRM 2492 data obtained with the parallel plate geometry, with an additional constraint that 
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the viscosity is the same at γ ̇ =1. The viscosity (µ) is then calculated at any given shear 

rate with equation (1). 

 

Equation (1) is inputted into the simulation code to serve as the matrix fluid.  The 

glass beads are modeled as spherical inclusions with 472 and 944 spheres used to model 

the 20 % and 40 % suspensions respectively. Four different shear rates were used in the 

simulation and the viscosity at each shear rate was determined, whose values are portrayed 

in Table 6. When properly rescaled the simulation data falls on top of the viscosity vs. 

shear rate curve of the matrix fluid. Then, those scaling parameters, shown in Table 7, are 

used to generate predictive curves of the suspension, as shown in Figure 7 for 20% and 

40% volume suspensions. In other words, to produce the scaled predictive curves, the µsc 

scaling parameter is factored into the viscosity variable, µ, in equation (1). Similarly, the 

γsc scaling parameter is factored into the shear rate variable, γ, ̇ in equation (1). 

 

Table 5.6: Simulation data portrayed (as x’s and o’s) in Figure 2. 
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Table 5.7: Scale factors for rescaling SRM 2492 paste data to predict mortar viscosity for 

volume fractions 20 % and 40 %. 

 

As can be seen in Figure 7, there is excellent agreement between the 20 % 

experimental data and predictions based on the 20% simulations. However, the 40 % data 

only agrees well with the scaled prediction at the low shear rates, but has disagreement at 

the high shear rates. The lower viscosity found by experimental data was believed to be 

due to an enhanced slip near the vane blades. At lower volume fractions this effect is less 

noticeable. The SRM 2492 (paste) certified data baseline is shown as solid black line, also 

displayed are the simulation data for 20 % volume fraction (O's) and 40 % volume fraction 

(X's). The scaled prediction lines are the curves produced by rescaling the certified data 

with the scaling parameters. The scaling parameters that produced those curves are given 

in Table 7, which are based on numerical simulations of a suspension composed of mono-

size spheres in a matrix fluid that has a viscosity versus shear rate dependence given in 

equation (1) and closely matches that of the SRM 2492 paste. 
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Figure 5.7: Simulation model data and predicted data from scaling parameters are 

compared to experimental data results. 

 

5.5 Rheological measurements 

5.5.1 GEOMETRIES 

Many industrial rheometers available today allow the users to test a variety of 

geometries. In this study, the geometries refer to the shape of the spindle used for shearing 

of the material inside a holding cup, commonly referred to as rheometry. The spindle is 

typically engaged into the rheometer which is connected to a computer. The operator then 

uses a program to command the spindle in regards to the amount of rotational speed of the 

spindle while the container is stationary. The container into which the spindle is lowered 

(via computer control) is a cylindrical steel cup of 80 mm height and 43 mm diameter.  
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The rheometer used for NIST testing allows a variety in rheometry, so long as an 

adaptor is placed atop the spindle’s rod. Three types of geometries were used for this 

certification study, where the main geometry used for certification values is the double 

helical spiral (sometimes called a helical ribbon mixer). The other two geometries were 

selected to represent two other rheometry families: six-blade vane (vane-type) and a 

serrated coaxial cylinder (cylindrical-type). Our main geometry, the double spiral, may be 

considered to be a part of the mixer-type rheometry. See Figure 8 for rheometry 

dimensions. 

  

Previous work utilizing similar rheometer types typically use a coaxial cylinder 

with a smooth surface as a normal or reference geometry type. This normal assumption 

comes from the fact that a coaxial cylinder most closely represents a couette flow in theory. 

The modification made for the slippage shown on many tests due to the smooth surface 

was aided by adding serration, as is now the serrated geometry shown in Fig. 8a.  

 

Taking another step towards achieving a more realistic testing scenario came the 

development of the vane-type rheometry, as in this study is shown in Fig. 8b. The vanes 

provide a shearing plane made from the material in shear itself. As the vane spins, it is 

generally assumed that a cylindrical wall of the material is formed on the perimeter of the 

blades, thus the material shears on a wall made of itself. The mono-material shearing 

scenario increases the frictional force, therefore reducing slippage.  

 

The third type of rheometry tested in this study is the mixer-type or impeller 

rheometry, known as the double spiral (Fig. 8c). This rheometry type is useful due to its 
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capability to mix the material during testing. By mixing during the testing, any 

sedimentation or migration issues are minimized.   

 

5.5.2 EXPERIMENTAL DESIGN 

Rheological testing was performed on a MARS III1 Rheometer in junction with the 

geometries described in the previous section. A total of 11 units were available following 

the certification process of SRM2492, which consisted of two batches per unit. Therefore, 

each unit contained only one of the two possible batches at the beginning of our study. Of 

the 11 batches (mixtures) that were tested, the first one experienced technical issues and 

was consequently removed from the certification data. See Appendices A and B for the 

data obtained from the 10 mixes used for certification.  

 

All the 10 mixes used for the certification were tested at an age of one day after 

mixing the paste portion of the SRM. Each reported value was the average of 3 consecutive 

tests run back-to-back with a five minutes rest in between each test. The test protocol 

consisted of ramping 15 steps up from 0.1 rpm (0.01047 rad/s) to 100 rpm (10.47 rad/s) 

and 20 steps back down to 0.1 rpm (0.01047 rad/s) to capture any hysteresis. Schedule 

codes for testing were assigned and represented in the schedule shown in Table 8 and 

complemented by the legend on the side. The pseudo-random generator was used to 

establish the order in which the geometries were tested each day. The gray row in the 

schedule refers to the time period it takes the rheometer to complete its readings. This 

waiting period was used to create the mixture samples as scheduled.    
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The testing model was developed to observe three concentrations of beads in the 

amounts of 0 %, 20 % and 40 %.  The amount of material developed by one batch of SRM 

was sufficient enough to yield two containers of SRM that overfill the rheometer’s holding 

container. Therefore, half of the 10 usable batches will be used to test SRM compositions 

of 0 % and 20 % beads by volume, while the other half will test compositions of 0 % and 

40 %. Ultimately, our results will report 5 values for 20 %, 5 for 40 % and 10 for 0 % 

concentrations.   
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Table 5.8: Testing schedule complemented by the key on the right side. The waiting 

periods were used to create the mixes listed along the gray rows. 
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5.5.3 RHEOMETER DATA CALIBRATION 

Once the rheometer has completed the test protocol, the data is extracted and 

analyzed. The stored data from the rheometer is in a format best-suited for the RheoWin1 

software which offers analysis of data. For our certification, this tool was disregarded and 

data was analyzed in a spreadsheet developed at NIST in order to have quality control over 

the results presented in this study. Therefore, only raw data was used from the rheometer’s 

results, which consists of the measured torque (Γ) [N·m] and rotational speed (N) [rpm].   

 

In order to obtain the variables needed to create a flow or viscosity curve for 

analysis, the raw data required conversion into viscosity and shear rate. This process is one 

that cannot be done by solely altering units, but requires a rheometer calibration step.   

  

The certified values for SRM 2492 are used as reference points, but it must be kept 

in mind that they were established using a parallel plate rheometer. Ideally, the results of 

any other geometry that is used to test the SRM 2492 should reproduce the certified values. 

Using such criteria, the raw data simply needs to be calibrated to the SRM 2492 certified 

values. Note, the values are certified in units for viscosity [Pa·s] and shear rate [1/s], which 

allows the calibration process to convert our raw data into fundamental rheological units. 

This process should in principle be used to calibrate any new geometry of choice. The 

schematic shown in Figure 9 explains the calibration process in a sequential form. An excel 

spreadsheet was also developed for this procedure, and will be posted on the SRM 2493 

website once the review process is completed [SRM 2493 Data Calibration]. This file can 

be used by following a “how to” fact sheet, which will also be available on the website.  
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The calibration process begins by running at least three tests with a geometry of 

choice on a sample of SRM 2492, and finding the average values from the produced torque 

and respective rotational speed. Since the raw data ideally matches the SRM2492 certified 

values, then our torque and rotational speed can be scaled to match the known certified 

viscosity and shear rate. This implies that the shear stress (τ), shear rate (γ ̇), and apparent 

viscosity (µ) are fundamentally proportional to the torque (Γ), rotational speed (N), and 

angular momentum (Γ/N), respectively. In other words, the (Γ vs. N) results from the new 

geometry are scaled to match the (τ vs. γ ̇) certified SRM 2492 values by calculating scaling 

factors Kτ and Kμ. The scaling factors convert the three raw variables into fundamental 

rheology units by using the proportionality relationships. Also if preferable, the two scaling 

factors listed are able to produce a direct shear rate scaling factor, Kγ, by means of Eq. 5.3 

which is derived from the known relationship for Bingham materials shown in Eq. 5.2. 

