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FOREWORD 

The maintenance and reconstruction needs facing our highway transportation system are 
significant. There is a strong need to construct robust, durable bridge structures without unduly 
restricting the capacity of the existing highway network.  Accelerated bridge construction 
activities are gaining favor around the country, most notably in jurisdictions where the new 
construction concepts afford reduced user impacts concurrent with high quality finished 
products.  The Federal Highway Administration’s emphasis on the use of Prefabricated Bridge 
Elements and Systems (PBES) as a means to facilitate accelerated bridge construction has 
focused national attention through the Every Day Counts initiative on a set of emerging 
concepts.  PBES, wherein large portions of the bridge are fabricated off-site then are transported 
and assembled rapidly at the bridge site, is a technology that offers significant benefits in terms 
of component quality and construction site safety; however, PBES frequently relies heavily on 
the use of field-cast grouts to complete connections between components. Recent advancements 
in the rheological, mechanical, and durability behaviors of field-cast grout-type materials has 
resulted in owners facing a wide range of options when considering the appropriate grout for a 
particular application.  This report presents the results of a wide-ranging investigation into the 
material characteristics of eight prebagged grouts, providing the basis for a broader 
understanding of the short- and long-term properties that an owner could anticipate experiencing 
with these materials. 
 
This report corresponds to the TechBrief titled “Material Characterization of Field-Cast 
Connection Grouts” (FHWA-HRT-13-042). This report is being distributed through the National 
Technical Information Service for informational purposes. The content in this report is being 
distributed “as is” and may contain editorial or grammatical errors.  
 

Notice 
This document is disseminated under the sponsorship of the U.S. Department of Transportation 
in the interest of information exchange. The U.S. Government assumes no liability for the use of 
the information contained in this document. 
 
The U.S. Government does not endorse products or manufacturers. Trademarks or 
manufacturers’ names appear in this report only because they are considered essential to the 
objective of the document. 
 

Quality Assurance Statement 
The Federal Highway Administration (FHWA) provides high-quality information to serve 
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SI* (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol 
LENGTH 

in inches 25.4 millimeters mm 
ft feet 0.305 meters m 
yd yards 0.914 meters m 
mi miles 1.61 kilometers km 

AREA 
in2 square inches 645.2 square millimeters mm2

ft2 square feet 0.093 square meters m2

yd2 square yard 0.836 square meters m2

ac acres 0.405 hectares ha 
mi2 square miles 2.59 square kilometers km2

VOLUME 
fl oz fluid ounces 29.57 milliliters mL 
gal gallons 3.785 liters L 
ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1000 L shall be shown in m3

MASS 
oz ounces 28.35 grams g
lb pounds 0.454 kilograms kg
T short tons (2000 lb) 0.907 megagrams (or "metric ton") Mg (or "t") 

TEMPERATURE (exact degrees) 
oF Fahrenheit 5 (F-32)/9 Celsius oC 

or (F-32)/1.8 
ILLUMINATION 

fc foot-candles 10.76 lux lx 
fl foot-Lamberts 3.426 candela/m2 cd/m2

FORCE and PRESSURE or STRESS 
lbf poundforce   4.45    newtons N 
lbf/in2 poundforce per square inch 6.89 kilopascals kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS 
Symbol When You Know Multiply By To Find Symbol 

LENGTH
mm millimeters 0.039 inches in 
m meters 3.28 feet ft 
m meters 1.09 yards yd 
km kilometers 0.621 miles mi 

AREA 
mm2 square millimeters 0.0016 square inches in2 

m2 square meters 10.764 square feet ft2 

m2 square meters 1.195 square yards yd2 

ha hectares 2.47 acres ac 
km2 square kilometers 0.386 square miles mi2 

VOLUME 
mL milliliters 0.034 fluid ounces fl oz 
L liters 0.264 gallons gal 
m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams 0.035 ounces oz
kg kilograms 2.202 pounds lb
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 lb) T 

TEMPERATURE (exact degrees) 
oC Celsius 1.8C+32 Fahrenheit oF 

ILLUMINATION 
lx  lux 0.0929 foot-candles fc 
cd/m2 candela/m2 0.2919 foot-Lamberts fl

FORCE and PRESSURE or STRESS 
N newtons 0.225 poundforce lbf 
kPa kilopascals 0.145 poundforce per square inch lbf/in2

*SI is the symbol for th  International System of Units.  Appropriate rounding should be made to comply with Section 4 of ASTM E380.  e
(Revised March 2003)  
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CHAPTER 1. INTRODUCTION 

INTRODUCTION  
Accelerated construction methods can help increase construction site safety and minimize the 
inconveniences to the traveling public.  Many new methods have been investigated and 
implemented using prefabricated subassemblies on bridges.  These methods have shown promise 
because prefabricated components can be produced with great quality control, resulting in 
superior products that allow for expedited construction schedules.  States continue to investigate 
and advance their respective bridge programs through the use of prefabricated products such as 
precast bulb tees, full depth precast bridge decks, and box beams. 

The most critical field construction process for prefabricated subassemblies is the completion of 
the connections.  Constructability and serviceability problems have arisen in connections on 
some past projects.  These issues have been attributed to a variety of causes, including 
construction techniques, materials, and poor designs.  Much research attention has been placed 
on making better connections between the components.   

One area of investigation relates to the different field-cast materials that might be used to 
complete the connections. Connections between prefabricated bridge components may exhibit 
poor performance due to the material selected.  This research effort investigated the performance 
of a variety of different material categories that may be used in non-post-tensioned field-cast 
highway infrastructure connections. 

OBJECTIVE 
The objective of this research is to evaluate grout-type materials for potential use in field-cast 
connections deployed as part of the prefabricated bridge elements and systems (PBES) bridge 
construction concept.   

SUMMARY OF APPROACH 
The research consisted of a series of constructability, material characterization, and bond tests 
among nine unique candidate materials.  The materials were chosen as representative samples in 
the following categories based on published material properties:  high strength grouts, deck 
concretes, magnesium phosphate grout, ultra-high performance concrete, cable grout, and epoxy 
grout.  The testing included many standard tests as published by the American Society for 
Testing and Materials (ASTM).  Other tests were developed based on previous testing experience 
in combination with standard ASTM test methods.  The results were analyzed and used to predict 
the relative performance of these materials when deployed in this highway bridge construction 
application.    

OUTLINE OF REPORT 
This report is divided into five chapters and an appendix. Chapters 1 and 2 provide an 
introduction and literature review.   Chapter 3 presents the results of the material characterization 
testing program.  Chapter 4 presents the analysis of the results and Chapter 5 presents the 
conclusions of this research program.  An appendix is included that contains manufacturer 
supplied material characterization information.  
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CHAPTER 2. LITERATURE REVIEW 

INTRODUCTION 
Researchers continue to focus on advancing the state-of-the-practice for the construction of 
prefabricated bridge structural elements.  Studies have been performed on innovative methods 
(Issa, Ralph, Thomas, Shaker, & Islam, 2007; Carter, Pilgrim, Hubbard, Poehnelt, & Oliva, 
2007; Sullivan, 2007) and alternate designs (Badie, Tadros, & Baishya, 1998).   What all the 
studies have in common is the need to make unique connections between precast concrete 
components.  One of the keys to building a quick and durable bridge superstructure is the 
connections (Culmo, 2009).  The field casting of these connections tends to be the most labor 
intensive and critical part of making the overall system work successfully.  Within these 
connections there is frequently is a field-cast grout-type material that is used to complete the 
system.  Insufficient performance of the material within the connection can compromise the 
entire bridge superstructure’s performance. 

New emphasis has been placed on testing deck level connections for a variety of different precast 
designs.  A sound material is needed to build a variety of connections in order to perform head-
to-head tests.  As demonstrated below, past research shows that there is not a general consensus 
on the best type of material to be used in these connections. Furthermore, no prior study has 
completed a comprehensive assessment of candidate field-cast grout-type materials covering the 
wide range of relevant materials and characteristics. 

PAST RESEARCH RESULTS 
The field-cast grout-type materials specified for use in bridge superstructure connections have 
undergone limited, sporadic research as to their relevance within this application. Most designers 
specify prepackaged, low shrinkage, high early strength grouts for bridge connections (Culmo, 
2009).  However, these grouts have not demonstrated consistent performance.   When testing 
various connections in bridge decks researchers have noted that, even under controlled 
laboratory conditions, shrinkage cracks and durability issues still arise (Markowski, 2005; 
Swenty, 2009).   

Gulyas et al. studied the use of a magnesium phosphate based grout, and a regular cementitious 
grout for use in shear keys on adjacent box beams in Alaska (Gulyas, Wirthlin, & Champa, 
1995).   The materials were tested using standard ASTM tests and component tests.  The 
standard tests worked well as a screening process but more representative testing methods were 
recommended.  The magnesium phosphate based grout performed well for the adjacent box 
beams in Alaska.   

Research led by Issa furthered the research by Gulyas et al. by testing four different 
commercially available materials in component tests.  The four materials included two 
magnesium phosphate based grouts, a standard grout, and a polymer concrete.  The focus was on 
performing shear, tension, and flexure tests on scaled shear keys typically used between adjacent 
box beams.   The results indicated that the magnesium phosphate grouts did not bond well to the 
substrate concrete, in part because of carbonation effects, and had limited workability.  The 
polymer concrete had the best results and highest compressive strength; however the standard 
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grout performed very well and was easier to use.  The authors recommended using the standard 
grout over the more expensive and harder to use alternatives.  It is noted that the recommended 
material was only one of many similar products marketed as a prebagged grout mix. 

Other researchers have developed similar plans for testing materials used in precast component 
connections.  Ma et. al. conducted further investigations into standard grouts and magnesium 
phosphate grouts for use in component connections.  The research focused on finding materials 
that work well for one and seven day applications (Ma, 2010).  The research concluded that the 
magnesium phosphate grouts can be used successfully.  Scholz et. al. studied three cementitious 
prebagged grouts and magnesium phosphate grout.  The researchers studied the bond strength 
and standard material properties.  A ponding test was performed by casting voids in a 4 in. (10.1 
cm) deep deck, filling them with grout, and placing a 0.25 in. (8 mm) layer of water on the top 
surface.  Observations were made of any water that flowed through the bonded surface to the 
bottom of the deck.  The grouts with the best bond strength and lowest shrinkage did not predict 
the best performance in ponding tests.  The results of the tests did not lead to a firm 
recommendation. The grouts all performed differently but magnesium phosphate tended to 
perform well (Scholz, Wallenfelsz, Ligeron, & Roberts-Wollmann, 2007).  A set of guidelines 
was produced that, when followed, would likely increase the likelihood of good performance.   

More recently a group of researchers studied the use of three grouts for use in box girder 
connections.  The grouts were epoxy, cementitious, and cementitious with polypropylene fibers.  
A series of shear and flexure tests were performed on scaled box girder connections.  The study 
found that epoxy grout bonded better to a base concrete and gained strength faster than a typical 
grout used on Pennsylvania bridges (DeMurphy, Kim, Sang, & Xiao, 2010).  

RESEARCH METHODS  
The test methods commonly employed to demonstrate the material-scale performance of these 
grouts also deserve discussion.  Of particular interest are tests on bond strength and shrinkage.   

Most prepackaged grout manufacturers use ASTM C827-10 Change in Height at Early Ages of 
Cylindrical Specimens of Cementitious Mixtures to measures height change in the plastic state 
and report this result as shrinkage (Culmo, 2009).  The ASTM C157-08 Length Change of 
Hardened Hydraulic-Cement Mortar and Concrete  method of measuring grout shrinkage, which 
is more commonly used to assess the post-set shrinkage of cementitious composites in the bridge 
sector, has had limited use.  Due to the apparent shrinkage issues encountered in many past 
bridge applications, the applicability of ASTM C827-10 to this particular grout application 
deserves further investigation.   

The bond strength between field-cast grout-type materials used in bridge connections and the 
substrate precast concrete has not been systematically investigated.  In general, this interface 
tends to crack first thereby suggesting the bond between the materials is weaker than the tensile 
strength of each adjoining material (Issa, Yousif, Issa, Kaspar, & Khayyat, 1995).      

Past research on bond strength between cementitious materials tends to focus on the strength 
between a patch material for a bridge deck and the concrete bridge deck.  Many different tests 
have been used including ASTM C882-05 Bond Strength of Epoxy-Resin Systems Used with 
Concrete by Slant Shear, ASTM C496-04 Splitting Tensile Strength of Cylindrical Concrete 
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Specimens, and ASTM C1583-04 Tensile Strength of Concrete Surfaces and the Bond Strength 
or Tensile Strength of Concrete Repair and Overlay Materials by Direct Tension (Pull-off 
Method).  The results from each test tend to be consistent for its particular application; however 
the results are not similar among tests and must be interpreted for the particular application 
(Momayez, Ehsani, Ramezanianpour, & Rajaie, 2005).  In general, the bond tests have been used 
for overlays and thin bonds and not applied to the range of materials used for precast component 
connections.  

One possible way of measuring the bond strength is using a modified splitting tensile strength 
test based on ASTM C496-04.  Previous research has shown that splitting cylinder tests show a 
very good correlation to tensile strength and have low scatter within the test results.  In addition, 
the tests have been performed on standard 4 in. by 8 in. cylinders and 3 in. by 3 in. by 4 in. 
prisms with similar results (Geissert, Li, Frantz, & Stephens, 1999). 

SUMMARY 
A definitive set of guidelines for materials used in precast connections has not been developed.  
Some research has focused on a particular grout or connection detail location.  Other research 
projects have suggested the use of large component tests to determine whether a grout is 
appropriate.  Many questions remain on the shrinkage and bond strength of the materials used in 
precast component connections.  In addition, some newer materials have not been thoroughly 
investigated. A comprehensive set of tests are desirable to compare multiple materials to one 
another and to a baseline, standard bridge deck mix.  
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CHAPTER 3. MATERIAL TESTING PROGRAM 

RESEARCH PLAN 
A program was developed to investigate field-cast grout materials that either already are being 
used or have the potential to be used in modular bridge component connections.  The program 
was designed to characterize nine different unique materials that are readily available as 
prebagged mixes or standard concrete mixes.  The materials included ultra-high performance 
concrete (UHPC), magnesium phosphate grout, conventional prebagged cementitious grouts, 
epoxy grout, a bridge deck concrete, and post-tensioning cable grout.   