 

  

Equation 5.2: Bingham relationship for viscosity  

 

 

Equation 5.3: Shear Rate scaling factor can be calculated based on Bingham relationship. 
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Figure 5.9: Schematic for the calibration of rheometer data from raw torque and rotational 

speed to fundamental rheological variables, viscosity and shear rate. Note: 

This process can be applied for calibration of any new geometry. 
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5.5.4 EXPERIMENTAL RESULTS 

Rheological data represented in the form of flow curves were obtained for three 

geometries during this study, as mentioned in Section 4.1. The flow curves portray the flow 

behavior of the material as a simple continuum fluid without needing to regard the 

existence of the complex inter-particle flow [8]. The flow curves are useful representations 

because they help compare the flow behavior of two different materials, or two different 

geometries so long as the testing shear rates are similar. In addition, flow curve data is 

typically represented by the data acquired during the downward ramp (decreasing shear 

rate) which is why the protocol contains more steps for down ramp compared to the up 

ramp, see protocol in Section 4.2. Therefore, flow curve comparisons will only use down 

curve data from here onward in this report. These results were expected to match the 

behavior from the simulation models described in Section 3.  

 

As explained in the rheometer calibration process in section 4.3 the testing requires 

that the SRM paste (0 % beads) be tested when introducing a new geometry. Therefore, 

every batch used for SRM mortar testing was divided into two containers prior to testing 

on the rheometer. In doing so, half the batch is used to complete the required calibration 

step where the operator performs the test on the SRM paste (0 % beads). Since this step is 

required for data calibration, the calibrated 0 % values for any new geometry is expected 

to match the SRM 2492 certified values. The accuracy of this calibration process is shown 

in Figure 10 which compares the calibrated data after testing SRM paste (no beads) with 

the three geometries observed in this study. As shown the results using either of the three 

geometries are able to be shifted on top of the certified SRM 2492 values (shown in black) 

especially in the range of equal shear rates. Equal shear rates refer to those which were 
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imposed during the SRM 2492 certification testing. A larger range of shear rates was 

imposed for this study to observe behavior in lower shear rates.  

 

The agreement of flow curves shown in Figure 10 provided reliability in the 

calibration process which was enacted on the study subjects, the SRM mortars. Half of the 

mixtures analyzed during this study represent a concentrated mortar composition of 40 % 

monosized beads by volume. The other five batches were used to analyze a semi-

concentrated mortar composition of 20 % beads by volume. After the calibration step was 

taken, the same testing procedure was conducted on both the 20 % and 40 % mortars. The 

resulting flow curves of the calibrated data for both mortar types and the paste without 

beads (0 %) can be found in Figure 11 to Figure 13. The figures compare the results of the 

0 % paste to the certified SRM2492 values, as well as the changes in the flow curve 

behavior when 20 % or 40 % beads by volume are added to the paste. As shown, the 20 % 

and 40 % mortars increase the viscosity of the mixtures, as expected when increasing the 

concentration of particles in a suspended fluid. The calibrated data which compose the 

viscosity curves can be found in Appendix C. 
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Figure 5.10: Flow curve comparison of the calibrated 0 % flow curves for all three 

geometries. The flow curves are compared to their reference curve shown in 

black, SRM2492 certified values. 

 

Figure 5.11: Calibrated flow curves (0 %, 20 % and 40 % vol.) for Double Spiral geometry. 

0 % curve matches the certified SRM2492 values (black) as expected. 
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Figure 5.12: Calibrated flow curves (0 %, 20 % and 40 % beads by vol.) for six blade vane 

geometry. 0 % curve matches the certified SRM2492 values (black) as 

expected. 

 

Figure 5.13: Calibrated flow curves (0 %, 20 % and 40 % beads by vol.) for serrated coaxial 

cylinder geometry. 0 % curve matches the certified SRM2492 values (black) 

as expected. 
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As mentioned in section 4.3 there are scaling factors that are calculated in order to 

convert the rheometer’s raw data into fundamental rheological units. A different scaling 

factor is calculated for each test since the data is independent of the other tests. The three 

scaling factors (K γ, Kτ, Kμ) were calculated for each test and were similar in values such 

that they were averaged to represent the geometry being used. The calculation of such 

scaling factors were produced during the calibration process, i.e. when testing the SRM 

paste without beads. The calculated scaling factors for all three geometries are summarized 

in Table 9. If operator is to use the same geometries listed in this study, these are the scaling 

factors they shall use.  

 

5.5.4.1 Bingham Parameters 

The torque and rotational speed from the set of raw data in this study showed a 

similar relationship to Bingham materials. Bingham materials are known for having a linear 

shear stress vs. shear rate relationship which makes the Bingham parameters, yield stress 

and plastic viscosity, simple to calculate. Where the plastic viscosity is the slope of the 

linear relationship and the yield stress is the y-intercept. The similarity in behavior found 

in the raw data encouraged the calculation of a “yield stress” and “plastic viscosity” based 

off the torque vs. rotational speed relationship. These values were calculated for all three 

geometries discussed in this study at 0 %, 20 % and 40 % bead concentrations and are 

summarized in Table 10.  
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Table 5.9: Scaling factors calculated for each geometry tested in this study. 

 

 

Table 5.10: Viscosity and yield stress at 0%, 20% and 40% bead concentrations for all 

three geometries observed in this study. 
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5.6 Comparison between model and experimental 

5.6.1 EXPERIMENTAL VISCOSITY CURVES 

The experimental data obtained is portrayed in Figure 14 with the three rheometries 

when testing a mortar reference material (SRM2493) at 20 % and 40% volume 

concentrations, respectively.  Each graph portrays a comparison to the certified SRM2492 

data since it is the reference baseline for this study. The differences between the baseline 

and the different material sets or rheometries are labeled as relative viscosity (µR). The 

relative viscosity is a factor that represents the effects on viscous behavior caused by usage 

of different material sets and rheometries. The values are enlarged for clarity in Figure 15.  

 

It is evident from the data shown in the following figures that relative viscosity 

depends on the rheometry used for performing the rheological measurement. Therefore, 

the rheometries’ trend in relative viscosity values signifies that the different rheometries 

vary in effectiveness of shearing. This effectiveness can be correlated to how well the 

shearing walls are actually able to grasp the material and shear it without slippage. Any 

slippage (non-effective shearing) results in lower readings of relative viscosity. These 

experimental results are compared to the prediction model in the next section.  
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Figure 5.14: Viscosity curve at concentrations of 20% and 40% by volume of glass beads. 

The uncertainty is estimated to be 10% of the viscosity. Full discussion on 

the uncertainty can be found in the full report [2]. 

 

Figure 5.15: Displays the highlighted area from Figure 14 to clearly show the relative 

viscosity (µR) for each rheometry and mortar composition (20% or 40%) in 

comparison to the SRM2492 baseline. 
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5.6.2 MODELED VISCOSITY CURVES 

The flow curve model was created at NIST during this study with the intention to 

predict the flow curve behavior dependent of the materials suspension composition. The 

baseline for the model was created using the NIST certified data for SRM 2492, and used 

algorithms to predict the change in viscous behavior with respect to the baseline curve. 

This baseline was essentially created during the certification of the SRM paste (2492) and 

used the same rheometer as the one utilized in this study. The SRM 2492 is the matrix fluid 

of our suspension mixtures where the suspensions themselves are 1 mm glass beads. 

Therefore, bead additions were expected to result in similar behavior (or change in 

behavior) on the flow curve for both our experimental data and the model predictions.  

 

The model is ideally a replica of the experimental results, but experimental results 

and theory don’t always match perfectly. Figure 16 portrays the 20% predicted (computer 

modeled) viscosity curve and its relative viscosity (µR) in order to compare with the 

experimental relative viscosities discussed formerly. Similarly, the 40% curves are shown 

in Figure 17. The relative viscosity at the low and high ends of the shear rate values are 

typically good comparison points for a quantitative analysis between experimental vs. 

model curves. As seen in the figures, the model predicted the viscosity to be higher than 

the resulting experimental data for all three rheometries. However, it should be noted that 

there is a trend shown between the three types of rheometry which highlights the double 

spiral being the most accurate when compared to the prediction model. The least accurate 

proved to be the serrated coaxial cylinder. Since the two curves did not fully match for any 

of the three rheometry types, two investigations were conducted. One to see what 
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experimental artifacts could be influencing the results, for instance dilatancy. The second 

was to search the literature to determine whether our results compare to other researchers. 

 

 

Figure 5.16: Comparison of modeled vs experimental viscosity curves for a 20% 

composition mortar mixture. Relative viscosity is shown in plot to portray the 

magnitude difference with respect to the baseline (SRM2492 data). The 

standard uncertainty for the plastic viscosities of SRM paste is 0.74 Pa·s per 

the SRM2492 certificate of analysis. 
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Figure 5.17: Comparison of modeled vs experimental result flow curves for a 40% 

composition mortar mixture. Relative viscosity, µR, is shown in plot to 

portray the magnitude difference with respect to the baseline (SRM2492 

data). The standard uncertainty for the plastic viscosities of SRM paste is 0.74 

Pa·s per the SRM2492 certificate of analysis.  
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5.7 Statistical analysis 

5.7.1 FLOW CURVES 

As stated above, for each of the three geometries: double spiral, 6 blade vane and 

serrated coaxial cylinder, and different % of beads, 0%, 20% and 40%. Five different 

batches (See Section 4.2) were measured for torque M [µNm] at 35 different rotational 

speed N [1/min]. The shear rate increased from 0.1 to 100 [1/min] and back down to 0.1.  

 

The five mixtures were treated as independent replicates of the flow curves for each 

geometry and percentage beads. Only the “down curve” data was used, that is, the torques 

for the 20 shear rates starting at 100 and decreasing to 0.1. For 0 % beads the curves were 

computed individually for 0 % pre 20 % and 0 % pre 40 % and also combined.    

 

For each of the shear rates, a consensus torque was computed together with an 

uncertainty using the model  

  

Where i  were the consensus torque values for the 5 replicates 

Estimation was performed via Markov Chain Monte Carlo methods [12] (which require 

prior distributions on the parameters of the model) with: 

 

The computations were done using the software OpenBUGS [13] using the code 

given in Section 6.2.1. The posterior mean, standard deviation, and 95% highest posterior 
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density interval at each shear rate were used for the estimate (M), standard (u(M)) and 

expanded uncertainty. These estimates were very stable with respect to the Gaussian and 

Gamma distributions of the parameters. The following tables contain the results. 

 

Table 5.11: Double Spiral with 0 % beads 
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Table 5.12: Double Spiral 20 % beads 

 

Table 5.13: Double Spiral 40 % beads 
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Table 5.14: Blade Vane 0 % beads 
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Table 5.15:  Blade Vane 20 % beads 

 

Table 5.16: Blade Vane 40 % beads 
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Table 5.17: Serrated Coaxial Cylinder 0 % beads 
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Table 5.18: Serrated Coaxial Cylinder 20 % beads 

 

Table 5.19: Serrated Coaxial Cylinder 40 % beads 
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5.7.2 BINGHAM PARAMETERS 

Yield stress and viscosity are respectively the intercept and slope of a straight line 

fitted to torque in terms of rotational velocity. Only the “down curve” data was used to fit 

the regression, that is, the torques for the 20 shear rates starting at 100 and decreasing to 

0.1. A straight line model fits the flow curve data reasonably well and provides an 

approximation to the flow curves given in the previous section. The following graph shows 

an example. 

  

Figure 5.18: Torque vs. rotational speed for 20 % beads using 6 blade vane. The red line 

is the least squares line fitted to all of the points. 

Yield stress and viscosity were estimated using a random effects regression model: 
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In this model, ia  are the yield stress values for the 5 individual mixtures, and  is 

the consensus yield stress value for the particular geometry and % beads. Similarly, ib are 

the viscosity values for the 5 individual mixtures and   is the consensus viscosity for the 

geometry and % beads. Unlike the simple least squares fit shown in the above figure, this 

model accounts for measurement uncertainty and lack of fit of each replicate using i , and 

also for between replicate variability using  and  .  

 

Fitting was done using Markov Chain Monte Carlo methods which require prior 

distributions on the parameters of the model. These were: 

 

The following figure shows the fitted line with 95% uncertainty bounds based on the 

estimates of slope ( - plastic viscosity) and intercept ( - yield stress) with data points in 

green for mixture 1 of 20% beads using the 6 blade vane. 
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Figure 5.19: Fitted line and 95 % uncertainty bounds for 20 % beads using Blade Vane 

with data for mixture 1, whose median is shown by red line 

Tables 20 to 22 contain the posterior means, standard deviations and 95% 

uncertainty bounds for  (yield stress) and Tables 23 to 25 contain the posterior means, 

standard deviations and 95 % uncertainty bounds for (plastic viscosity).   

 

Table 5.20: Double Spiral: Posterior means, standard deviations and 95 % uncertainty 

bounds for α (yield stress) 
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Table 5.21: Blade Vane: Posterior means, standard deviations and 95 % uncertainty 

bounds for α (yield stress) 

 

Table 5.22: Serrated Coaxial Cylinder: Posterior means, standard deviations and 95 % 

uncertainty bounds for α (yield stress) 

 

Table 5.23: Double Spiral: posterior means, standard deviations and 95 % uncertainty 

bounds for β (plastic viscosity) 
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Table 5.24: Blade Vane: posterior means, standard deviations and 95 % uncertainty 

bounds for β (plastic viscosity) 

 

 

Table 5.25: Serrated Coaxial Cylinder: posterior means, standard deviations and 95% 

uncertainty bounds for β (plastic viscosity) 

 

 

 

5.7.3 OPENBUGS CODE 

This program computes the yield stress in 1000*Nm (alpha) and viscosity in 

1000*Nm*s (betad) for the cases where there are 5 replicates of 20 points each. The data 

is first reduced so that only the down-curve is included, that is, the first 25 points are 

eliminated. It also obtains the average curves in microNm/1000 (theta). 

Use with pre20zerods.txt, pre40zerods.txt, 20ds.txt, 40ds.txt and the same for the 

other two geometries (bv and scc): 
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{ alpha~dnorm(0,1.0E-5) 

beta~dnorm(0,1.0E-5) 

siga~dgamma(1.0E-5,1.0E-5) 

sigb~dgamma(1.0E-5,1.0E-5) 

sigd~dgamma(1.0E-5,1.0E-5) 

for(i in 1:5){ a[i]~dnorm(alpha,siga) 

                    b[i]~dnorm(beta,sigb) 

} 

for(i in 1:100){ mean[i]<-a[mix[i]]+b[mix[i]]*sig[i] 

M[i]~dnorm(mean[i],sigd)} 

betad<-beta/0.105 

 

for(j in 1:20){theta[j]~dnorm(0,1.0E-5) 

                   sigthe[j]~dgamma(1.0E-5,1.0E-5) 

 

} 

 

for(i in 1:100){M2[i]~dnorm(theta[posit[i]],sigthe[posit[i]]) 

 

} 

 

list(siga=1,sigb=1,sigd=1, sigthe=c(1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1)) 
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5.8 Summary 

A new paste reference material was developed that consists of a non-colloidal 

suspension made up of corn syrup and fine limestone, SRM2492. The uniqueness of this 

material is that it, like cement paste, contain Bingham rheological behavior. The addition 

of 1 mm glass beads enables the use this material to be used as a mortar reference material 

as well, SRM 2493. The user needs to prepare the mixture according to the proportions 

defined in the certificate by following ASTM C1738 and the mixing procedure in Section 

4.2.   