This chapter describes the material testing program.  It begins with a description of the materials 
used in the study and the tests employed.  Next the chapter describes the batching, casting, and 
curing procedures.  The results from each individual test are then discussed in the remainder of 
the chapter. 

TESTING MATRIX 
The name of each material and its respective manufacturer are listed in Table 1. The program 
was designed to investigate materials in six different categories:  ultra-high performance concrete 
(U1 and U2), magnesium phosphate grout (M1), conventional prebagged cementitious grouts 
(G1, G2, and G3), epoxy grout (E1), a bridge deck concrete (C1), and post-tensioning cable 
grout (T1).  Three materials (G1, G2, and G3) were chosen in the conventional cementitious 
grout category because this category has been investigated in previous studies and is commonly 
deployed in PBES-type construction projects.  It is important to note that, with the possible 
exception of the U1 and U2 products, other similar commercially available products exist within 
these categories in the North American market.    

Table 1. Material testing matrix. 
Material Category Product Name Reference Name 
Grout  Five Star Grout G1 
Grout  BASF Embeco 885 G2 
Grout Harris Construction Grout G3 
Magnesium Phosphate Grout BASF Set 45 M1 
Epoxy Grout Five Star HP Epoxy Grout E1 
Cable Grout Euclid Euco Cable Grout PTX T1 
UHPC Lafarge Ductal JS1000 U1 
UHPC Lafarge Ductal JS1100RS U2 
Deck Concrete Virginia A4 Concrete Mix C1 
 
 
Material categories were chosen based on past performance, applicability to onsite construction 
processes, and suitable published properties.  G1, G2, and G3 are standard grouts reported to 
exhibit low shrinkage, good workability, and high early strength.   The manufacturers of M1 and 
E1 report low shrinkage, high early strength, and dimensional stability.  These types of grout 
have also been tested and deployed previously in modular bridge component connections.  The 
manufacturer of T1 reports that it is pumpable, easy to use, and has reasonable strength gain.  
The ultra-high performance concretes, U1 and U2, are reported to exhibit exceptional mechanical 
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and durability characteristics. These products have gained the attention of many bridge owners as 
a promising substitute for conventional PBES connection solutions (Graybeal, 2012). C1 is based 
on a conventional concrete mix design that could be used for a bridge deck and serves as the 
control within the study.   

Each material was cast independent of the others.  The objective was to compare the materials 
based on construction issues, early age properties, long term properties, and bond strength.  
Some of the desirable properties include early compressive strength gain, high tensile strength, 
dimensional stability, and strong bond strength.  The construction issues included workability, 
work time, economics, flow, and set time.   The bond tests were performed to quantify which 
materials bond well to a substrate concrete.  

Initial tests and data were recorded during the placement of each material.  The mix proportions, 
laboratory environmental conditions, and ease of use were recorded.  Observations were also 
made on the cleanup procedures and price of the materials.   

A series of tests, many of them based on standard test methods, were performed on each selected 
material.  All tests were performed under similar conditions in the concrete laboratory at Turner-
Fairbank Highway Research Center (TFHRC).  The basic material characterization tests were 
based on ASTM standards for compressive strength (ASTM C39-09a and ASTM C109-02), split 
cylinder (ASTM C496-04), flow or slump (ASTM C1437-07 and ASTM C143-10), modulus of 
elasticity (ASTM C469-02), set time (ASTM C403-08), restrained shrinkage 
(ASTM C1581-09a), and unrestrained shrinkage (ASTM C157-08).  A non-standardized method 
was employed to measure early age unrestrained shrinkage during the first 24 hours after mixing.  
This was based on the ASTM C157-08 samples with an embedded vibrating wire gage (VWG).   

Three tests were used as an indication of the bond strength between each material and a 
previously cast and cured deck concrete.  The first test was based on the standard slant cylinder 
bond test ASTM C882-05.  The second test was based on the split cylinder test ASTM C496-04.  
The third bond test was based on the restrained shrinkage ring test ASTM C1581-09a. 

Two durability tests were also completed on a select set of materials.  The standard freeze/thaw 
resistance test (ASTM C666-03 Standard Test Method for Resistance of Concrete to Rapid 
Freezing and Thawing) and the standard rapid chloride penetrability test (ASTM C1202-10 
Standard Test Method for Electrical Indication of Concrete's Ability to Resist Chloride Ion 
Penetration) were completed for four of the grouts.   

Data was taken on the schedule shown in Table 2.   The first set of tests began immediately after 
the materials were cast and continued for a minimum of two months.  The measurements at 
24 hours were used for accelerated construction comparisons while the longer term 
measurements were used for standard construction schedule comparisons.   
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Table 2. Testing schedule and number of specimens for each test. 

Tests  0 
Hr 

2 
Hr* 

6 
Hrs* 

24 
Hrs* 

7 
Days 

14 
Days 

28 
Days 

Flow or Slump  
(ASTM C1437-07 or C143-10) 1       

Set Time  
(ASTM C403-08) 1 Specimen Minimum – Data until final set 

Compressive Strength 
(ASTM C39-09a & C109-02) 

 
3 3 3 3  3 

Split Cylinder   
(ASTM C496-04) 

 
     3 

Modulus of Elasticity 
(ASTM C469-02) 

 
     3 

Restrained Shrinkage  
(ASTM C1581-09a) 1 Specimen – Data every 5 minutes for 56 days 

Unrestrained Shrinkage  
(ASTM C157-08) Approximately every 3 days for 100 days 

Early Age Shrinkage  
(VWG & ASTM C157-08) 2 Specimens – Data every 5 minutes for 56 days 

Slant Cylinder  
(ASTM C882-05) 

 
     3 

Split Cylinder Bond 
(Based on ASTM C496-04) 

 
     3 

Restrained Shrinkage Bond 
(Based on ASTM C1581-09a) 1 Specimen – Data every 5 minutes for 56 days 

Freeze-Thaw† 
(ASTM C666) 3 Specimens for up to 600 Cycles 

Rapid Chloride Penetrability† 
(ASTM C1202) Results at 57, 126, and 240 days 

  * Where applicable - Some materials had not set. 
 † Tests only completed on grouts G1, E1, M1, and U2   
 

BATCHING, CASTING, AND CURING SPECIMENS 
The specimens were all produced and stored at the Turner-Fairbank Highway Research Center 
concrete laboratory. The laboratory mixing conditions, curing conditions, molds, and testing 
protocols were kept the same among samples unless noted otherwise.  See Figure 1 for 
photographs of the molds, mixer, and specimen storage location.    

Deviations in mixing occurred because of mixer capacity and work time.  Six of the nine 
materials were mixed in a single batch under the manufacturer’s recommendations for a fluid 
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mix suitable for pouring tight joints.  U1 and U2 required two batches due to volume and mixing 
limitations of the mixer. M1 required a large number of mixes because of the short workability 
time and number of specimens required.  All the materials were immediately placed in molds.  
Aside from M1, a pan mixer was used to mix the materials.  M1 was mixed with a paddle mixer 
inside plastic buckets.   

 

       

Figure 1. Photo. Clockwise from bottom left: The mixer, specimen molds, and specimens 
curing in the environmental chamber. 

Casting location and curing conditions were constant unless there was a specific deviation in the 
manufacturer’s recommendations.  The unrestrained shrinkage bars and all of the shrinkage rings 
were cast and cured in a temperature and humidity controlled curing room.  This was done 
because the data acquisition setup could not easily be moved between the concrete mixing room 
and the curing room.   The remaining specimens were cast inside the concrete laboratory mixing 
room, held for 24 hours in that room, demolded, and then immediately placed in the curing room.  
The specimens were all covered in moist burlap and plastic for the first 24 hours regardless of 
their curing location.  M1 was the exception as it did not require a moist burlap layer according 
to the manufacturer.  Once all specimens were inside the curing room, the coverings were 
removed and the specimens were left to cure in the controlled environment. All specimens 
remained in the curing room until the end of the tests.  The curing room was held at a humidity 
of 45% ± 5% and a temperature of 74°F ± 4°F (23°C ± 2°C).   

The curing for the freeze-thaw prisms and the rapid chloride penetrability cylinders deviated 
from the curing described above.  These prisms and cylinders were placed in a lime water bath 
after demolding.  In accordance with the ASTM C666 test method, the prisms were removed 
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from the bath after 14 days so that the freeze-thaw testing could begin.  The cylinders remained 
in the bath until each set of ASTM C1202 testing was ready to commence. 

G1, G2, G3 and T1 
The batching information for G1, G2, G3, and T1 are in Table 3 through Table 6, respectively.  
The guidelines given by the manufacturers were followed as shown in Appendix A.1 through 
Appendix A.4.  The temperatures at casting were all close to 70°F (21.1°C), the proportions were 
for fluid mixes, and the mix times fell within the published ranges.     

Each material was mixed according to the manufacturers’ recommendations.  They were initially 
mixed for 5 minutes and then inspected for proper consistency.  G2 was found to have some 
clumps of unhydrated material that ranged in size from approximately 1/2 in. to 2 in. (1.2 cm to 
5.1 cm). The balls were physically broken by hand and then the material was mixed an additional 
1 minute.  T1 was not fluid after 5 minutes, therefore mixing continued.  There was no 
manufacturer recommendation for maximum mix time; therefore, T1 was mixed for 
12.5 minutes, at which point when the mix behaved fluidly.  It should be noted that no water was 
added to any of the mixes beyond the maximum limits for fluid mixes.   

 

Table 3. G1 batching information. 

Placement 
Date 

Grout, 
lbs (kg) 

Water, 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp.,     
°F (°C) 

Grout Temp. 
After Mixing, 

°F (°C) 

16Nov2010 208.1 
(94.6) 

37.5 
(17.0) 5 73.0 

(22.8) 
73.2 

(22.9) 

9Jan2012‡ 208.1 
(94.6) 

37.5 
(17.0) 5 74.3 

(23.5) 
72.2 

(22.3) 
‡ The ASTM C666 and ASTM C1202 specimens were cast from this batch. 

 

Table 4. G2 batching information. 

Placement 
Date 

Grout, 
lbs (kg) 

Water, 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp.,     
°F (°C) 

Grout Temp. 
After Mixing, 

°F (°C) 

30Nov2010 270.9 
(123) 

45.3 
(20.5) 5, r1, 1 71.4 

(21.9) 
79.4 

(26.3) 
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Table 5. G3 batching information. 

Placement 
Date 

Grout, 
lbs (kg) 

Water, 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp.,     
°F (°C) 

Grout Temp. 
After Mixing, 

°F (°C) 

7Nov2011 194.4 
(88.2) 

31.1 
(14.1) 5 72.9   

(22.7) 
73.7 

(23.2) 
 

Table 6. T1 batching information. 

Placement 
Date 

Grout, 
lbs (kg) 

Water, 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp.,     
°F (°C) 

Grout Temp. 
After Mixing, 

°F (°C) 

8Dec2010 188 
(85.3) 

49.7 
(22.5) 12.5 70.9 

(21.6) 
74.4 

(23.6) 
 

M1 
The batching information for M1 is in Table 7.  The guidelines given by the manufacturer were 
followed as shown in Appendix A.5.  This particular mix was designed for ambient temperatures 
less than 85°F (29.4°C) which was met throughout.  The material proportions and mix times 
were strictly followed due to explicit warnings in the manufacturer’s information.  Thirteen 
mixes were used for the initial casting, and three more for the durability test specimen casting.  
The large number of mixes resulted from the approximately 10 minute working time from the 
moment mixing began until initial set.  The temperature after mixing remained close to the 
ambient laboratory temperature; however, surface temperatures at final set approximately ten 
minutes after the completion of mixing and placement were measured to be in excess of 185°F 
(85°C). 

Table 7. M1 batching information. 

Placement 
Date 

Grout, 
lbs (kg) 

Water, 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp.,     
°F (°C) 

Grout Temp. 
After Mixing, 

°F (°C) 

15Dec2010* 25 
(11.3) 

2 
(0.91) 1.5 73.6 

(23.1) 
81.5 

(27.5) 

9Jan2012**,‡ 27.8 
(12.6) 

2.3 
(1.04) 2.5 74.1 

(23.4) 
77.8 

(25.4) 
* Thirteen mixes were mixed and placed consecutively due to the short work time. 
** Three mixes were mixed and placed consecutively due to the short work time. 
‡ The ASTM C666 and ASTM C1202 specimens were cast from this batch. 
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E1 
E1 was mixed in the pan mixer but with slightly different procedures as explained in Appendix 
A.6 and shown in Table 8.  A two part premeasured epoxy consisting of a resin and hardener was 
mixed with a paddle mixer in a plastic bucket for approximately 1 minute.  The dry aggregate 
compound was then placed in the typical pan mixer (Figure 1) and the epoxy compound was 
added over approximately a 1 minute period following the start of the mixer.   The entire batch 
of E1 (two part epoxy and aggregate) was mixed for an additional 3 minutes at which point it 
was fluid and ready to be placed.   

Table 8. E1 batching information. 

Placement 
Date 

Dry 
Aggregate, 

lbs (kg) 
Resin, 

lbs (kg) 
Hardener, 

lbs (kg) 
Mix Time, 
Minutes 

Lab 
Temp.,     
°F (°C ) 

Grout Temp. 
After Mixing, 

°F (°C) 

22Dec2010 252.4 
(114.5) 

24.0 
(10.9) 

4.0 
(1.8) 

1.0 
resin/hardener, 
3.0 everything 

73.9 
(23.3) 

74.2 
(23.4) 

10Jan2012‡ 126.2 
(57.2) 

12.0 
(5.44) 

2.0 
(0.91) 

1.0 
resin/hardener, 
3.0 everything 

73.2 
(22.9) 

76.2 
(24.6) 

‡ The ASTM C666 and ASTM C1202 specimens were cast from this batch. 

 

U1 
The U1 mix design was based on manufacturer recommended proportions.  The premix, 
superplasticizer, and steel fibers were provided by the manufacturer (See Appendix A.7).  The 
mixing procedure included a stepped process of adding premix, mixing in the fluids, reaching a 
flowable consistency, and then finally adding fibers.  The U1 batching information is shown in 
Table 9.  

Table 9. U1 batching information. 

Placement 
Date 

Premix, 
lbs (kg) 

Water, lbs 
(kg) 

Super-
plasticizer, 

lbs (kg) 

Steel 
Fibers, 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp.,     
°F (°C ) 

Grout 
Temp. 
After 

Mixing, 
°F (°C) 

5Jan2011 137.1 
(62.2) 

8.1 
(3.68) 

1.88 
(0.85) 

19.5 
(9.75) 27.5 74.6 

(23.7) 
78.6 

(25.9) 

5Jan2011 137.1  
(62.2) 

8.1  
(3.68) 

1.88  
(0.85) 

19.5 
(9.75) 25.5 75.2 

(24.0) 
79.3 

(26.3) 
Note: Mixer limitations necessitated the sequential mixing of two batches.  
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U2 
As with U1, the U2 mix design was based on manufacturer recommended proportions.  The 
premix, superplasticizers, and steel fibers were provided by the manufacturer (See Appendix 
A.8).  The mixing procedure for U2 was similar to U1 with one key adjustment.  Both 
superplasticizers were stirred into the mixing water before any liquid was added to the dry 
premix.  Aside from this change, mixing included the same stepped process as described for U1 
of adding premix, adding the fluids, allowing the resulting material to reach a flowable 
consistency, and then finally adding fibers.  The U2 batching information is shown in Table 10. 

Table 10. U2 batching information. 

Placement 
Date 

Premix, 
lbs (kg) 

Water, 
lbs (kg) 

Super-
plasticizer 

#1, 
lbs (kg) 

Super-
plasticizer 

#2, 
lbs (kg) 

Steel 
Fibers, 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp.,     
°F (°C ) 

Grout 
Temp. 
After 

Mixing, 
°F (°C) 

7Feb2012 150.7 
(68.3) 

10.3 
(4.67) 

1.236 
(.561) 

0.824 
(0.374) 

10.7 
(4.859) 12.0 74.5 

(23.6) 
81.2 

(27.3) 

7Feb2012 150.7 
(68.3) 

10.3 
(4.67) 

1.236 
(.561) 

0.824 
(0.374) 

10.7 
(4.859) 11.5 74.1 

(23.4) 
81.7 

(27.6) 

10Jan2012‡ 89.1 
(40.4) 

6.1 
(2.76) 

0.73 
(0.331) 

0.49 
(0.221) 

6.33 
(2.871) 11.5 74.3 

(23.5) 
76.2 

(24.6) 
Note:  Mixer limitations necessitated the sequential mixing of the first two batches listed in the table.  
‡ The ASTM C666 and ASTM C1202 specimens were cast from this batch. 

 

C1 
C1 (Table 11) was developed based on the published Virginia A4 mix design as shown in 
Chapter A.9.  Multiple trial mixes were produced prior to the final three mixes used in the tests.  
The mix proportions were consistently close to the mix design, however the average slump was 
slightly over 5 in. (12.7cm) and the average air content was approximately 1%.  A laboratory 
mixing procedure of 3 minutes mix, 2 minutes rest, and 2 minutes mix was used.  The lab 
temperature stayed at approximately 70°F (21.1°C) throughout.  Note that a traditional deck 
concrete mix design would produce a concrete with significantly higher air content in order to 
resist freeze-thaw degradation; thus, the deck concrete engaged here did not precisely replicate 
that which would commonly be deployed in the nation’s bridge inventory. 
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Table 11. C1 batching information. 

Placement 
Date 

Cement, 
lbs (kg) 

Water, 
lbs (kg) 

Coarse 
Aggreg., 
lbs (kg) 

Fine 
Aggreg., 
lbs (kg) 

Mix 
Time, 

Minutes 

Lab 
Temp., 
°F (°C ) 

Temp. 
After 

Mixing, 
°F (°C) 

1Feb2011* 79.3 
(36.0) 

35.7 
(16.2) 

252.0 
(114.5) 

124.0 
(56.4) 3, r2, 2 71.2 

(21.7) 
71.1 

(21.7) 
*Three separate batches were made within the testing program. 

CONSTRUCTABILITY 

Workability 
Workability was determined by performing flow measurements on the grouts, obtaining the 
slump of the concretes, and observing the ease in use of the materials.  This included 
documenting the placement, the cleanup, and the demolding procedures and noting any 
difficulties. 

Immediately after mixing, the flow was measured for every material except C1 (Table 12).  A 
standard slump was taken for C1 according to the procedures described in ASTM C143-10 
Slump of Hydraulic-Cement Concrete.   The flow measurements were based on ASTM C1437-07 
Flow of Hydraulic Cement Mortar.  The spreads of the materials were first computed for the 
grouts immediately after releasing the grout and prior to dropping the table.  Figure 2 shows a 
typical flow measurement for grout prior to dropping the table.  After this measurement, the table 
was dropped either 25 times (according to ASTM C1437-07) or until the grout flowed off the 
table indicating a spread greater than 10 in. (25.4 cm).   

 

Figure 2. Photo. Flow measurement of E1. 
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Table 12. Spread measurements using ASTM C1437-07 methods. 

Material 

Initial Spread 
(NO Table Drops), 

in. (cm) 

Final Spread   
(Number of Table Drops Noted) 
Table Drops Spread, in. (cm) 

G1   4.8 (12.2) 17 10.0 (25.4) 
G2   4.0 (10.2) 9 10.0 (25.4) 
G3   4.0 (10.2) 24 10.0 (25.4) 
M1    6.6 (16.8) 25   7.6 (19.2) 
E1    6.8 (17.3) 25   7.2 (18.2) 
T1 10.0 (25.4) * * 
U1   7.1 (18.0) 25   8.5 (21.7) 
U2 10.0 (25.4) * * 

 *T1 and U2 spread 10 in. (25.4 cm) without any table drops. 
 

The three standard grouts, G1, G2, and G3, exhibited full spreads using less than 25 table drops.  
T1 and U2 flowed off the table without any table drops.  These five materials exhibited a fluid 
consistency and were easy to place.  M1, E1, and U1 had spreads between 6.6 in. (16.8 cm) and 
7.1 in. (18.0 cm) without dropping the spread table.  When the table was dropped 25 times the 
spread increased by approximately 1.0 inch (2.5 cm) on average for each material.  These 
materials are considered to have exhibited flowable characteristics.  All of the grouts were easy 
to use when pouring them into the specimen molds.   

C1 had course aggregate and was not flowable but was very workable.  Over the course of using 
this mix, the average slump was 5.3 in. (13.5 cm).  It was easy to place in all specimens aside 
from the shrinkage rings.  These rings were narrow (1.5 in. (3.8 cm) wide) and required 
extensive rodding to consolidate C1.  This exemplified why a fluid grout without course 
aggregate is desirable in very narrow connections or connections with congested rebar. Table 13 
presents notes on the mixing and placing procedures for each material.  Aside from M1, all of the 
materials were workable for at least 30 minutes, the time needed to fabricate all the specimens.  
M1 was workable for less than 10 minutes on average.  A hand held paddle mixer was used to 
mix M1 inside a five gallon bucket (Figure 3).  The number of mixes was substantially larger in 
order to cast all of the specimens within the shortened work time. 

Cleaning tools and mixers was easy with standard grout and concrete mixes but more 
challenging with other materials.  T1 and E1 were very sticky and required abrasion to clean the 
tools.  M1 reached a setting point so quickly that tools had to be cleaned between every mix.  U1 
and U2 were not hard to clean, but the steel fiber reinforcement contained therein did necessitate 
modified casting and cleaning procedures.       

All the materials were easy to demold except for M1 and E1.  Both of these materials bonded 
very well to the steel forms (Figure 4).  Note that these grouts did not bond as well to plastic 
forms, therefore plastic formwork might be considered when producing material characterization 
specimens from these grouts.   
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Table 13. Mixing notes. 

Material Work Time* 
Number 
of Pours† Cleanup Issues Demolding Notes 

G1 Sufficient 1 Easy Easy to demold 
G2 Sufficient 1 Easy Easy to demold 
G3 Sufficient 1 Easy Easy to demold 

M1  
Average of 
10 Minutes 

13 
Hard to clean tools, 
Clean every pour 

Expansive, 
Bonds well to steel 

E1 Sufficient 1 
Very sticky, 
Hard to clean tools 

Bonds very well to 
steel 

T1 Sufficient 1 
Sticky, 
Easy cleanup 

Easy to demold 

U1 Sufficient 2 
Bonds to tools, 
Needle-like fibers 

Not set at 24 hours, 
Easy to demold 

U2 Sufficient 2 
Bonds to tools, 
Needle-like fibers 

Easy to demold 

C1 Sufficient 1 Easy Easy to demold 
* "Sufficient” indicates that there were no problems pouring the specimens (approx. 30 minutes).  
† Number of pours used to make all the test specimens. 

 

   

Figure 3. Photo. The paddle mixer and mixing M1. 
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Figure 4. Photo. Cohesion of M1 to steel formwork. 

Set Time 
The set time was measured based on ASTM C403-08 Time of Setting of Concrete Mixtures by 
Penetration Resistance.  The test is based on measuring the pressure needed to force a flat-
headed, small-diameter cylinder to penetrate 1 in. (25.4 cm) into the mortar being tested.  The 
mortar is cast into a 6 in. (152 cm) diameter cylinder mold to a depth of 5.5 in. (140 cm).  
Readings are taken periodically after placing the mortar until a pressure of 4000 psi is surpassed.  
The data is plotted as pressure versus time after mix initiation.  The time to reach 500 psi 
(3.45 MPa) and 4000 psi (27.6 MPa) of penetration resistance correspond to the initial and final 
set of the mortar, respectively.  Each grout was used as the mortar in this ASTM method to 
determine how quickly it reached initial and final set as defined by this method.   

The ASTM C403-08 tests reported herein were performed on an alternate set of material 
placements that occurred between April and August of 2011 as part of a separate research project 
(Swenty, M., and Graybeal, B., 2012).  The manufacturers of the materials, mix design, and mix 
procedures were the same as was described earlier in this report.  Curing was performed in the 
same manner in the concrete materials lab at TFHRC.  The samples remained indoors in the lab 
under burlap and plastic except when penetrometer measurements were captured. The only 
difference was that these alternate placements were poured approximately 6 months after the first 
set of placements.  

The times for initial and final set were computed using ASTM C403-08 as a guideline.  The 
resistance of the penetrometer and the time after mix initiation were recorded throughout the 
curing process.  A best fit curve was created on the graph of resistance versus time data.  The 
initial and final set points were determined based on the equation of the curve.  The initial set 
was equal to 500 psi (3.4 MPa) resistance and the final set was equal to 4000 psi (27.6 MPa) 
resistance.  A sample graph for G1 is shown in Figure 5.  The time to initial and final set is 
defined as the time from the moment mixing began to the point when the penetrometer read the 
critical resistance.  

Table 14 presents the results for each material. One modification to the ASTM test procedure 
was that only one sample was taken for each individual material placement due to the mixer 
volume limitation.  Materials with more than one sample correspond to multiple material 
placements with the same mix design.  This number corresponds to the number of tests 
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performed during this alternate research project and has no correlation to the number of samples 
recommended by ASTM C403-08.   

 

 

Figure 5. Graph. Typical set time development graph. 

 

  Table 14. Penetrometer measurements.  

  
Initial Set Final Set 

Material Samples (Hours:Minutes) (Hours:Minutes) 
G1 9 5:15 6:50 
G2 2 8:55 10:25 
M1  1 0:07 0:08 
E1  1 2:05 2:20 
U1 2 8:20 16:55 
U2 1 1:10 5:00 
C1 2 3:45 6:00 

  *G3 and T1 were not tested in this phase of the research. 
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M1 reached initial and final set the quickest.  This material set so fast that only two data points 
were taken at 8 and 10 minutes.  The initial set and final set were rounded to the nearest minute 
at 7 and 8 minutes, respectively.  This data indicates M1 sets within minutes and provides little 
work time between the end of mixing and initial set.  

E1 was the second material to reach final set. The time between initial and final set was 15 
minutes, indicating a rapid increase in penetration resistance once the curing reaction began.    

Grouts G1 and U2 as well as concrete C1 reached final set between 5 and 7 hours after start of 
mixing.  U1 reached final set the slowest in nearly 17 hours.  This result confirms that some 
UHPC formulations exhibit a long dormant period prior to the full initiation of the curing 
reactions while others set and gain strength more quickly.  Note that the U2 grout is specifically 
designed to set more quickly than U1, with the more rapid strength gain detailed in research 
published elsewhere (Graybeal, B., and Stone, B., 2012).   

Cost 
All of the materials used in this study, except for U1 and U2, were obtained from local suppliers 
in the Washington D.C. metropolitan region. Appropriate quantities of each type of grout were 
acquired through individual purchases during the timeframes noted in Table 15.  The constituent 
materials for the reinforced concrete were purchased individually. U1 and U2 were purchased 
directly from the manufacturer.   It is recognized that cost differences may occur if larger 
quantities of materials are purchased or if the materials are purchased from a ready mix supplier.  
Transportation costs were not included.  The costs are shown in Table 15.   

The least expensive material was C1.  The combined cost of C1 was $178/yd3 (233/m3) for the 
materials.  All of the prebagged grout products were significantly more expensive.  The standard 
grout prices ranged from $845/yd3 ($1105/m3) to $1881/yd3 ($2458/m3).  U1 and M1 were both 
approximately $2000/yd3 (2614/m3).  U2 was slightly more expensive at $2200/yd3 (2878/m3).  
The most expensive material was E1 with a cost of $4577/yd3 ($5982/yd3).   

Table 15. Bulk material unit cost. 