 

The certified values for the mortar reference material, SRM2493, were determined 

using an extensive experimental design, computed modeling and statistical analysis. SRM 

2492, a Paste Reference Material was the first step in developing a reference material for 

concrete, which now serves as the matrix fluid for the mortar reference material developed 

in this report, SRM 2493. In the future the completion of the three-phase SRM development 

will contain addition of larger aggregates to certify an SRM for the industry concrete 

rheometers.  
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CHAPTER 6: RHEOLOGICAL MEASUREMENTS OF 

SUSPENSIONS WITHOUT SLIPPAGE: EXPERIMENTAL AND 

MODEL 
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6.1 Overview 

Rheological measurements of suspensions are often performed using a rotational 

rheometer. In this type of rheometer, the tested fluid is sheared between two surfaces, one 

of which is rotating to simulate an ideal Couette flow. Manufacturers of commercially 

available rheometers recommend the use of a standard oil of known viscosity to verify that 

the instrument is operating correctly. However, in the case of concrete rheometers, this 

approach would require large volumes of oil and was deemed not economically feasible by 

two international studies [1] [2]. The conclusion of those international studies was that the 

optimal approach to calibrate concrete rheometers would be to develop a non-Newtonian 

standard reference material (SRM) that contained aggregates.  This could be achieved by 

a multi-phase approach to represent the various components of concrete. Thus, the first 

stage would be to create a paste reference material, as was done in the recently re-certified 

SRM2492 [3]. The next phase would be to replicate the mortar phase of concrete, and SRM 

2493 [4] accomplishes that goal. The final phase, the concrete SRM, is currently in progress 

at NIST. 

 

During the certification of SRM2493, the issues were encountered that affected the 

accuracy of the rheological results.  In order to gain fundamental insight about the impact 

that different rheometry geometries have on shear measurements of suspensions, a 

comprehensive analysis was conducted on three different rheometry families. The analysis 

included experimental testing and computer simulation of an ideal Couette flow. The 

comparison between the model and rheological results showed that the increased viscosity 

due to the addition of the 1 mm beads is much larger in the Couette model than in the 

experimental data.   It was also determined that some geometries, such as a double spiral, 



 

 

161 

result in a higher viscosity than a simple serrated cylinder or vane. Leading to infer that 

slippage should also be considered.  Furthermore, an investigation into developing an 

enclosed system for the rheometer is also presented. Ultimately, this study highlights that 

industrial rheometers experience slippage issues caused by their rheometry choice and 

boundary conditions (free surfaces), and discusses the most accurate alternative available 

for calibrating mortar-type rheometers. 

 

6.2 Introduction 

The field of rheology encompasses the behavior of materials that range from the 

food industry, to the paint on your wall and the toothpaste you use daily. Many studies in 

the field of rheology have developed models to predict how changes in a suspension’s 

constituents affect the flow or rheological behavior of the material. These models have 

been very helpful in predicting how some standard fluids (e.g., Newtonian fluids) and 

dilute suspensions behave. Suspensions are defined as systems with small particles kept 

dispersed in a medium [5]. Similarly, mortar can be represented as a suspension of sand or 

beads in a cement paste medium. The cement paste can be further categorized as being a 

suspension of cement particles in an aqueous medium, water. Materials such as cement 

paste or mortar, with its high solids concentration and poly-sized particulates and particles, 

have proven to be more complex, needing more sophisticated models. In order to develop 

these models, it is important to ensure that the cement-based suspension is tested in the 

appropriate rheometer and that the rheological data obtained from the rheometer is 

accurate.  Most concrete rheometers are designed using Couette geometry. Couette 
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geometry is defined as shearing between two surfaces, one of which is moving relative to 

the other. 

 

To determine the rheological properties of the mortar, a modified fluid rheometer, 

usually used for paste or polymeric fluid, is needed as the gap between the shearing surfaces 

needs to be able to accommodate the sand or beads of at least 1 mm in diameter. The 

modification usually consists of using a vane or smaller diameter cylinder [6] [7].  The 

other issue that needs to be considered is slippage during measurements. Conventional 

geometries such as the coaxial or Couette have shown a major source of error due to shear-

induced migration of particles [8]. Suspended particles, no matter how small, have shown 

that even at low shear rates they experience a radial sedimentation or migration away from 

the rotating wall.  This effect causes the material sheared between the walls to no longer 

have a uniform suspension; therefore, leaving a diluted, lower viscosity phase layer near 

the rotating wall. This phenomena ultimately causes the measured viscosities during 

shearing to be lower than the viscosity of the bulk fluid. In an effort to overcome these 

issues [9] other tools were developed to measure the viscosity, such as helical ribbon [10]. 

Geometries like the helical ribbon and other complex mixing geometries rotating in a fluid 

which are in a cylindrical container are commonly known as mixer-type rheometry. These 

rheometry have shown to be a good alternative solution for rheological characterization 

problems like phase separation of basic constituents [11]. However, the disadvantage to 

using such mixer-type rheomerty geometries is that the velocity field (and thus shear rate) 

are ill-defined due to complex flow patterns that may be present [12]. This renders 

interpretation of the data difficult and introduces the need for a suspension reference 

material to calibrate the rheometer. The need for calibration of rotational rheometers to 
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measure suspensions with particles up to 1 mm in diameter fostered NIST to develop a new 

series of Standards Reference Materials (SRM) that exhibit a non-Newtonian behavior. 

 

In this paper, the rheological behaviors of a two SRMs were measured 

experimentally and the results were compared to the predictions provided by computer 

simulation models of suspension flows. The two SRMs used were paste-type (limestone 

suspension in an aqueous solution of corn syrup) and mortar-type, the latter was composed 

of the paste-type with the addition of 1 mm mono-sized spherical glass beads.  The model 

simulations were based on a pure or idealized Couette flow, while the experimental 

measurements were conducted using a coaxial rotational rheometer. Three different 

rheometer geometries were evaluated. The experimental measurements are compared to 

the model predictions, and discussion on the best rheometry to avoid slippage is presented.    

 

6.3 Materials & Procedures 

6.3.1 MATERIALS 

The materials prepared in this study were SRM 2492 and SRM 2493. SRM 2492 is 

the standard reference material for paste for rheological studies. It is composed of distilled 

water, limestone and corn syrup. The addition of 1 mm glass spherical beads transforms 

the SRM paste (2492) into an SRM mortar (2493). Two dosages were used for the beads: 

20 % and 40 % beads per volume. For more details about the SRM characteristics refer to 

[13] and [4]. 

 

The components of SRM 2492 were mixed in a high shear blender following the 

procedure in ASTM C1738 [14] and as described in the re-certification report [13]. Once 
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the paste was blended, the 1 mm beads were introduced using a high-speed plunger mixer 

at 300 RPM (31.4 rad/s). The time required to make the mixtures homogenous ranged from 

3 min to 5 min.  While 3 min was more than sufficient to homogenize the 20 % by volume 

mixture, two additional minutes were required for the 40 % mixture. 

 

6.3.2 RHEOLOGICAL MEASUREMENTS 

Measurements for the rheological properties of the materials were conducted using 

a coaxial cup rotational rheometer. A coaxial rheometer could be considered an 

approximation of a Couette flow if no slippage at the moving plate occurs and no other 

artifacts of the measurements are present such as migration of particles inside the fluid.   

The outer container (i.e., the cup) of the rheometer is cylindrical. It has a diameter of 43 

mm and a height of 80 mm with serration ribs on its inner wall about 1 mm in depth and in 

thickness.  The inner coaxial geometry (i.e., the spindle) varied. 

 

 Three different spindle geometries were used in this work: a cylindrical solid 

cylinder with serration; a vane-type spindle with 6 blades; a double-helical spiral. See 

Figure 1 for images of these three spindles. The coaxial cylinder (SS187), has a diameter 

of 18 mm and length of 55 mm. The serration on the cylindrical spindle were the same as 

the cup, i.e., about 1 mm thick and deep. The 6 blade vane (RHN-83C), has the same 

dimensions as the SS18, and it is designed to have six blades. Thus, it can be portrayed as 

having a higher serration level than the SS18.  Often the vane geometry is assumed as a 

cylindrical shearing surface defined by its height and diameter. As the vane rotates an 

                                                 
7 Each geometry is complemented with a NIST code and this code will be used periodically throughout this 

report. 
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artificial wall of material is formed between the blades all around its outer edge, and 

consequently rotates as a rigid cylinder of material. This is not always correct as was 

demonstrated by computer simulation [15] that shows that materials between the blades is 

not static. The third rheometry is a mixer-type spindle that has the shape of an uninterrupted 

double-helical spiral (RHN-83A). The diameter of RHN-83A is 35 mm and its vertical 

length is 50 mm.  The coaxial cylinder and the vane were fabricated in metal while the 

double spiral was obtained by 3D printing in plastic. In section 6.2 a set of various double-

helical spirals will be compared to determine the influence of the printing of the spiral on 

the measurements.   