Material Unit Cost 
$/yd3        ($/m3) 

 

Material 
Acquisition 

G1 1566 (2047) Fall 2010 
G2 1881 (2458) Fall 2010 
G3 845 (1105) Fall 2011 
M1  2077 (2715) Fall 2010 
E1  4577 (5982) Fall 2010 
T1 995 (1300) Fall 2010 
U1 2000 (2614) Fall 2010 
U2 2200 (2878) Fall 2011 
C1  178 (233) Fall 2010 
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MATERIAL PROPERTIES 

Unit Weight 
The unit weight was computed by using ASTM C138-10b Density (Unit Weight), Yield, and Air 
Content (Gravimetric) of Concrete in conjunction with ASTM C231-97 Air Content of Freshly 
Mixed Concrete by the Pressure Method.  The unit weight was found by using the “measuring 
bowl” from the pressure meter.  The volume had been previously calibrated for the pressure 
meter assembly.   

The unit weights of the different materials varied from 105.6 lb/ft3 (1692 kg/m3) for T1 to 
159 lb/ft3 (2547 kg/m3) for U1.  M1 and E1 were at the midrange at 125.9 lb/ft3 (2017 kg/m3) 
and 133.7 lb/ft3 (2142 kg/m3), respectively.  C1 expressed a unit weight in the range commonly 
observed for conventional concrete.  Both U1 and U2 were slightly heavier, partially due to the 
internal steel fiber reinforcement increasing the overall density.  The full results are presented in 
Table 16.  

Table 16. Unit weights. 

Material 
Unit Weight 

lb/ft3  (kg/m3) 
 G1 119.0 (1906) 

G2 143.1 (2292) 
G3 111.1 (1780) 
M1 125.9 (2017) 
E1  133.7 (2142) 
T1 105.6 (1692) 

U1 159.0 (2547) 
U2 154.0 (2511) 
C1 150.3 (2408) 

 

Compressive Strength 
The compressive strength was measured using ASTM C39-09a Compressive Strength of 
Cylindrical Concrete Specimens for material C1 and ASTM C109-02 Compressive Strength of 
Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Specimens) for the other materials.  
All cylinders were 4 in. (10.2 cm) diameter by 8 in. (20.3 cm) nominal length and all cubes were 
2 in. (5.1 cm) on each side.  Tests were completed at 7 days, 28 days, and a few other specific 
timeframes as referenced from the initiation of mixing of each material. The lone exception to 
this was the 28-day testing of U2 which was completed on 3 in. (7.6 cm) diameter, 6 in. 
(15.2 cm) long cylinders according to ASTM C39-09a. This cylinder geometry is commonly 
used when testing UHPC compressive strength.  The compressive strength results are listed in 
Table 17.    

The first strength reading was attempted within the first 6 hours of testing if the material could 
be demolded.  As seen in the table, M1 and E1 both had significant strength within 6 hours.  M1 
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exhibited 5.49 ksi (37.9 MPa) of strength at 2 hours.  E1 exhibited a strength of 3.28 ksi 
(22.6 MPa) within 6 hours.   

G1, G2, and G3, the three standard grouts, exhibited strengths between 3.45 ksi (23.8 MPa) and 
5.07 ksi (35.0 MPa) at 24 hours.   

U2, E1, and M1 all exhibited high compressive strengths at 24 hours.  U2 and E1 exhibited 
approximately 10 ksi (69 MPa) of compressive strength at 24 hours.  E1 exhibited an 8.4 ksi 
(58 MPa) compressive strength at 24 hours. 

C1, T1, and U1 had very little compressive strength at 24 hours but had achieved 4.04 ksi 
(27.9 MPa), 5.25 ksi (36.2 MPa), and 15.7 ksi (108 MPa) of strength at 7 days, respectively.  The 
compressive strengths at 28 days ranged from 4.87 ksi (33.6 MPa) for C1 to 21.8 ksi (150 MPa) 
for U2.      

Table 17. Compressive strength results. 

  Average Compressive Strength, ksi (MPa) 
Material 2 Hours 6 Hours 24 Hours 7 Days 28 Days 
G1 * * 3.45 (23.8) 6.22 (42.9) 6.70 (46.2) 
G2 * * 5.07 (35.0) 7.90 (54.5) 8.94 (61.6) 
G3 * * 3.91 (27.0) 7.16 (49.4) 7.53 (51.9) 
M1 5.49 (37.9) Not Tested 8.40 (57.9) 8.10 (55.8) 9.91 (68.3) 
E1  * 3.28 (22.6) 10.1 (69.6) 14.1 (97.2) 14.4 (99.3) 
T1 * * * 5.25 (36.2) 8.47 (58.4) 
U1 * * * 15.7 (108) 18.3 (126) 
U2 * * 10† (68.9) Not Tested 21.8‡ (150) 
C1 * * 1.51 (10.4) 4.04 (27.9) 5.87 (33.6) 
*Material had not yet set. †Avg. of (3) 2-in. cubes.  ‡Avg. of (6) 3 x 6-in. cylinders. 

Split Cylinder Tensile Strength  
The splitting tensile strength of the materials was found using ASTM C496-04 Splitting Tensile 
Strength of Cylindrical Concrete Specimens.  The cylindrical specimens were all 4 in. (10.2 cm) 
diameter with a nominal length of 8 in. (20.3 cm).  U1 and U2 results are not presented. The 
splitting tensile strength as reported by the ASTM C496-04 test method is not indicative of the 
cementitious matrix tensile cracking strength of UHPC due to the presence of a high 
concentration of fiber reinforcement.  Although a modified version of ASTM C496 can be used 
to capture an indication of the tensile cracking strength of UHPC (Graybeal, 2006), this test was 
not completed as part of the present study.  Table 18 contains the final results for the materials 
tested.   

E1 had the highest splitting tensile strength at 1 and 28 days.  The 1 day strength of E1 was over 
four times stronger than the next highest material, G2.  The 28 day strength of E1 was three to 
four times stronger than the standard grouts, M1, and C1.  At 28 days the standard grouts, C1, 
and M1 ranged from 525 psi (3.62 MPa) to 665 psi (4.59 MPa).  T1 had the lowest 28 day 
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strength.  All of the grouts had higher 1 day strengths, ranging from 330 psi (2.28 MPa) to 
435 psi (3.00 MPa), than the C1 strength of 210 psi (1.45 MPa).     

Table 18. Splitting tensile strength results. 

 

Average Splitting Tensile Strength, 
psi (MPa) 

 
Material 1 Day 28 Days 
G1 385 (2.65) 525 (3.62) 
G2 435 (3.00) 665 (4.59) 
M1 330 (2.28) 650 (4.48) 
E1  1,940 (13.4) 2,130 (14.7) 
T1  350 (2.41) 475 (3.28) 
C1  210 (1.45) 570 (3.93) 

 

Modulus of Elasticity 
ASTM C469-02 Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression 
was used as a guide in finding the modulus of elasticity of each material.  The longitudinal strain 
values were obtained using a compressometer with a dial gage.  The specimens were each loaded 
twice and the average strain values were used in the final computations.  Standard 4 in. (10.2 cm) 
diameter by 8 in. (20.3 cm) nominal length specimens were used throughout.   

The measured modulus of elasticity values are shown in Table 19.  Grouts G1, G2, and E1 were 
all within the 1,000 - 4,000 ksi (6,900 – 27,600 MPa) range that is typically anticipated for 
cementitious pastes (Mindess, Young, & Darwin, 2003). T1 was slightly lower than 1,000 ksi 
(6,900 MPa).  This low value was likely caused by extensive surface cracks throughout all of the 
T1 test cylinders.  C1, U1, U2, and M1 expressed results commensurate with the traditional 
relationship between compressive strength and modulus of elasticity for concrete. 

Table 19. Average modulus of elasticity. 

Material  
Average 28 Day Modulus of Elasticity, 

ksi (GPa) 
G1 2300 (15.9) 
G2 3100 (21.4) 
M1 4770 (32.9) 
E1  3390 (23.3) 
T1  730   (5.0) 
U1  7550 (52.0) 
U2 7370 (50.8) 
C1  3940 (27.1) 
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Restrained Shrinkage 
ASTM C1581-09a Determining Age at Cracking and Induced Tensile Stress Characteristics of 
Mortar and Concrete under Restrained Shrinkage was used as a guide to compare the propensity 
of the materials to crack under restrained shrinkage.  Each material was cast inside a controlled 
environment with a temperature between 75°F +/- 4°F (23.9°C +/- 2.2°C) and 45% +/- 5% 
humidity.  For the first 24 hours the rings were covered with wet burlap and plastic (except for 
M1).  The rings were demolded 24 hours after casting and cracking was monitored visually and 
with strain gages on the inner ring (Figure 6).  Four gages were equally spaced around the inner 
steel ring; however, some of the gages failed during casting thus leaving only three gages 
recording valid data on some specimens.      

 

Figure 6. Photo. Typical shrinkage ring. 

A typical strain development plot of the inner steel ring is provided in Figure 9.  For most 
materials there is a distinct shrinkage development as demonstrated by a gain in strain in the 
inner steel ring.  As shown occurring in the figure at 2.9 days, a rapid reduction in strain 
indicates that cracking has occurred.  The cracking of the ring can also be confirmed visually on 
the specimen.  Table 20 provides the age at first cracking determined both visually and with the 
strain rate plot for each material. 

ASTM C1581-09a requires the outer PVC formwork to stay in place until 24 hours after casting.  
At 24 hours the formwork is removed and data collection is officially begun.  Because many of 
the materials in these tests set faster than typical concretes, shrinkage began to occur much 
earlier than 24 hours in the rings.  The data for the first 24 hours is presented to provide an 
indication of what happens in the rings during its early age.  However, it must be realized that the 
data may have been affected by the outer formwork which was still in place.  On many of the 
plots there is a jump in strain at 24 hours when demolding took place.   

The strain rate factor was found by plotting the square root of time versus strain in the inner ring 
per ASTM C1581-09a.  Four measurements were made and then averaged.  The slope of this line 
is shown in the equation in Figure 7.  
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𝜀𝑛𝑒𝑡 =  𝛼√𝑡 +  𝑘 

with: 
  𝜀𝑛𝑒𝑡 =  Net strain – The difference in strain in the steel rings from demolding  
   through time t. 
  𝛼 =  Strain rate factor – Strain rate for each gage on the inner, steel ring   
   (in./in/day1/2) 

t =  Elapsed time starting from demolding the ring through the period of 
interest (days)          

𝑘 =  Regression constant – Used when fitting a line to the data. 

Figure 7. Equation. Net strain in the shrinkage rings. 

 

The stress rate in each test at cracking was measured using the strain rate factor.  Table 20 
provides the strain rate factor and stress rate computed from the strain data in each ring.  Figure 8 
contains the equation from ASTM C1581-09a used to find q, the stress rate in each specimen: 

q =  
𝐺⃓𝛼𝑎𝑣𝑔⃓
2√𝑡𝑟

 

with:   
q = Stress rate in the ring (psi/day) 
G = 10,470,000 psi 

  𝛼𝑎𝑣𝑔  =  Absolute value of the average strain rate factor (in./in./day1/2) 
  𝑡𝑟   = Elapsed time at cracking or the end of the test, smallest (days)  

Figure 8. Equation. Net stress in the shrinkage rings. 

 

The standard grouts, G1, G2 and G3, cracked within 4 days of their cast (Table 20).  These 
materials showed about a 20 microstrain expansion around 12 hours then they began shrinking 
by 24 hours. Visual cracking and cracking indicated by the strain gages occurred very close 
together for G1 and G2. The plots display a distinct strain decrease at cracking (Figure 9, Figure 
10, and Figure 11).     
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Table 20. Shrinkage ring results. 

Material 

Age at First 
Cracking 
(Visual), 

 days 

Age at First 
Cracking 

(Strain Gage), 
days 

Strain Rate 
Factor, 

(in./in.)/day1/2 

{(mm/mm)/day1/2
} 

Stress Rate, 
psi/day 

(MPa/day) 
G1          2.9            2.9 0.000097 302 (2.1) 
G2          2.8            2.5 0.000077 254 (1.8) 
G3 7.1 3.6 0.000040 111 (0.77) 
M1      Test stopped at 121.5 days        0.000003 1.22 (0.01) 
E1      Test stopped at 114.6 days 0.0000001 0.03 (0.00) 
T1           0.9            0.9 --- --- 
U1         71.4          16.4 0.000049 63.4 (0.44) 
U2 48 6.3 0.000089 186 (1.28) 
C1         23.6          23.1 0.000013 14.6 (0.10) 

 

 

 

Figure 9. Graph. Strain development in the inner ring over time for G1. 
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Figure 10.  Graph. Strain development in the inner ring over time for G2. 

Figure 11.  Graph. Strain development in the inner ring over time for G3. 
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M1 did not crack during testing either visually or as indicated with the strain gages (Figure 12).  
The ring was monitored for 121 days visually but strain measurements were only taken 
continuously for the first 30 days.  After 30 days strains were measured about every two weeks.  
During that period a strain rate factor was computed at 0.0000026 (in./in.)/day1/2 and a stress rate 
was computed at 1.22 psi/day (0.01 MPa/day) (Table 20).  This rate was computed with the 
strain readings after demolding (24 hours) through the end of the test.  During the first 24 hours 
the strain gages indicated a large amount of expansion within the grout; however this test method 
is not meant to measure expansion and may not have provided accurate strain results.  M1 does 
bond well to steel; therefore the expansive readings are likely a close indicator.  It must be 
realized that all the shrinkage in the M1 occurred after initial expansion which likely contributed 
to the lack of cracking.   

E1 demonstrated no cracking either visually or with the strain gage data.  An initial shrinkage of 
approximately 80 microstrain occurred within the first 24 hours (Figure 13).  This shrinkage 
mainly occurred prior to demolding the specimen.  After 24 hours there was very little shrinkage 
in E1.  A strain rate factor and stress rate factor of approximately 0.0 (in./in.)/day1/2 and 
0.0 psi/day (0 MPa/day), respectively, were computed.  The initial shrinkage within the first 
24 hours was not included in the calculations per the ASTM specification.    

 

Figure 12. Graph. Strain development in the inner ring over time for M1. 
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Figure 13. Graph. Strain development in the inner ring over time for E1. 

Very little data was collected for T1.  The rings were demolded at 24 hours after the pour and 
cracking was already prevalent through the ring and on its surface.  All values for computing the 
strain and stress rate factors are referenced to the values observed at demolding.  Because the 
rings had already cracked, the test could not be completed according to the ASTM specification.  
The data that was collected did not indicate any significant strain in the rings prior to demolding.   

U1 and U2 behaved differently than typical grouts or deck concretes.  Figure 14 and Figure 15 
shows the strains in the shrinkage rings versus time.  Most notably, these materials never 
displayed a distinct strain decrease that effectively eliminated the induced strains in the inner 
steel rings. Instead, they displayed smaller intermittent strain decreases combined with gradual 
strain increases as the materials continued to hydrate and shrink. This behavior is consistent with 
steel fiber reinforced cementitious composite materials designed to exhibit post-cracking tensile 
strength and strain capacity.  Additionally, visual identification of cracks in UHPC materials can 
be difficult, thus making visual identification of first cracking difficult. 

C1 cracked later than G1, G2, and G3.  Like the grouts, there was an initial expansion of about 
10 microstrain during the first 24 hours followed by shrinkage until cracking (Figure 16). The 
first cracks were detected both visually and electronically on day 23 after casting. The strain rate 
factor was 0.0000134 (in./in.)/day1/2 and the stress rate was 14.6 psi/day (0.10 MPa/day) up until 
cracking.  The loss in strain in the gages was not as distinct as with other materials.  There was 
only an approximately 15 microstrain drop followed by a gradual reduction in strain.  Note that 
an electrical power interruption resulted in intermittent losses of test data between days 18 and 
28.   
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Figure 14. Graph. Strain development in the inner ring over time for the U1. 

 

Figure 15. Graph. Strain development in the inner ring over time for the U2. 
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Figure 16. Graph. Strain development in the inner ring over time for C1. 

 

The 28 day crack sizes were recorded for each material (Table 21).  M1, E1, U1, and U2 did not 
have complete vertical cracks visible at 28-days.  C1 had two cracks on opposite sides of the ring 
but the size of each crack was too small to measure with a concrete crack card.  The two standard 
grouts had cracks that were approximately 0.1 in (3 mm) in width at 28 days.  T1 was cracked 
upon demolding and the crack width continued to grow to a width of 0.89 in. (23 mm) at 
28 days.   

These sizes indicated that the materials with the higher shrinkage values from the ASTM 
C157-08 tests (discussed in the next section) had larger comparative crack sizes in the shrinkage 
rings at 28 days.  T1 had the highest shrinkage value followed by the standard grouts.  These 
three materials had the largest crack sizes in the shrinkage rings. C1 had similar shrinkage values 
to E1; however C1 did have two very small cracks.  This may have been due to the difference in 
tensile strengths of the two materials.  U1 and U2 clearly displayed shrinkage and behaviors 
indicative of shrinkage cracking however cracking was not visibly detected at this age.  This is 
likely due to the fiber reinforcement in these materials having arrested small shrinkage cracks, 
thus preventing these cracks from growing larger and becoming visible to the naked eye.   
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Table 21. Crack sizes visually observed on shrinkage ring specimens at 28-days. 

Material Number of complete cracks Size, in. (mm) 
G1 1 0.2 (5) 
G2 2 0.12 (3) 
G3 1 0.12 (3) 
M1  None --- 
E1  None --- 
T1  1 0.89 (23) 
U1  None --- 
U2 None --- 
C1  2 * 

  *Cracks were smaller than 0.005 in. (0.127 mm).  

Unrestrained Shrinkage 
Shrinkage was measured with two different methods for every material.  The first method was 
the ASTM C157-08 unrestrained 3 in. by 3 in. by 11 in. (76.2 mm by 76.2 mm by 279.4 mm) 
shrinkage bars starting 24 hours after the pour.  The second method used the same ASTM 
unrestrained shrinkage bar with an embedded vibrating wire gage (VWG).  The VWG method 
captured unrestrained length change beginning immediately after casting, thus capturing 
behaviors during the first 24 hours which are not captured in the standard ASTM C157-08 test 
method.   

Early Age Unrestrained Shrinkage 
The total shrinkage of a field-cast grout from mixing through the acquisition of full mechanical 
and durability properties provides an indication of the likelihood that the grout will exhibit 
shrinkage cracks.  Given that the ASTM C157-08 unrestrained shrinkage test only captures 
shrinkage beginning 24 hours after casting, a non-standardized method was employed to measure 
early age unrestrained shrinkage including during and after the first 24 hours.  Unrestrained 
shrinkage specimens were made with the same procedures as ASTM C157-08 shrinkage bars 
with a few exceptions.  First, the shrinkage bars were not exposed to a lime bath but were rather 
left in the environmental chamber for their entire life.  This testing program focused on 
immediate volume change that may occur in a field application with only minimal curing for the 
first 24 hours.  Second, a 6 in. (15.1 cm) long vibrating wire gauge (VWG) was placed directly in 
the middle of the standard ASTM C157-08 mold (Figure 17).  VWGs provide strain 
measurements along their length in the material they are cast into.  Third, the forms were heavily 
oiled with a form release agent immediately prior to casting the specimens to ensure very little 
friction developed between the material and form.  As such, the specimens were considered to 
have been unrestrained from casting, through demolding at 24 hours, and to the cessation of data 
collection. The gauges provided shrinkage measurements to the nearest microstrain and the 
results were corrected to account for temperature induced dimensional changes.  
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Figure 17. Photo. ASTM C157-08 molds embedded with vibrating wire gages to measure 
shrinkage. 

The results from the shrinkage bars with the VWGs are shown in Figure 18.  The shrinkage 
values are plotted and reported as positive, while the expansion values are shown as negative.  
Note that shrinkage is plotted with time zero coinciding with the initiation of mixing of the grout 
material.  Shrinkage results are plotted for the eight different materials from the time of pouring 
through 28 days.  The test results for U2 were not captured correctly due to a data acquisition 
failure, and thus are not presented. 

Figure 18. Graph. Unrestrained length change measured via vibrating wire gage. 
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After one day, material M1 had expanded approximately 400 microstrain and material E1 had 
shrank approximately 400 microstrain. These values did not change significantly after the initial 
24 hours.  Note that the test was not designed to allow for unrestrained expansion of a test 
specimen, thus the expansion of M1 may have been inhibited by the formwork.  As such, the M1 
may exhibit a net expansion larger than what was observed in this study.     

T1 shrank significantly more than the other materials. T1 shrank over 800 microstrain  at 24 
hours and over 4000 microstrain  by 28 days.  Grouts G1 and G2 exhibited approximately 1200 
microstrain of shrinkage at 28 days while U1 exhibited approximately 700 microstrain at 28 
days.  The conventional concrete, C1, exhibited less than 400 microstrain of shrinkage at 
28 days. 

 

Long Term Unrestrained Shrinkage 
Unrestrained shrinkage tests were also completed according to ASTM C157-08 on 3 in. by 3 in. 
by 11 in. (76.2 mm by 76.2 mm by 279.4 mm) prisms.  In order to more closely simulate the 
field conditions to which these grouts are subjected and to allow for closer comparison with the 
early age unrestrained shrinkage results discussed previously, the test procedure was slightly 
modified.  Specifically, the ASTM test states that the specimens should be cured in a lime bath 
during the first 28 days of testing.  This testing program focused on immediate volume change 
that may occur in a field application with only minimal curing for the first 24 hours.  With this in 
mind, the shrinkage bars were not exposed to the lime bath but were rather demolded at 24 
hours, measured, and held in a 75°F +/- 4°F (23.9°C +/- 2.2°C) temperature and 45% +/- 5% 
humidity laboratory environment for the duration of testing. 

The results are shown in Figure 19.  The shrinkage values are plotted and reported as positive, 
while the expansion values are shown as negative.  Note that, according to the test procedure, the 
initial reading is captured at 24 hours after initiation of mix initiation.  As such, dimensional 
changes occurring during the first 24 hours are not captured by the test method.  Due to the 
delayed setting of grout U1, the initial reading for this grout was not captured until 48 hours after 
mix initiation.   

According to this test method, grouts E1, M1, and U1 exhibited less than 400 microstrain of 
shrinkage at 90 days, and concrete C1 exhibited approximately 700 microstrain at 90 days.  
Material G2 exhibited approximately 1700 microstrain at 90 days.  T1 exhibited very high 
shrinkage values.  Note that ASTM C157 shrinkage results were not captured for material G1 
using 3 in. prismatic bars; however, ASTM C157 shrinkage testing using 1 in. by 1 in. by 11 in. 
(25.4 mm by 25.4 mm by 279.4 mm) prisms resulted in an observed shrinkage of approximately 
2000 microstrain at 90 days. 
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Figure 19. Graph. Unrestrained length change measured via the ASTM C157-08 test 
method. 

 

BOND TESTING 
Three tests were used as an indication of the bond strength between each field-cast grout material 
and a previously cast and cured deck concrete. The same Virginia A4 bridge deck concrete mix 
design discussed elsewhere in this study was used here for the precast concrete portion of each 
test specimen.  The concrete for the precast portion of each test specimen was cast approximately 
two months prior to the placement of the field-cast grouts into the specimen molds.  This timing 
scheme allowed the precast concrete to be nearly dimensionally stable and of appropriate 
strength prior to the placement of the grout.  Two separate batches of the deck mix were cast for 
the three different bond tests.    

The three bond tests engaged within this study included the slant cylinder compression test, the 
splitting tensile bond test, and restrained shrinkage bond test.   The slant cylinder halves and 
restrained shrinkage bond half rings were made in the first placement of the deck mix, and the 
splitting tensile bond cylinder halves were made in the second placement.  In addition, three 3 in. 
(7.6 cm) by 3 in. (7.6 cm) by 11 in. (27.9 cm) shrinkage bars  and nine 4 in. (10.2 cm) by 8 in. 
(20.3 cm) cylinders were made with each placement.  The ASTM C39-09a compressive strength 
and ASTM C496-04 splitting tensile strength of the concrete was measured at 7 and 28 days after 
casting.  ASTM C157-08 unrestrained shrinkage behavior was also measured approximately 
every three days for the first two months then weekly for the third month beginning 24 hours 
after casting.   

The precast concrete properties are shown in Table 22.  Mixes from the first two placements had 
approximately 4,500 psi (31 MPa) compressive strength at 7 days and 5,500 psi (38 MPa) 28-day 
strength.  The objective of producing a generic concrete that might reasonably be used in bridge 
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deck applications with at least a minimum strength of 4,000 psi (27.6 MPa) was met.  The 
corresponding splitting tensile strengths at 28 days for the first and second placements were 
600 psi (4.1 MPa) and 680 psi (4.7 MPa), respectively.  The same mix design and mixing 
procedures were used for placement #3, so it is not clear why the compressive strength was in 
excess of 8000 psi (55 MPa). 

Table 22. Precast concrete properties. 

Placement 
7-Day 

Compressive 
Strength, 

  

28-Day 
Compressive 

Strength, 
  

28-Day Splitting 
Tensile Strength, 

psi (MPa) 
#1† 4580 (31.6) 5400 (37.2) 600 (4.1) 
#2† 4460 (30.8) 5590 (38.5) 680 (4.7) 
#3* - 8610 (59.3) - 

†Placement used with materials G1, G2, M1, E1, T1, U1, and C1 
*Placement used with materials G3 and U2 

The precast concrete was allowed to cure for at least 56 days to allow for significant strength 
gain and shrinkage to have occurred prior to the casting of the secondary grout material.  The 
shrinkage of the precast concrete was monitored via ASTM C157-08 until 90 days after casting 
to ensure that the precast concrete was nearly dimensionally stable by the time the field-cast 
grouts were cast.   

Slant Cylinder Compression Test 
The first bond test was based on the standard ASTM C882-05 Bond Strength of Epoxy-Resin 
Systems Used with Concrete by Slant Shear.  In this standard method, an epoxy-resin-base is 
bonded between a hardened portland-cement based concrete with a hardened or fresh portland-
cement concrete. The intent of the test is to assess the bond performance of the epoxy-resin-base 
to the hardened or fresh-cast concrete. For the purposes of this testing program, the epoxy resin-
base was excluded.  The first layer of concrete was the precast deck concrete mix design and the 
second layer was one of the field-cast grout materials from the testing matrix.  The ASTM test 
specification recommends using 3 in. (7.6 cm) by 6 in. (15.3 cm) cylinder molds, however 4 in. 
(10.2 cm) by 8 in. (20.3 cm) cylinder molds were chosen for these tests.  These larger molds 
provided a larger surface area for bonding.  The slant shear surface was designed based on a 30 
degree slant shear plane as measured from the long axis of the cylinder.  The precast concrete 
side was poured using modified plastic cylinder molds placed in special wooden formwork 
designed to hold the slanted specimens (Figure 20).   The concrete was placed in the cylinders in 
one layer, rodded twenty-five times, and cured with burlap and plastic for 24 hours.  The 
specimens were then placed in the temperature and humidity controlled room until the secondary 
casting procedures for the field-cast grouts were initiated.   
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Figure 20. Photo. Slant cylinder molds and deck concrete halves being sandblasted. 

Three slant cylinder samples were made of each material during the testing program.  The deck 
concrete halves were sandblasted approximately 24 hours before casting the second half (Figure 
20).  Sandblasting was performed with a medium grit (20-40 mesh size) sandblasting media.    
After sandblasting the bonding surfaces the specimens were covered in saturated burlap and 
plastic and returned to the environmental controlled room.  Approximately an hour before 
casting, the samples were placed in 4 in. (10.2 cm) by 8 in. (20.3 cm) plastic cylinder molds and 
left under burlap in the casting room (Figure 21).  Once mixing began, the burlap was removed 
and the field-cast grout material was placed in the mold in 3 equal layers by height.  The layers 
were rodded 25 times with a 3/8 in. (9 mm) diameter rod.  The samples were then cured with the 
same method as all the other samples: 24 hours under burlap and plastic and then in the 
environmental room until testing.  Immediately prior to testing, the ends of the specimens were 
sulfur capped.  The testing procedure followed the steps in ASTM C882-05 which includes an 
identical loading procedure as in ASTM C39-09a. This was repeated for each type of material. 