 

The rheometer used dedicated software to record the imposed rotational speed and 

respective torque generated by the material tested.  A method developed at NIST [4] was 

used to convert the torque and rotational speed into shear rate and shear stress using the 

SRM 2492 as calibration material. The rotational speed protocol set on the rheometer 

consisted of 15 steps of increasing speed (i.e., the “up-curve”) followed by 20 steps for 

decreasing speed (i.e., the “down-curve”) ranging from 0.1 rpm (0.0104 rad/s) to 100 rpm 

(10.47 rad/s). Each step was held for 30 s. Such time was selected in order to give the 

measurements enough time to stabilize and record an accurate torque value. More steps 

were recorded for the down-curve as opposed to the up- curve in order to gather more data 

and create a more accurate account for thixotropic behavior if present.   
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Figure 6.1: Three rheometry types (spindles) used for testing in this study. 

 

6.4 Modeling Approach 

The modeling approach was the exact replica between this and the previous report 

since the latter was the certification process and the former were findings based on those 

experiments. Thus, please refer to Section 5.4 of this thesis for the Modeling Approach 

used in this study as well, since it is the exact same.  

Note that Figure 6.2, Table 6.1 and Table 6.2 would have been included in this 

chapter, thus to maintain numeric similarity to the report, this thesis will continue 

numbering figures assuming this section included those figures discussed.  

 

6.4.1 EXPERIMENTAL RESULTS 

The rotational speed and torque generated were recorded for the three geometries 

selected using both the paste (SRM 2492) and the mortar (SRM 2493).  The first step was 



 

 

167 

to measure SRM 2492 with the various rheometries selected in this study and to compare 

the results with the certified data, as shown in Figure 3. To calibrate the rheometer for use 

of a new rheometry, the raw viscosity vs. shear rate curves for each of the three rheometry 

geometries were scaled to match the SRM 2492 certified data obtained using a parallel 

plate rheometer geometry [13]. The figure below shows that the calibrated curves are close 

to being a perfect fit onto the reference curve which is the certified SRM2492 data (black 

curve). The standard uncertainty for the plastic viscosities of SRM paste is 0.74 Pa·s per 

the SRM2492 certificate of analysis.  

 

Figure 6.3: Flow curve comparison of the calibrated 0% flow curves for all three 

rheometries. The flow curves are compared to their reference curve shown in 

black, which were the SRM 2492 certified values. The standard uncertainty 

for the plastic viscosities of SRM paste is 0.74 Pa·s per the SRM2492 

certificate of analysis. 
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Figure 4 shows the experimental data obtained with the three rheometries when 

testing a mortar reference material (SRM2493) at 20 % and 40% volume concentrations, 

respectively.  Each curve in Figure 4 portrays a comparison to the certified SRM2492 data 

that had been obtained with the parallel plate geometry during certification. The intention 

is to compare the curve produced by each geometry to the certified and statistically valid 

SRM2492 curve which serves as the reference baseline for this study. The differences 

between the baseline and the different material sets or rheometries are labeled as relative 

viscosity (µR). The relative viscosity is a factor that represents the effects on viscous 

behavior caused by usage of different material sets and rheometries. These values are 

enlarged for clarity in Figure 5.  

 

It is evident from the data shown in the following figures that relative viscosity 

depends on the rheometry used for performing the rheological measurement. Therefore, 

the rheometries’ trend in relative viscosity values signifies that the different rheometries 

vary in effectiveness of shearing. This effectiveness can be correlated to how well the 

shearing walls are actually able to grasp the material and shear it without slippage. Any 

slippage (non-effective shearing) results in lower readings of relative viscosity.  

Furthermore, the use of mixer-type rheometry minimizes sedimentation by continuously 

mixing while recording rheological measurements.  These experimental results will be 

compared to the prediction model in the next section, which was also developed using the 

baseline data.  
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Figure 6.4: Viscosity curve at concentrations of 20% and 40% by volume of glass beads 

based on experimental data. The uncertainty is estimated to be 10% of the viscosity. Full 

discussion on uncertainty can be found in the full report [13]. 

 

Figure 6.5: Displays the highlighted area from Figure 4 to clearly show the experimental 

relative viscosity (µR) for each rheometry and mortar composition (20% or 

40%) in comparison to the SRM2492 baseline. 



 

 

170 

6.4.2 MODEL RESULTS 

The flow curve model was created with the intention to predict the flow curve 

behavior of suspensions. The baseline for the model was created using the NIST certified 

data for SRM 2492, and used algorithms to predict the change in viscous behavior with 

respect to the baseline curve. This baseline was essentially created during the certification 

of the SRM paste (2492) and used the same rheometer as the one utilized in this study, only 

difference being the use of a parallel plate geometry in the certification process. The SRM 

2492 is the matrix fluid of our suspension mixtures where the suspensions themselves are 

1 mm glass beads. Therefore, bead additions were expected to result in similar flow curve 

results (with perhaps a vertical shift in the flow curve to reflect the increase in viscosity) 

for both our experimental data and the model predictions.  

 

The model is ideally a replica of the experimental results, but experimental results 

and theory don’t always match perfectly. Figure 6 portrays the predictions from the 

computer model (denoted as 20% Model) and experimental tests when 20% beads are 

added to the SRM. Similarly, the 40% concentration curves are shown in Figure 7. The 

relative viscosity at the low and high ends of the shear rate values are typically good 

comparison points for a quantitative analysis between experimental vs. model curves. As 

seen in Figure 7, the 40% model predicted the viscosity to be higher than the resulting 

experimental data for all three rheometries. However, it should be noted that there is a trend 

shown between the three types of rheometry which highlights the double spiral being the 

most accurate when compared to the prediction model. The least accurate proved to be the 

serrated coaxial cylinder. Since the two curves did not fully match for any of the three 

rheometry types, two investigations were conducted. One to see what experimental artifacts 
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could be influencing the results, for instance boundary conditions. The second was to 

search the literature to determine whether our results compare to other researchers. 

 

 

Figure 6.6: Comparison of modeled vs experimental viscosity curves for a 20% 

composition mortar mixture. Relative viscosity is shown in plot to portray the 

magnitude difference with respect to the baseline (SRM2492 data). The 

standard uncertainty for the plastic viscosities of SRM paste is 0.74 Pa·s per 

the SRM2492 certificate of analysis. 
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Figure 6.7: Comparison of modeled vs experimental result flow curves for a 40% 

composition mortar mixture. Relative viscosity, µR, is shown in plot to 

portray the magnitude difference with respect to the baseline (SRM2492 

data). The standard uncertainty for the plastic viscosities of SRM paste is 0.74 

Pa·s per the SRM2492 certificate of analysis. 

 

6.4.3 CONFINED RHEOLOGICAL MEASUREMENTS 

To test the idea that boundary conditions might have an effect which reduces the 

viscosity by reducing the torque measured, a rheometer system was designed to encapsulate 

the cup and rheometries mentioned previously. As shown in Figure 8, a custom lid was 

designed and fabricated using a 3D printer at NIST in order to enclose material. This 

assured that no free surfaces were present such that the material being sheared would 

simulate the situation in the model. The Couette model assumes there are only two surfaces 

(top and bottom) between which the material can be sheared infinitely, but in a real 
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rheometer this is not possible to imitate perfectly due to the open top surface required to 

insert the spindle.  Thus, the modification of enclosing the rheometer system by providing 

an encapsulation of the top surface was investigated. This modification increased the 

relative viscosity of the suspensions since it eliminates the free surface issue by adding the 

lid.  The tests were repeated at 20 % and 40 % volume fraction. The new relative viscosity 

at the high shear rate (100 s-1) when using the confined system (indicated by µR*) only 

reached a value 4.6 at best when testing the double spiral on the 40% mortar, as shown in 

Figure 9; which is still less than the theoretical µR = 7. On the other hand, the 20% curve 

using a confined system was higher than the predicted 20% curve when using the double 

spiral, as shown in Figure 10. Recall the double spiral is of the mixer-type rheometry 

family, so more particles are likely to be present towards to the top of the rheometery 

system to interact with the cap.  Thus, it can be stated that free surfaces could be an effect 

in rheological measurements. Obviously, as the vertical movement of material was 

prevented by a cap, it is possible that other artifacts were introduced such as friction of the 

material on the cap. Such effect can be the cause of readings that suddenly spike up, like 

in the case of the Confined 6 Blade Vane (Conf. 6V – 40% on Figure 9) where a few peak 

points are seen. Thus, it is not suggested that rheometers should be modified to include a 

cap.  