All tests were conducted 28 days after the placement of the field-cast portion of each test 
specimen.  The bonded surface area was found by measuring the two diameters of the ellipse and 
computing the area.  The maximum load applied was divided by the computed surface area and 
recorded as bond strength.   

Prior to testing G1, G2, T1, and C1, visible cracking appeared at the bonded surface between the 
two materials.  These four materials all had average slant cylinder bond strengths between 200 
psi (1.4 MPa) and 920 psi (6.3 MPa) (Table 23).   

Difficulty with the casting of the M1 test specimens likely led to the observation of low slant 
cylinder bond strengths.  One of the specimens failed at the interface during demolding, while 
the other two failed at slant cylinder bond strengths of less than 100 psi (0.6 MPa). During 
casting, these specimens were not cast quickly enough, likely leading to the initiation of set of 
the grout prior to stable contact with the precast concrete surface. Given the poor quality of the 
results for M1 in this test, the results are not provided in Table 23.       

The highest bond strengths were observed from E1, U1, and U2.  These materials exhibited 
average slant cylinder bond strengths in excess of 2000 psi (14 MPa).  In these samples, the 
precast concrete substrates broke before or at the same time as the interface bond.  Many of the 
samples broke at loads near the ultimate compressive strength of the precast concrete, indicating 
that the limiting strength was not the interface bond strength. For these materials, higher bond 
strengths might be achieved if a higher strength substrate concrete is used.   
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Table 23. Slant cylinder bond strength. 

 
28-Day Measurements  

Material 

Average  
Interface  

Bond Stress at 
Failure, 

psi (MPa) 

Axial 
Compressive 

Stress at Failure, 
psi (MPa) Failure Surface 

G1 200 (1.4) 390 (2.7) Along Interface (Precracked) 
G2 520 (3.6) 1030 (7.2) Along Interface (Precracked) 
G3* 240 (1.7) 470 (3.2) † 
E1  3530 (24.3) 6830 (47.0) Through Concrete/Interface 
T1 920 (6.3) 1830 (12.6) Along Interface (Precracked) 
U1 2700 (18.6) 5320 (36.7) Through Concrete/Interface 
U2 2200 (15.2) 4390 (30.3) † 
C1 680 (4.7) 1330 (9.2) Along Interface (Precracked) 

*Average calculated from two specimens; 3rd broke along the bond prior to test 
†Result not appropriately documented 

Splitting Tensile Bond Test 
The second bond test was based on ASTM C496-04 Splitting Tensile Strength of Cylindrical 
Concrete Specimens.  The standard test method was modified to test the bond strength between 
two materials rather than the tensile strength of only one material. The specimens consisted of 
two equal sized halves bonded together lengthwise.  A 6 in. (15.2 cm) diameter by 12 in. 
(30.5 cm) long cylinder was chosen because it provided a large bonded surface between the 
materials.  The first half of the specimens were cast with the deck concrete mix design.   Plastic 
6 in. (15.2 cm) by 12 in. (30.5 cm) molds were cut in half along the 12 in. (30.5 cm) length and 
placed in wooden formwork for support (Figure 21).  The concrete was poured in one layer and 
was rodded 36 times with a 5/8 in. (16 mm) diameter rod.  The specimens were covered with 
burlap and plastic for the first 24 hours then demolded and placed in a temperature and humidity 
controlled room until bonded.     

Three split cylinder bond samples were made of each material during the testing program.  The 
deck concrete halves were sandblasted approximately 24 hours before casting the second half 
(similar to the slant cylinders in Figure 20).  Sandblasting was performed with a medium grit 
(20-40 mesh size) sandblast media.  After sandblasting the bonding surfaces, the samples were 
covered in saturated burlap and plastic then returned to the environmental control room.  
Approximately an hour prior to casting the second half of the samples, the first halves were 
placed in 6 in. (15.2 cm) by 12 in. (30.5 cm) molds.   

Figure 21 shows the precast pieces in the cylinders just prior to the casting of the field-cast 
materials. The field-cast materials were placed in the mold in 3 equal depth layers.  Each layer 
was rodded 25 times with a 5/8 in. (16 mm) diameter rod.  The samples were then cured with the 
same method as the other samples: 24 hours under burlap and plastic and then in the 
environmental room until testing.    
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The testing procedures mimicked the procedure provided in ASTM C496-04.  The bonded plane 
was aligned perpendicular to the loading surfaces.  An alignment device was used to place the 
wooden 1/8 in. (3 mm) by 1 in. (25 mm) plywood strips directly above the bonded plane and 
beneath the center of thrust (Figure 22).    

 

Figure 21. Photo. Splitting cylinder bond forms for the first halves; splitting cylinder and 
slant cylinder forms for the second halves. 

 

 

  

Figure 22. Photo. Typical 6 in. by 12 in. split cylinder bond specimen and testing setup. 
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All tests were conducted 28 days after the placement of the field-cast grout material.  The 
bonded surface area was rectangular in shape based on the diameter and length of the bonded 
cylinders.  The diameter was measured in three locations and the length was measured in two 
locations for each specimen.  The splitting tensile strength was based upon the equation from 
ASTM C496-04:   

T = 
2P
πLD

 

with: 
P = Maximum applied load 

  L = Average length along the length of the bonded surface 
  D = Average diameter along the length of the bonded surface 

Figure 23. Equation. Splitting tensile strength from ASTM C496-04. 

Prior to testing G1, G2, G3, T1, and M1, small visible cracks appeared at the bonded surface 
between the two materials.  These four materials all had average split cylinder bond strengths 
between 260 psi (1.79 MPa) and 368 psi (2.54 MPa).  As shown in Table 24, these specimens all 
broke at the bonded interface between the two materials.   

C1 did not exhibit visible interface cracks at the bonded surface prior to testing; however, the 
split cylinder bond strength was 248 psi (1.71 MPa).  This was the lowest value of any material 
bonded to the precast deck concrete.  

Table 24. Splitting tensile bond strengths.  

Material 

Average Splitting Tensile 
Bond Strength, 

psi (MPa) 
Failure Surface 

G1 260 (1.79) Along Interface (Precracked) 
G2 368 (2.54) Along Interface (Precracked) 
G3 300 (2.07) Along Interface (Precracked) 
M1 362 (2.50) Along Interface (Precracked) 
E1  483 (3.33) Precast Concrete Paste 
T1  277 (1.91) Along Interface (Precracked) 
U1 664 (4.58) Precast Concrete Paste 
U2 619 (4.27) Precast Concrete Paste 
C1  248 (1.71) Along Interface 

 

The highest bonded values came from U1, U2, and E1.  U1 and U2 exhibited average splitting 
tensile bond strengths greater than 600 psi (4.1 MPa).  The failure surface in the U1, U2, and E1 
materials was located in the precast concrete paste next to the bonded surface.  These field-cast 
grout materials did not fail; rather, the inherent tensile strength of the precast concrete substrate 
proved to be the limiting factor.    
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The splitting tensile bond strengths of the materials with deck concrete were compared to the 
standard ASTM C496-04 splitting tensile strength of the bonded materials.  All of the materials’ 
splitting tensile strengths were measured on the same day as the bond tests.  As shown in Table 
25, most tested materials exhibited splitting tensile bond values less than 60% of their respective 
ASTM C496-04 splitting tensile strengths.  Thus, the bond strength of these field-cast materials 
to the precast concrete with the tested interface surface preparation was approximately half the 
strength of a monolithic grout sample without a bonded interface.  

A similar comparison was made between the materials’ split cylinder bond values (Table 24) and 
the ASTM C496-04 splitting tensile strength of the precast deck concrete (Table 22).  The results 
are also provided in Table 25. All tested materials except U1 and E1 had bond split cylinder 
values between 38% and 58% of the substrate concrete ASTM C496-04 strength.   The results 
indicate the bond strength of many grout materials with the precast concrete and the tested 
interface surface preparation was no more than about half the splitting tensile strength of the 
precast concrete.   

Table 25. Comparison of splitting cylinder and splitting cylinder bond strengths.  

Material 

Average ASTM 
C496 Splitting 

Tensile Strength, 
psi (MPa) 

Bond Strength as a 
Percent of Field-Cast 

Material ASTM 
C496 Splitting 

Tensile Strength 

Bond Strength as a 
Percent of Precast 
Concrete ASTM 

C496 Splitting Tensile 
Strength 

G1 525 (3.62) 49.5 40.7 
G2 665 (4.59) 55.3 57.6 
G3 730 (5.03) 41.1 † 
M1 650 (4.48) 55.7 56.7 
E1  2125 (14.7) 22.7 75.6 
T1  475 (3.28) 58.3 43.4 
U1 * * 103.9 
U2 * * † 
C1  570 (3.93) 43.5 38.8 
† Splitting tensile test on associated precast concrete was not completed. 
* The ASTM C496 test method does not report appropriate tensile strength values for UHPC-class materials. 

Restrained Shrinkage Bond Test 
The third bond test was based on the restrained shrinkage ring test (ASTM C1581-09a).  The 
standard test method was modified to allow the bond between a precast concrete and a field-cast 
grout to be assessed.  Specifically, the ring was created out of two different materials joined at 
two vertical surfaces.  The precast and field-cast portions of the test specimen were symmetric.  
The first half ring was cast using the concrete bridge deck mix design.   The same setup as 
ASTM C1581-09a was used: a concentric ½ in. (1.3 cm) thickness steel ring and a 1 in. (2.5 cm) 
thickness PVC ring with a 1 ½ in. (3.8 cm) gap between them.  The outside diameter of the steel 
ring was 13.0 in. (33.0 cm).  A wooden blockout was placed in the middle of the forms during 
the placement of the precast concrete half to create the bonding interface (Figure 24).  The 
concrete was mixed and placed in the concrete materials lab then covered with burlap and plastic 
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for the first 24 hours.  Next, each half specimen was demolded then left uncovered to cure until 
the casting of the second half of each specimen.  The first material, G1, was cast approximately 
two months after the initial concrete was cast.  At this point the unrestrained shrinkage had 
slowed and the rings were ready to be bonded to another material.      

 

 

Figure 24. Photo. Ring setup for the placement of the deck concrete half. 

 

The second half of the rings were cast alongside the other test specimens which were cast for 
each studied material.  The bonding interfaces of the precast deck concrete half-rings were 
sandblasted 24 hours prior to the material pour. Sandblasting was performed with a medium grit 
(20-40 mesh size) sandblast media.  After sandblasting the bonding surfaces the specimens were 
returned to their original formwork in the environmental room (Figure 25).  The rings were 
aligned to ensure the proper width according to the ASTM test method and then they were 
affixed to the base plate to ensure that the rings did not move during casting.   A saturated piece 
of burlap was placed over the bonded surface and then covered in plastic.  Both were removed 
right before the placing of the field-cast material.  The geometry of the bonded surface 
(approximately 6 in. (15 cm) tall by 1 ½ in. (3.8 cm) wide) was recorded for each test specimen.    

Each material was cast inside a controlled environment with a temperature between 75 +/- 
4 degrees Fahrenheit and 45% +/- 5% humidity and left there for the duration of the test.  After 
the field-cast materials were placed, the second half of the rings was cured with wet burlap and 
plastic for 24 hours. The rings were demolded 24 hours after this casting, and cracking was 
monitored visually and with strain gages on the inner ring (Figure 26).   Monitoring with strain 
gages began when placing the field-cast material and continued until initial cracking had 
occurred or at least 100 days had elapsed.  Four gages were equally spaced around the inner steel 
ring; however some of the gages broke during casting leaving only three gages to capture the 
response of some test specimens.  Visual monitoring was also performed every day for the first 
week and then approximately twice a week for the remainder of each test. Special attention was 
placed on the interface between the materials to determine if the first cracks occurred at an 
interface or within one of the half rings.   
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Figure 25. Photo. Ring setup for the placement of the second half. 

The results from the strain gage measurements required careful interpretation.   Many of the 
materials did not produce the consistent strain patterns normally observed in ASTM C1581-09a 
test results.  The bonded rings tended to crack quicker than would be expected from a monolithic 
cast of either material.  Smaller strain readings were observed in the steel rings prior to cracking, 
thus the plots of strain versus time provide less clarity of behavior.  This difference of behavior 
was likely due to the modification of the test method.  The ASTM C1581-09a test method 
assumes that the cast material is shrinking around the circumference of the ring.  In general, the 
bonded rings had one or two strain gages that reported lesser strain values.  This may have been 
due to an uneven strain development around the circumference of the steel ring.  Also, the 
portion of each ring adjacent to the precast concrete did not have as tight a bond to the steel ring 
due to this half-ring being removed for sandblasting then re-inserted in the ring setup and thus 
may have impacted the observed results. 

 

Figure 26. Photo. Restrained shrinkage bond test setup. 
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To overcome these limitations, the date of visual cracking was used as a guideline when 
interpreting the cracking strain data.  The results are presented in Table 26. The graphs were 
scrutinized at the time when visual cracking was documented in at least one location over the 
entire height (6 in. (15.2 cm)) of the test specimen.  It is assumed that the strain gages would 
indicate cracking at a time similar to or before the first visual crack appeared.  Shrinkage data 
was recorded from the time of placing the second material until cracking.  The data is plotted for 
the entire period, however it should be noted that during the first 24 hours the rings were 
enclosed in the formwork.  The behavior prior to demolding was influenced by the outer ring, 
while the demolding at 24 hours may have also caused additional strain in the plots.      

 

Table 26. Restrained shrinkage bond test results. 

Material 

Age at First 
Cracking – 

Visual, 
Days 

Age at First 
Cracking – 

Strain 
Gages, Crack 

Locations* 

28 Day Crack Sizes, in. 
(cm) 

Days Location 1 Location 2 
G1 2.9 1.6 2 Interfaces 0.017 (0.043) 0.009 (0.022) 
G2 2.0 1.5 2 Interfaces 0.009 (0.022) 0.009 (0.022) 
G3 7.1 1.5 1 Interface 0.079 (0.020) None 
M1 Test stopped at 121.5 days None None None 
E1  Test stopped at 114.6 days None None None 
T1  0.9 0.9 2 Interfaces Hairline 0.426 (1.06) 
U1 13.8 11.7 1 Interface 0.020 (0.050) None 
U2 Test stopped at 120 days None None None 
C1  15.9 4.1 1 Interface Hairline 0.001 (0.003) 
*All initial cracking occurred at one or two interfaces.  No additional locations were documented past the first 
crack location(s) for any material.  

 

Visual cracking was observed in the G1 ring at 2.9 days after grout placement.  Cracks appeared 
at both interfaces between the grout and the precast concrete.  As shown in Figure 27 one strain 
gage observed a decrease in shrinkage strain approximately 1.6 days after casting.   The strain in 
each of the three operational gages was approximately -8 microstrain indicating there was little 
strain in the ring.  The other two gages continued measuring around -15 microstrain.  This small 
amount of residual strain after cracking may have been due to a chemical bond between the grout 
and the adjacent steel ring. Note that the fourth strain gage failed at the start of the test. 

Visual cracking was seen in the G2 ring at 2.0 days after grout placement.  Cracks appeared at 
both interfaces between the grout and the precast concrete.  As shown in Figure 28 there was a 
slight expansion up until the rings were demolded at day 1.  From demolding until approximately 
1.5 days, the strain reduced by 5 to 10 microstrain in three gages while remaining generally 
constant in the fourth gage.  After cracking the strain in two gages began to increase slightly 
while the strain in the other two gages remained near zero.   
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Figure 27. Graph. Restrained shrinkage bond results for G1. 

 

 

Figure 28. Graph. Restrained shrinkage bond results for G2. 
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The T1 ring did not return any usable strain gage data.  The grout ring was visually cracked upon 
demolding at 24 hours.  The strain gages never registered any major strain change indicating that 
cracking occurred very soon after the grout was placed.  This follows the pattern recorded with 
ASTM C157-08 indicating T1 shrinks and cracks very early.   

For two of the field-cast grout materials tested, namely M1 and E1, no cracking was visually 
observed throughout the duration of the test.  The strain versus time plots for these materials 
showed more consistent patterns confirming that cracking did not occur.  Based on the strain data 
for these two rings, it is proposed that this modified test method works better for rings that do not 
crack within two to three days. 

As seen in Figure 29, the M1 bonded ring expanded approximately 20 microstrain in the first 
twenty days of testing.  Beginning at approximately 28 days after placement, data was captured 
periodically.  Strain from day 28 until day 120 show a very slow loss in strain with no significant 
discontinuities.  One of the gages continues increasing in strain up to about 45 microstrain in 
expansion at 120 days.  The other three gages range from 0 to 20 microstrain at 120 days.  None 
of the strain gages indicated that M1 was exhibiting shrinkage.  It must be noted that the 
implemented test method is not intended to measure expansive materials.  However, the results 
do confirm that the material does not appear to be shrinking over time and that there was no 
cracking in the ring.   

As shown in Figure 30, the E1 specimen exhibited shrinkage which generated between 5 and 70 
microstrain in the steel ring during the first day after casting.   One gage returned almost no 
change in strain after that, while the other three gages continued to record a slow rate of 
shrinkage.  Approximately 35 days after casting, the strain gages ceased observing shrinkage and 
began observing either slight expansion or dimensionally stable responses.  Following the first 
twenty-four hours there was never a significant discontinuity in strain in the rings.  This confirms 
the observation that the ring did not crack.  It also follows the pattern observed in the 
ASTM C157-08 test wherein this material does exhibit initial shrinkage which is followed by a 
dimensionally stable response.   
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Figure 29. Graph. Restrained shrinkage bond results for M1. 

 

Figure 30. Graph. Restrained shrinkage bond results for E1. 
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Visual cracking was observed in the U1 test specimen 13.8 days after casting.  A small crack 
appeared at one of the interfaces between U1 and the deck concrete.  As shown in Figure 31, 
three of the four strain gages observed behavior consistent with restrained shrinkage cracking of 
the specimen at 11.7 days after casting.  Specifically, these gages observed an increase in tension 
in the ring of between 5 and 10 microstrain, which is consistent with the loss of the compressive 
forces in the ring which had been generated by shrinkage of the specimen.  After this, all four 
gages begin to observe an unloading of the steel ring.  By 19 days after casting, three of the four 
gages exhibit readings close to zero and the strain on the fourth gage is significantly reduced.  
This data appears to confirm the visual cracking timeline.   

No visual cracking was observed in the U2 test specimen through 120 days after casting.  A 
problem with the electronic data collection system resulted in the strain data not being collected 
for this specimen. 

Visual cracking was seen in the C1 test specimen 15.9 days after casting.  A small crack 
appeared at one of the interfaces between the deck concrete and C1.  As shown in Figure 32 the 
steel ring experienced a slight expansion until demolding.  After demolding the gages do not 
follow any clear patterns.  Two gages begin to observe shrinkage, one observed little change, and 
one begins to observe expansive strain.  At 4.1 days after casting, the two gages that had 
observed shrinkage showed an expansive jump in strain.  The results thereafter are less clear, 
with one strain gage continuing to observe shrinkage through 12.5 days after casting.  After this, 
all gages exhibit movement toward zero strain indicating that the steel ring is observing reduced 
load levels.  These results are inconclusive, but indicate that the cracking may have occurred as 
early at 4.1 days after casting.     

 

Figure 31. Graph. Restrained shrinkage bond results for U1. 
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Figure 32. Graph. Restrained shrinkage bond results for C1. 

The strain gages on the steel rings experienced strain changes of less than 25 microstrain 
throughout testing for G1, G2, and C1.  They all indicated cracking within the first week.  In 
each case, the strain gage data is difficult to conclusively interpret.  However, with all three 
materials, the visual cracks were very clear and easy to identify.  The use of a visual crack 
identification method is extremely important when engaging this modified test procedure to 
assess the performance of materials which exhibit limited bond and/or crack soon after 
placement.   

In future testing, it may be prudent to demold the rings sooner than 24 hours for materials that set 
quickly.  The data for the rings prior to demolding tended to be erratic because of the 
confinement caused by the outer ring.  Some materials could be demolded within 6 to 12 hours 
providing a clearer image of strain change early in its life. The ASTM C1581-09a test method 
that this bond test was based upon is typically used for concrete materials that have longer set 
times.  A slight adjustment in demolding may be wise given half of the material set within a few 
hours and then cracked within a few days after casting.   

Another suggestion would be to not demold the half rings for the precast concrete prior to 
pouring the bonded materials.  By demolding the precast concrete half specimen, the formwork 
had to be readjusted when re-forming the test setup.  A method could be devised to sandblast or 
otherwise prepare the interface surface without removing the formwork.  This may eliminate 
some of the erratic data that appeared from some of the strain gages.   
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DURABILITY TESTING 

Freeze-Thaw Resistance 
The freeze-thaw resistance was measured using ASTM C666-03 Standard Test Method for 
Resistance of Concrete to Rapid Freezing and Thawing. A representative set of four grouts, 
specifically grouts G1, E1, M1, and U2, were tested for freeze-thaw resistance. In this test 
method, the prismatic test specimens are subjected to freezing and thawing while submerged in a 
water bath. The aggressive environment created by this tests helps to assess whether the grout is 
capable of resisting the expansion effects that can occur when water within the pore structure of 
the material freezes. By periodically measuring the change in the resonant frequency of the 
prism, the test method provides an indication of the internal degradation that can occur in a 
specimen over the course of the test.  The test method is normally run for 300 cycles of freezing 
and thawing; however, in this case the cycling was extended to 600 cycles for three of the grouts. 
This test extension was intended to provide a means of differentiating performance for the three 
grouts that performed well during the initial 300 cycles. 

The prismatic specimens had nominal dimensions of 3 in. by 4 in. by 16 in. (76.2 x 101.6 x 
406.4 mm).  Three prisms were tested for each grout.  Procedure A was followed wherein the test 
specimens are both frozen and thawed in water.  Readings were collected on average every 
12 cycles during the first 300 cycles of testing, and every 20 cycles during the final 300 cycles of 
testing.  Both the dynamic modulus of elasticity and the mass of each specimen was collected at 
each cycle interval. 

The relative dynamic modulus of elasticity results are presented in Figure 33, while the mass 
change results are presented in Figure 34.  All three prisms from the U2, G1, and E1 sets reached 
the conclusion of the 600 freeze/thaw cycles and could have been subjected to continued testing.  
At 300 cycles, the relative dynamic modulus of elasticity values for the U2, G1, and E1 prisms 
were 101%, 99%, and 93%, respectively. At 600 cycles, the values were 99%, 97%, and 90%, 
respectively. The three prisms from the M1 set degraded rapidly, expressing twelve percent drop 
in relative dynamic modulus within six cycles, and a 75 percent decrease by 22 cycles. 

The mass change results also provide an indication of the performance of the test specimens.  
The U2 and E1 specimens show very little change in mass throughout the testing.  Combined 
with the visual observations for these specimens, this result is indicative of the fact that the 
specimens neither lost significant mass from the exterior of the specimen nor gained significant 
mass by absorbing water.  The G1 specimens showed an initial slight increase in mass, followed 
by a continual slight decrease in mass throughout the conclusion of the testing.  The M1 
specimens exhibited a more rapid increase in mass until the tests on these prisms were stopped. 

A photograph of the 4 in. by 16 in. (101.6 x 406.4 mm) side of one specimen in each set is 
provided in Figure 35 through Figure 38. The U2 and E1 prisms are observed to have sustained 
very little surface degradation.  The G1 prism had begun to show some surface roughening by 
the conclusion of the testing.  The M1 prism shown lasted the longest of the M1 set, undergoing 
45 cycles.  By the cessation of testing on this prism, it had lost a large portion of its mass and no 
longer resembled a prismatic element. 
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Figure 33. Graph. Relative dynamic modulus of elasticity of freeze/thaw prisms. 

 

 
Figure 34. Graph. Mass change of freeze/thaw prisms. 
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Figure 35. Photo. U2 prism after the completion of 600 freeze/thaw cycles. 

 

 
Figure 36. Photo. G1 prism after the completion of 600 freeze/thaw cycles. 

 

 
Figure 37. Photo. E1 prism after the completion of 600 freeze/thaw cycles. 
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Figure 38. Photo. M1 prism after the completion of 45 freeze/thaw cycles. 

 

Rapid Chloride Penetrability 
The ability the field-cast grouts to resist the penetration of chloride ions was assessed through the 
ASTM C1202-10 Standard Test Method for Electrical Indication of Concrete's Ability to Resist 
Chloride Ion Penetration. The same representative set of grouts, specifically grouts G1, E1, M1, 
and U2, were subjected to this test method. This test approximates the resistance that a concrete 
may exhibit to chloride ion penetration by measuring the amount of electrical current that passes 
through a 51-mm (2-inch) thick slice of concrete over 6 hours. A 60-volt direct current (DC) 
potential is applied across the slice, while a sodium chloride solution is applied to one side of the 
slice, and a sodium hydroxide solution is applied to the other side. 

These tests were completed on slices from 4-inch (102-mm) diameter cylinders that were cast 
alongside the freeze-thaw prisms previously discussed.  After demolding, the cylinders were 
placed in a lime water bath until testing.  Each 4-inch (102-mm) diameter cylinder was cast to 
have a length of 8 inches (203 mm).  One slice was cut from the top, middle, and bottom of each 
cylinder according to the as-cast orientation of the cylinder.  The three slices from one cylinder 
for each grout were tested at 57 days and at 240 days after casting.  The top slice from one 
cylinder for each grout was also tested at 126 days after casting.  Note that the charge passed 
results obtained through this test were corrected according to the test method to be representative 
of the charge passing through a 3.75-inch (95-mm) diameter slice.  

The results of these tests are presented in Table 27. The E1 grout has a non-conductive epoxy-
based matrix and thus conducted no appreciable charge throughout the duration of the test.  The 
U2 grout passed a very low charge according to the test method.  The M1 grout passed a low 
charge, and the G1 grout passed a high charge. 
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Table 27. Rapid Chloride Ion Penetrability Results. 

Grout Age 
(days) 

Slice Location  Coulombs 
Passed 

 Chloride Ion 
Penetrability 

              

U2 

57 Top  189  Very Low 
57 Middle  807  Very Low 

 
57 Bottom  *   
126 Top  526  Very Low 
240 Top  389  Very Low 
240 Middle  350  Very Low 
240 Bottom  301  Very Low 

       

 
57 Top  7306  High 
57 Middle  7083  High 
57 Bottom  8792  High 

G1 126 Top  6996  High 

 
240 Top  4466  High 
240 Middle  4461  High 
240 Bottom  3114  Moderate 

       

 
57 Top  0  Negligible 
57 Middle  1  Negligible 
57 Bottom  0  Negligible 

E1 126 Top  0  Negligible 

 
240 Top  1  Negligible 
240 Middle  0  Negligible 
240 Bottom  15  Negligible 

       

 
57 Top  1604  Low 
57 Middle  1756  Low 
57 Bottom  1528  Low 

M1 126 Top  1091  Low 

 
240 Top  836  Very Low 
240 Middle  1075  Low 
240 Bottom  952  Very Low 

       * Data collection error resulted in no data being collected. 
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CHAPTER 4. RESULTS 
 

The detailed results presented in Chapter 3 are compiled and presented concisely under relevant 
headings throughout this chapter.  Topics include construction, material properties, bond 
strength, and durability.  

CONSTRUCTION 

Workability 
All of the materials were workable and could be used in the field-casting of connections between 
precast concrete components.  Every material except M1 remained workable for over 30 
minutes. The results of the ASTM C1437 flow test are provided in Figure 39.  These results, 
which include the full complement of 25 table drops, show that G1, G2, G3, T1, and U2 
exhibited the maximum dynamic flow measurable via this test method.  It must also be noted that 
T1 and U2 reached the full flow measurement without any drops of the table, indicating that they 
are much more similar to self-leveling materials than the conventional grouts which flowed less 
than 5.0 in. (12.7 cm) prior to the dropping of the table.  Materials U1, M1, and E1 were stiffer, 
displaying an approximately 1 in (2.5 cm) increase in flow between the initial static 
measurement and the final dynamic measurement.    