 

The enclosed lid testing was ran after the certification testing, but on the same day 

in order to use the same material. The relative viscosity for each rheometry is reported in 

Table 3, which also includes calculations of changes in relative viscosity (∆µR). The ∆µR 

highlights the magnification in relative viscosity measurement caused by confining the 

rheometer system. In comparison to the normal (no lid) testing, the relative viscosity 
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magnifies by a factor of about 1.1 to 1.2 when using either a double spiral or 6 blade vane 

in the enclosed system. Although the encapsulation set up was close to achieving 

theoretical estimations; the study concluded that the ideal Couette scenario is not tangible 

with current industry rheometers since the mechanical set up of rheometers would need to 

be changed in order to fulfill an ideal Couette flow. 

 

 

Figure 6.8: Diagram of confined coaxial rheometer system shown shearing a general 

suspension. The purple bar represents the lid created to "encapsulate" the 

system and eliminate any free surfaces. 
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Table 6.3: Comparison of Normal vs Confined system results for relative viscosity, µR. 

The ∆µR values represent the magnification in relative viscosity 

measurement caused by confining the rheological system. 

 

 

Figure 6.9: Influence of capping the rheometer increases relative viscosity of geometry 

used but not enough to match the 40% model. The standard uncertainty for 

the plastic viscosities of SRM paste is 0.74 Pa·s per the SRM2492 certificate 

of analysis. 



 

 

176 

 

Figure 6.10: Influence of capping the rheometer increases relative viscosity and exceeds 

the 20% model. The standard uncertainty for the plastic viscosities of SRM 

paste is 0.74 Pa·s per the SRM2492 certificate of analysis. 

 

6.4.4 LITERATURE REVIEW 

The data gathered from this study was extensively compared to data found in the 

literature which concluded that there was no discrepancy in theoretical and experimental 

values when dealing with suspensions similar to the SRM paste. However there was a gap 

in the literature regarding studies dealing with mortar size suspensions. Recall the paste is 

itself a suspension, composed of a corn syrup solution with limestone powder as the 

suspended particles. Then, the creation of the mortar SRM occurs by adding 1 mm glass 

beads as the suspended particles in a paste matrix, which increases the suspension 
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complexity. Lack of literature with similar size inclusions as cement-based suspensions 

inspired the creation of this report.  

 

The main misconception found in studies dealing with flow curves of various types 

of suspensions is that there is a tendency to use particles of non-relevant size for concrete 

systems (practical sizes would be much like sand, ~1mm, or coarse aggregates, >5mm) . 

This is done because more data points can be obtained in a fixed space of modeled 

simulations by scaling down the size of suspension particles. By reducing the particle size 

simulated, not only can more particles be modeled, but the data can also be produced in a 

shorter time. The issue with this approach is that it limits the use of these suspension 

behaviors for the construction industry since the particles are not relevant in scale to those 

used in concrete components. This study emphasized that the particle size must be practical 

in size (1 mm) in order to obtain data that can be more like real mortar. Table 4 compares 

a summarized version of studies in the literature that relate to suspension rheology. A full 

list of the references reported in this table, under the column “reference study”, can be 

found in References B. It can be seen that the closest maximum particle size to our study 

is 1000 µm by Reference Study XV in the table. In this study, particles ranging from 600 

µm to1000 µm (1 mm) at a 35% volume concentration was examined, but this study yielded 

a relative viscosity of only 1.6, as shown in Table 3.  This is due to the low resistance that 

particles of such size span imposed on the flow of the silica fume-modified cement paste 

medium used in that work [19]. Note that this study was not included in Figure 11 since it 

made the majority of the data too congested around (0, 0) corner of the plot, thus Study XV 

was excluded for clarity along the x-axis.  



 

 

178 

This review of the literature suspension rheology revealed that most of the studies 

performed tests with maximum particle size less than 0.5 mm (500 µm). No reference was 

found using 1 mm beads in a non-Newtonian medium. The interesting part is that the 

relative viscosities reported varied from 1.3 to 22. This wide range could be attributed to 

the rheometry used, the shear rate used, and the concentration of particles.  

 

Table 6.4: Relative viscosities from the literature for mixtures similar to our spherical 40% 

mortar, and the various particle sizes analyzed in those studies are also 

displayed. *Study XV 1000µm data point was not included in Figure 11 for 

x-axis clarity 
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Figure 6.11: Various particle sizes found in literature yielded various relative viscosities 

for suspensions similar to this study. 

As the literature review clearly showed discrepancies in results it became clear that 

the experimental data was resulting low in viscosity compared to theoretical values. 

Possible issues in the experimental set-up were monitored at this point. The quality control 

or consistency of the experimental process was assured, by a statistical analysis of the data 

obtained from 12 specimens. The three different rheometries showed an increasing trend 

in accuracy with respect to the modeled relative viscosity as shown previously in Figure 4. 

The spiral proved to be the closest to the model due to its ability as a complex rheometry 

to capture the behavior of complex suspensions more accurately than the other two. The 

vane showed its “material boundary wall” had more inter-particle attraction near the 

moving walls, which resulted in a closer reading to the model than the serrated cylinder. 

Yet, all three rheometries fell short of the theoretical values. Therefore, the rheometries 

used were deemed to not be the main cause of the difference in viscosities with theoretical 

values. 
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6.5 Summary 

The data obtained from tests in this study originally had a different objective which 

focused on obtaining certification for SRM 2493. Certification testing typically requires a 

large set of data that has enough data points to be statistically valid. During the analysis of 

the certification data two findings occurred, but only one of them was expected. The 

experiments yielded reproducible data which was the outcome hoped for in order to provide 

results for a standard material. Unexpectedly, the experimental data showed a lower 

relative viscosity than the model due to slippage of the material when sheared.  

 

6.5.1 RECOMMENDED TOOLS 

The results in this study have shown that both an enclosed or open system 

consistently portrayed a decreasing accuracy trend with the spiral – vane – cylinder. Where 

the spiral returned the highest viscosity readings, thus closer to the theoretical values. Thus, 

from the analysis completed during this study it is recommended that when testing 

materials as rheologically complex as a mortar, it is best to use a complex rheometry like 

the spiral. The use of such rheometries allows mixing to keep occurring while testing which 

helps prevent or reduce vertical sedimentation. The spiral also eliminates having a hard 

wall rotating in the center which causes radial migration of the particles towards the outer 

wall. As shown by the data in this study, the spiral in fact retrieves the most accurate 

rheometer results since it is ultimately able to eliminate/reduce more slippage factors than 

other rheometries.     
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6.5.2 INFLUENCE OF THE SPIRAL MANUFACTURING 

As it is recommended from this study to use a spiral tool, the issue now is how to 

obtain the tool, knowing that this geometry system in commonly used in most rheological 

work. The spirals used at NIST were produced by 3D printing in acrylonitrile butadiene 

styrene (ABS) and polylactic acid (PLA). Then, a metal axis was placed in the center to 

connect with the rheometer. The whole production can take less than a day and it is very 

inexpensive to manufacture as materials and the 3D printers are not expensive and are 

becoming more widely available. Early tests showed that a plastic shaft was not rigid 

enough to ensure proper torque measurements. NIST will post on the SRM 2493 website 

the file containing the information necessary to print the spiral.  Thus, the question was 

how to ensure that different labs could produce similar data when using spirals printed with 

different plastic and devices. A small study was conducted by testing 6 different spirals on 

the same SRM 2492 and SRM 2493 material. 

 

Table 5 describes the spiral tools that have been produced and investigated. The 

table also displays which printer and type of material was utilized to create each tool. Three 

printers are represented, one with dual extruders and the others with a single extruder for 

support and model material. Additionally, two of the most common 3D plastic printing 

materials, ABS and PLA, were incorporated. The errors and averages presented in the data 

include the assumption of different materials, printers, timing, and minimal alterations to 

the dimensions.  