Figure 39. Graph. Spread measurements using ASTM C1437-07. 

Recall that individual mix designs with specific water contents were engaged in this research 
effort.  Many grouts, including materials G1, G2, G3, and T1 tested in this study, allow for a 
range of water contents.  Different water contents result in different consistencies as well as 
differences in other material properties.  Grouts consistencies can range from plastic to flowable 
to fluid, with higher water contents generally resulting in greater shrinkage and lower strength.  
Refer to the Appendix for manufacturer reported mix information and material properties 
relevant to different water contents for G1, G2, G3, and T1. 
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Cleanup 
Materials G1, G2, G3, and C1 did not require any modified cleaning or casting procedures 
compared to typical concrete pours.  U1 and U2 were not hard to clean but did contain steel 
fibers which required variations in cleaning and casting.  T1 and E1 needed abrasion to clean 
from tools and formwork.  M1 set very fast and required constant cleaning of tools to ensure 
future use.  M1 and E1 were difficult to demold because they bonded well to the steel forms. 

Set Time 
The set times based on ASTM C403 demonstrated that grouts display a wide range of setting 
time behaviors.  The M1 grout set within minutes, while the G2 and U1 materials did not reach 
initial set until more than 8 hours after mix initiation. Figure 40 provides a summary of the 
setting time results.      

Figure 40. Graph. Set times based on ASTM C403-08. 

Cost 
The unit costs of the materials tested in this study at the time of acquisition in 2010 and 2011 in 
the Washington, D.C. metropolitan area are presented in Figure 41.  All of the grouts cost 
significantly more than traditional ready-mix concrete.  In general, the grouts fall in the 1000 to 
2000 $/yd3 range (1300 to 1600 $/m3), with the E1 grout being the outlier at nearly 4600 $/yd3 
(6000 $/m3).  Note that these material costs did not include transportation costs, handling costs, 
or taxes.  
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Figure 41. Graph. Price comparison of the materials. 

 

MATERIAL PROPERTIES 

Unit Weight 
Aside from the UHPC materials, the grout materials studied herein tend to be between 10-30% 
lighter than a typical bridge deck concrete.  The results are shown in Figure 42.  The UHPC 
materials are slightly heavier than typical concrete. 

Figure 42. Graph. Unit weights. 
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Compressive Strength 
The compressive strength results are presented in Figure 43. All of the materials tested had 
compressive strengths of at least 4 ksi (27.6 MPa) within 7 days.  Material C1 had the lowest 
7 day strength while E1 and U1 exhibited compressive strengths over 14 ksi (97 MPa).   

M1, E1, and U2 had over 8 ksi (55.2 MPa) compressive strength within 24 hours of mix 
initiation. Materials G1, G2, and G3 had at least 3 ksi (20.7 MPa) of compressive strength at 
24 hours.   

 

Figure 43. Graph. Compressive strength results. 
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It must be noted that the rate of compressive strength gain is highly dependent on the curing 
conditions to which the grout material is subjected.  The chemical reactions inherent in these 
types of grout materials are temperature dependent and thus will be accelerated by warmer 
temperatures and delayed by colder temperatures. 

 

Tensile Strength 
The summary of the ASTM C496 splitting tensile strength results are presented in Figure 44. 
Note that this test method must be modified to be appropriate for fiber reinforced concretes, and 
thus results for U1 and U2 are not reported.  Material E1 exhibited approximately 2000 psi 
(13.8 MPa) of splitting tensile strength at both 24 hours and 28 days after mix initiation.  The 
other grouts all exhibited 24 hour tensile strengths between 330 and 435 psi (2.28 to 3.00 MPa) 
and 475 and 665 psi (3.28 and 4.59 MPa) at 28 days.   

 

Figure 44. Graph. Splitting tensile strength results.   

 

Modulus of Elasticity 
The 28-day modulus of elasticity test results are presented in Figure 45. Materials U1 and U2 
exhibit a high modulus of elasticity commensurate with their high compressive strengths.  
Materials M1 and E1 express stiffness values similar to that normally expected from 
conventional concrete.  The conventional grout materials, which contain no coarse aggregate and 
are thus effectively mortars, exhibit reduced modulus values commensurate with the level of 
stiffness that is expected from mortars.     
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Figure 45. Graph. Modulus of elasticity results from 28 day tests. 

 

Shrinkage 
The majority of the volume change in M1 or E1 occurred within the first 24 hours.  As such, 
their results as captured via the ASTM C157-08 shrinkage test were close to zero because 
shrinkage behavior during the initial 24 hours is excluded from this test method. The 
ASTM C157-08 test method is generally more applicable to deck concretes like C1 and most 
conventional grouts like G1, G2, and G3, as these cementitious materials tend to exhibit 
comparatively decreased rates of strength gain and shrinkage in the first 24 hours after casting.  
T1 had extremely high shrinkage values and cracked considerably.  Figure 46 provides a 
summary of the results observed from the strain measurements captured via the vibrating wire 
gages in the modified ASTM C157-08 method.  Material M1 had a net increase while C1 and E1 
had values of approximately 400 microstrain. The expansion of M1 may be greater than what 
was measured because the test setup was not designed for expansive materials.  Material T1 had 
a strain value greater than the limit of the gages of 4000 microstrain.   
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Figure 46. Graph. Strain 28 days after casting using the modified ASTM C157 with 
vibrating wire gages. 

 

BOND STRENGTH 

Slant Cylinder Compression Test 
The summary of 28-day results from the slant cylinder bond strength test is presented in Figure 
47.  This test provides an indication of the bond strength under compressive and shearing loads 
up to the limiting strength of the precast concrete to which the secondary material bonded.  The 
precast surface was sandblasted prior to casting of the secondary material.  Specimens in the C1, 
T1, G1, and G2 sets exhibited cracking at the bond interface prior to the start of the test.  They, 
along with the G3 and M1, all failed along the bonded interface.  M1 had a significantly reduced 
bond due to specimen fabrication errors caused by its limited working time and thus the result is 
not plotted here.  E1 and U1 had sufficient bond strength to result in failures through the precast 
concrete. 
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Figure 47. Graph. Slant cylinder bond strength based on ASTM C882. 

 

Splitting Tensile Bond Test 
The splitting cylinder tensile bond strength test results are presented in Figure 48.  This test 
provides an indication of the tensile bond strength of the secondary cast material to the precast 
concrete as a result of the biaxial state of stress generated in the cylindrical specimen due to the 
transverse loading. The bonding surfaces of the precast half-cylinders were sandblasted prior to 
the secondary cast.  The tests were completed 28-days after the casting of the secondary material. 
The splitting tensile bond failure plane was along the interface for G1, G2, G3, T1, M1, and C1.  
For specimens in the G1, G2, G3, T1, and M1 groups, small cracks were observed along the 
interface prior to the start of the tests.  E1, U1, and U2 failed within the paste of the precast 
concrete paste matrix adjacent to the bonded interface.  This indicates that their bond strength 
was greater than the tensile strength of the precast concrete. 
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Figure 48. Graph. Splitting tensile bond strength based on ASTM C496. 

 

DURABILITY 
Limited durability testing was completed on a subset of the materials engaged in this overall 
research effort.  Specifically, grouts G1, M1, E1, and U2 were subjected to ASTM C666 
freeze/thaw resistance testing and to ASTM C1202 chloride ion penetrability testing.  A range of 
performances were observed in these tests. 

In the freeze/thaw testing, the G1, E1, and U2 materials reached 600 cycles while retaining at 
least 90% of their initial relative dynamic modulus.  Conversely, M1 was quickly damaged by 
the freezing and thawing, with the three tested prisms all shedding material, cracking, and failing 
within 50 cycles. 

In the chloride ion penetrability testing, the four grouts each exhibited different resistance levels.  
E1, with its non-conductive, non-porous matrix, did not conduct electrical current and thus was 
observed to exhibit negligible chloride ion penetrability.  U2, with its dense cementitious matrix, 
achieved a very low penetrability.  M1 generally exhibited a low penetrability with between 800 
and 1800 Coulombs passed.  The conventional grout, G1, was observed to be far more 
susceptible to chloride ion penetrability with over 7000 Coulombs passes during 57-day tests. 
The conductivity did decrease by the 240-day tests where only approximately 4000 Coulombs 
were passed.  
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GRAPHICAL SUMMARY OF GROUT PERFORMANCE RESULTS 
Throughout this research effort, the performance of a variety of field-castable grout-type material 
has been investigated through the conduct of various material characterization tests.  

Figure 49 presents a graphical summary of the results of this research effort.  The results for each 
parameter denoted on the left are plotted on the adjacent linear scale.  The limits of the linear 
scale are shown.  This graphic allows for visual interpretation of the overall results of the 
research program, thus providing for a simplified grasp of the performances of each grout. 

 

Figure 49. Graph. Graphical representation of the performance of the tested materials. 

   

C1 E1 G1 G2 G3 M1 T1 U1 U2

Unit Weight (lb/ft³)    100                                                                                                  175
Flow, Pre-Drops (in.)         4                                                                                                 10 

Cost ($/yd³)         0                                                                                                       5000 

Flow, Post-Drops (in.)         4                                                                                                10 
Working Time (min.)         5                                                                                                30 
Set Time, Initial (hrs)         0                                                                                            20 
Set Time, Final (hrs)         0                                                                                              20 

24-hr Compressive Strength (ksi)         0                                                                                      15 
28-day Compressive Strength (ksi)         0                                                                                     25 
28-day Modulus of Elasticity (ksi)         0                                                                                    8000 

24-hr Splitting Tensile Strength (psi)         0                                                                                2000 
28-day Splitting Tensile Strength (psi)         0                                                                               2500 

28-day Unrestrained Shrinkage (microstrain)  5000                                                                               -500

Restrained Shrinkage (days to cracking)         0                                                                            100

Bond Strength, Slant Shear (psi)         0                                                                                   4000 
Bond Strength, Split Cylinder (psi)         0                                                                                700

Freeze/Thaw (DF at 600 cycles)         0                                                                                     100

Chloride Penetrability (Coulombs)  8000                                                                                      0 

100+

Legend:

30+
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CHAPTER 5. CONCLUSIONS 

SUMMARY 
The test program discussed herein focused on characterizing basic mechanical, dimensional 
stability, and bond properties for eight field-cast grouts that could be used in connecting precast 
concrete bridge components.  The results demonstrate that the material characteristics, practical 
construction considerations, and cost can vary widely.  These results and others must be carefully 
considered when selecting the appropriate grout to use in a particular construction project. 

For accelerated construction projects requiring high compressive strengths within one day, E1 
and U2 displayed acceptable properties.  E1 had sufficient strength gain, was one of the most 
dimensionally stable materials, had good workability, and high tensile strength.  The material 
also developed strong bonds with the precast concrete in all three bond tests and expressed good 
durability properties.  However, its comparatively high cost may limit its viability.  

U2 also displayed appropriate strength gain, was comparatively dimensionally stable, had good 
workability, high tensile strength, and high modulus of elasticity.  The material contains internal 
fiber reinforcement that can arrest any cracking that may occur.  This material expressed good 
durability properties.  The material developed strong bonds to the precast concrete and had a unit 
price approximately half that of E1. 

An alternative for this type of project and for other projects requiring exceptionally rapid 
strength gain is M1.  The greatest concerns with this material relate to constructability 
considerations, including its very limited working time, and to its durability.  The limited work 
time created problems when trying to quickly cast the material in the formwork.  The freeze/thaw 
test specimens rapidly deteriorated.    

For construction that allows a longer cure time, U1 is a viable choice.  This material has high 
compressive strength, high tensile strength, and internal fiber reinforcement that can arrest any 
cracking that may occur.  The bond strengths of U1 were high in the slant cylinder bond and split 
cylinder bond tests.  Total shrinkage, although less than observed with the conventional grouts 
G1 and G2, is greater than that exhibited by M1 and E1. 

C1 mix performed as well as the standard grouts in most cases.  The conventional grouts shrank 
more, had only modestly higher compressive strengths and bond strengths, cracked earlier, and 
cost substantially more.  However, the rheological properties of conventional concretes 
combined with the sizes of aggregated commonly included in conventional concrete, present 
fundamental hurdles that are addressed by the conventional grouts. 

RECOMMENDATION 
Owners, specifiers, and designers considering the use of field-cast grouts for PBES connections 
should carefully consider the performance measures that are of greatest interest before, during, 
and after deployment of the application.  Many classes of grout-type materials are available, with 
each offering different performance levels relative to different performance metrics.  In all cases, 
it is important to ensure that the connection design is constructible, durable, and economical in 
near term and over the life of the constructed facility.  
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ONGOING AND FUTURE RESEARCH  
The research discussed herein is part of a larger program aimed at facilitating the use of 
prefabricated bridge elements and systems.  Other portions of the program are further 
investigating the interface bond performance and the shrinkage performance of grouts. Future 
phases of the program will investigate structural performance of various field-cast connection 
details both as subcomponents and as part of full-scale bridge structures.   
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APPENDIX A 

A.1 FIVE STAR GROUT MANUFACTURER’S DATA SHEET 
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A.2   EMBECO 885 GROUT MANUFATURER’S DATA SHEET 
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A.3 HARRIS CONSTRUCTION GROUT MANUFACTURER’S DATA SHEET 
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A.4 EUCO CABLE GROUT PTX MANUFACTURER’S DATA SHEET 

 



80 
 

 

 



81 
 

A.5 SET 45 GROUT MANUFATURER’S DATA SHEET 
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A.6 FIVE STAR HP EPOXY GROUT MANUFACTURER’S DATA SHEET 

 



86 
 

 



87 
 

A.7 LAFARGE DUCTAL JS1000 MANUFATURER’S DATA SHEET 
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A.8 LAFARGE DUCTAL JS1100RS MANUFACTURER’S DATA SHEET 
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A.9 VIRGINIA A4 MIX DESIGN PROPORTIONS 
 

http://www.virginiadot.org/business/resources/Materials/MCS_Study_Guides/bu-mat-
ConcreteCh3.pdf 
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