 

Most of the data presented in this paper was done using RHN-83C, which 

unfortunately broke before it could be used for this comparative test. Observation of the 
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spirals concludes various evident aesthetic discrepancies due to precision in 

manufacturing. Furthermore, a digital caliper was used to measure the diameters and 

lengths of each tool produced. The tools are pictured in Figure 12. 

 

Table 6.5: Summary of Double Spiral Tools Varying in Manufacture Characteristics. 
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Figure 6.12: Double Spiral Tools Utilized. See Table 5 for details on the spirals 

The parameters, which were used for all tests utilized in this study, set the 

rheometer temperature to 23  ͦ C ± 1 ºC  before shearing the material with rotational steps 

from 0.1 min-1 to 100 min-1, and back down to 0.1 min-1. All tests performed with helical 

rheometry incorporated a gap of 15 mm between the end of the tool and the bottom of the 

serrated cup. The average tool utilized in the study is a 3D printed double spiral with a 

metal axis, and has a diameter of 34.9 mm ± 0.3 mm and a length of 49.2 mm ± 0.6 mm 

(Table 5).  

 

Three different mixtures nominally similar to SRM 2492 and SRM 2493 were 

generated for the purpose of the investigation. All three mixtures differ from the SRM as 

they were produced using the same limestone and corn syrup, but not from the actual 

packaged SRM certified boxes. Therefore, the results are not expected to reflect the data 
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obtained in the certificate, especially as the corn syrup was from a different lot number. 

Nevertheless, the mixtures were produced using the same procedure as described for the 

SRMs.  

 

Therefore, the spiral tool comparison was conducted using a paste similar to SRM 

2492 (0 % glass beads) and mortar similar to SRM 2493 (25 %, and 40 % by volume 1 mm 

glass beads). The raw data for the paste is presented in Figure 13. The data is presented as 

the torque and rotational speed without a transformation for the calibration to ensure that 

any discrepancy between the spirals could be clearly highlighted. Figure 13 shows the 

average data obtained for 5 spirals (RHN-83A was broken already) measured three times 

each. It should be noted that the largest uncertainty was for batch 1 at 11 %, while batch 2 

and batch 3 were 7 % and 9 % respectively. Issues with sealing the blender were 

encountered at the time of mixing batch 1, which may have contributed to such a large 

uncertainty. In the SRM certificate the relative uncertainty was 9 % [13]. Thus, it is clear 

that these batch 2 and batch 3 are within the uncertainty of the data collected using one 

spiral and a larger number of tests, and batch 1 is within reasonable uncertainty.  
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Figure 6.13: Paste tests – average results, Uncertainty represent one standard deviation of 

all measurements with 5 different spirals (from SpiralData-SRMCompilation-

rev) 

 

Using two of the paste batches (batch 2 and batch 3) described previously, 1 mm 

glass beads were introduced to the mixtures to create a mortar with aggregate 

concentrations of 25 % and 40 % by volume respectively. Figure 14 displays the results 

obtained. For bead concentrations at 25.5 % by volume, the maximum relative uncertainty 

is 9 %, while for the bead concentrations at 40 %, the maximum relative uncertainty as 

percentage of error should be about 13 %.  This should be compared with the relative error 

of one spiral in the development of SRM 2493 [4] of 15 %.  

 

It was also noted that the uncertainty could be reduced if the dimensions of the 

spiral were better controlled. For instance, it was noted that spirals with both a larger radius 

and longer length tend to produce higher torque readings. This control may be found 
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through more accurate printing devices or using materials with lower coefficients of 

thermal expansion.  

 

Figure 6.14: Mortar results averages.  Uncertainty represent one standard deviation of all 

measurements with 5 different spirals (from SpiralData-SRMCompilation) 

In conclusion, it could be stated that uncertainty introduced by the 3D 

manufacturing of the spiral spindle is smaller or comparable to the uncertainty of the 

certified values of the SRM suspension.  However, as the usage of SRM 2493 requires 

obtaining a base line with the paste before introducing the beads, any discrepancy will be 

eliminated or significantly reduced.  
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6.6 Conclusion 

This project presented issues that affect the accuracy of the rheological results using 

a rotational rheometer, discovered during the certification of SRM2493. The goal was to 

gain fundamental insight about the impact of various rheometry families on the shear 

measurements of suspensions. Thus, experimental testing and computer simulation of an 

ideal Couette flow was performed. As a result, a decreasing trend in accuracy of 

experimental flow curves with respect to computer simulated flow curves was highlighted 

with the comparison of spiral – vane – cylinder rheometries, respectively. This showed that 

complex suspensions should be testing using complex rheometry such as the spiral. It was 

also evident from the results in this study that an enclosed system brings the rheometer 

readings closer to an ideal Couette, but “close” is the only accuracy that is achievable today 

in practice. An extensive literature review aimed at finding a correlation between particle 

size and relative viscosity when testing a mortar composed of particles concentrated at 

about 40% by volume was conducted, but concluded highlighting that the variance in 

rheometer systems is too sparse to make such correlation. In this study, experimental results 

of the 20% volume concentration mortars matched the prediction model fairly well, but 

failed to match for mortars of high volume compositions like 40%. Ultimately, this study 

highlights that industry rheometers cannot meet theoretical values due to slippage issues 

caused by the testing rheometry and boundary conditions (free surfaces); furthermore, 

portrays the spiral as the most accurate alternative available for calibrating mortar-type 

rheometers. It was also shown that 3D printing the spiral is relatively easy and un-

expensive while also able to generate data that are reproducible.  
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CHAPTER 7: CALIBRATION OF RHEOMETERS FOR 

CEMENTITIOUS MATERIALS8 
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Since this publication was drawn from the majority of discussions already covered in this 

thesis thus far, the final conclusions of this fifth report will be the only parts included. For 

the full explanation of background, materials, etc. please refer to the SCC publication [5]. 

As a reader of this thesis, you’ve already gathered the introductory information necessary 

to understand these conclusions: 

 

7.1 Primary Discussion 

It is clear that the addition of beads increased the viscosity at the high shear rate by 

a factor of about 6.7 in the model, while the spiral reaches a factor of about 4.1 and the 

vane or coaxial are around a factor of only 3 (see Table 7.1). The uncertainty calculation 

will be provided in the final report for SRM 2493. Several observations can be made: 

- The viscosity of the spiral is closer to the model data then the other two. This could 

imply that there is slippage at the surface of coaxial, despite the serration, and the 

vane. 

- The coaxial and the vane also could induce migration of the particles to the 

container walls, thereby causing a lower value of the viscosity. This was clearly 

observed for the 10 mm beads in concrete. 

- The vane and spiral data are very similar implying that both spindles experience 

some slippage. 

- The model has the highest viscosity probably due to the ideal condition of the 

simulation: no wall slippage or ‘stick’ boundary conditions, the concentration of 

beads is at all times constant, since no migration is possible, and there is no free 

surface. 
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Thus, from this data it could be implied that the spiral-vane, although it has a viscosity 

value that is still lower than the model, this rheometer exhibits the least effective slippage 

near the rheometer walls. 

 

The SRM 2497 (concrete) is still in development for both the model and the data. 

But it was observed during the tests that the large 10 mm beads were migrating to the 

container wall when the vane was used. On the other hand, the spiral did not cause such a 

migration to the walls of the container. This migration might be mitigated in real concretes 

due a wider range distribution of the aggregates size. Potentially, reference materials with 

a wide range of beads size could be developed in the future. In this paper, development of 

SRMs for calibration of rheometer was described. The difficulty and novelty was to use 

non-Newtonian materials with particles up to 10 mm in diameter to simulate paste, mortar 

and concrete. Use of such SRMs can help evaluate measurement artefacts on rheometers 

designed for such materials. Ultimately, calibration of the rheometers will allow the 

calibration of rheometers for cement materials should allow the determination of 

rheological properties in fundamental units. 

 

Table 7.1: Ratio of the viscosity at 40 % and at 0 % beads concentration, at the rotational 

speed of 100 rpm [10.47 rad/s]. 
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CHAPTER 8: CONCLUSION AND FUTURE 

RECOMMENDATIONS  

The development of a new reference material for the calibration of concrete’s 

rheological measurements has progressed in a multi-phase approach, where the multiple 

phases represent each of the three main concrete compositions: cement paste, mortar and 

concrete. Thus, the first phase involved the development of paste reference material, 

SRM2492, which consists of three components mixed to form a Bingham suspension: 

water, corn syrup and fine limestone. The uniqueness of this material is that it has a good 

similarity to the physical properties of cement paste (i.e. a fine limestone powder 

suspension in a liquid) without the complications that result from hydration effects of 

cement powder. Thus, the SRM can be prepared and reused at a later age without worrying 

about the sample setting. This study provided the development of the certified Bingham 

values (yield stress and plastic viscosity) for SRM2492, and the viscosity curves composed 

of the viscosity vs shear rate relationship.  

 

However, observations of bacterial activity became visible to the operator at about 

10 d after mixing an SRM2492 sample. Therefore, an analysis on various methods to 

extend the shelf life of the paste reference material were conducted. While this study also 

showed that heat sterilization of all equipment and materials was an effective method of 

keeping viscosity stable, the process was deemed too complex for user-friendliness. Thus, 

the use of biocides in preventing bacterial growth was investigated. Sodium propionate 

(SP) was found to be the most effective biocide out of the ones examined in extending the 

shelf life of SRM2492. The use of SP proved to be the most effective method to account 

for bacterial growth and extend the shelf life of SRM2492 longer than the certified 7 d. The 
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effectiveness of the biocides to stabilize rheological results was critical to provide better 

predictability (of viscosity and yield stress). The extended life aid the cost effectiveness of 

the SRM since it enhances the amount of time it can be used. Thus, the biocide analysis 

considered the effect of adding the biocide either initially during the sample preparation or 

as a delayed addition of the biocide at any sample age. This allowed the analysis of the 

impact of adding the biocide at any time, and provided insight into the most effective time 

to add the biocide. The results showed that the time of addition was insignificant when 

using the recommended biocide, Sodium Propionate.    

 

Furthermore, prior to the bacterial activity visible at 10 d, an issue of water bleeding 

due to particle sedimentation dominated the paste behavior. This phenomenon creates a 

layer of water at the top surface of the SRM2492 sample which was believed to provide an 

environment for bacterial activity to grow. Furthermore, the bleeding layer tends to deplete 

and lose water over long periods of storage which caused an increase in viscosity and made 

the rheological measurements unpredictable. The most effective method of preventing 

moisture loss during storage was the use of a plastic with a low moisture vapor transmission 

rate (MVTR), like polypropylene (PP), combined with a tight lid enclosure to minimize 

evaporation. Low MTVR plastics are preferable when the goal is to prevent moisture loss, 

since a low MTVR rating signifies the plastic has low permeability. An alternative to the 

air-tight lid is to apply wax film paper around the lid’s circumference. Establishing these 

recommendations as standard practice during storage will help maintain the moisture 

content stable, which is important to ensure predictable viscosity readings of the Standard 

Reference Material 2492. 
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The mortar reference material, SRM2493, was the second phase of the multi-phase 

SRM whose composition is achieved by addition of 1 mm glass spheres to the SRM2492 

paste. Experimental testing, computer modeling and statistical analysis were conducted on 

the mortar reference material during certification. However, measurement issues such as 

slippage and particle sedimentation were encountered during the analyses, so an 

investigation was developed to study these effects. It was found that the best results were 

obtained using a spiral impeller. This was based on comparing the experimental results 

with the theoretical results predicted from the computer model. The vane impeller resulted 

being the next best results, followed by the cylinder geometry impeller. The coaxial 

cylinder has the lowest level serration since the inner wall is metal and nearly smooth, but 

contains small ribs that help shear the material. The six blade vane enhances the serration 

level since it creates an inner wall while shearing that is composed of the material itself. In 

other words, the ability to shear increases when you have material-to-material shearing 

compared to material-to-metal. These rheometries represent three different types of 

rheometry families, and showed that complex suspensions should be tested using complex 

rheometry such as the spiral. The spiral introduces the ability to continue mixing the 

material while shearing due to its complex design which helps reduce the slippage effect 

from having a solid inner wall. Capping the top of the paste rheometer with a lid resulted 

in bringing the experimental results obtained for viscosity closer the results predicted by a 

computer model simulation (i.e., the theoretical value). The report essentially highlights 

that industry concrete rheometers are likely not match the values predicted by the computer 

simulation model  that was used in this work due to slippage issues caused by the testing 

rheometry and the presence of free surfaces at the top of the rheometer (i.e., different 

boundary conditions between the experimental device and the computer simulation). 



 

 

194 

However, the spiral was still considered as the most accurate alternative available today 

for calibrating mortar-type rheometers.  

 

During the tenure of this thesis the first two phases of the concrete SRM were 

completed. The first phase provides the reference material for cement paste, SRM2492, to 

which an addition of 1mm glass spheres (representing the addition of fine aggregates) 

composes the mortar reference material, SRM2493, and second phase. Therefore, future 

work requires the completion of the third phase, SRM2497, which will include the addition 

of larger glass spheres to represent coarse aggregates in concrete and is currently being 

developed at NIST.  Completion of the concrete SRM will allow an international study to 

be conducted that can provide an updated comparison of current rheometers. Further 

research into modifying the rheometer system to have an enclosed system would improve 

the comparison with the simulation. Currently, the spindles are lowered into the container 

which requires an open top surface to be present. Thus, perhaps an entirely new design of 

the rheometer container system is needed for the ideal Couette system to be truly imitated. 

Similarly, research into modifying the boundary conditions of the computer simulation to 

better match the boundary conditions of the experimental devices would be beneficial.   As 

for the shelf-life of the SRM paste, the biocide analysis could extend into many more 

biocide options, but further clarification into the exact type of microbes growing in the 

SRM paste would be best in order to point towards a more specific biocide option. 
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Appendices 

Appendices from the certification reports were omitted in this thesis due to their 

excessive length, however some chapters in this thesis call out appendices in the same 

manner that they are called out in the published (or to-be published) reports. Therefore, if 

the reader wishes to access these appendices they can be readily found in the full published 

reports. The reports that are under review for publication by NIST will be accessible by the 

end of 2016.  

 

In order to give the reader an idea of the content in the full report appendices, their 

descriptions are provided in the following pages for each chapter that calls out appendices 

in this thesis.  
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APPENDICES FOR CHAPTER 3: BINGHAM PASTE REFERENCE MATERIAL, SRM2492  

These appendices can be accessed at the following link: 

http://www.nist.gov/manuscript-publication-search.cfm?pub_id=918347 

 

Appendix A: Statistical analysis for re-certification Bingham calculations  

This Appendix provides all the graphs needed for the interpretation of the results 

and the extraction of the proposed re-certified values. See Table 3 for re-certified values. 

Appendix B: Data for re-certification calculations 

This Appendix provides all the data obtained from each test that was performed and 

used for the calculations. The results calculated with these data were generated using a 

Non-Newtonian approach. Also included are the graphs needed for interpretation of the 

results. 

Appendix C: Viscosity Curve Data 

This Appendix provides the viscosity curves (in Log-scale form) for selected mixes. 

The curves portray the viscosity of the material at each shear rate, rather than the plastic 

viscosity found by Bingham approximation.  

Appendix D: Viscosity Curve Certified and Reference Values 

This Appendix provides the results from statistical analysis of viscosity curves, listed as 

certified and reference values 

 

 

 

 

http://www.nist.gov/manuscript-publication-search.cfm?pub_id=918347
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APPENDICES FOR CHAPTER 5: MORTAR REFERENCE MATERIAL, SRM2493  

These appendices will be accessible at NIST website once published, by end of 2016.  

 

Appendix A: Original data measured from rheometer 

This appendix provides all the original data obtained from each test that was 

recorded from the rheometer. Also included are graphs needed for interpretation of the 

results, which portray the repeatability of the measured data. 

 

Appendix B: Data for calibration 

This appendix provides the averaged data for each mix which was calculated from 

the original data shown in Appendix A. The average data was calculated for each geometry 

analyzed and mortar composition (bead %). This set of data was then used in the calibration 

process described in section 4.3, whose results are summarized in Appendix C. 

 

Appendix C: Calibrated data for Bingham calculations & Viscosity curves 

This appendix only includes the calibrated data which was directly used to form the 

viscosity curves and calculate the Bingham parameters. The calibrated data only includes 

the down curve data. 
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