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ABSTRACT 

In recent years, short span bridges in South Carolina have been designed and constructed using 

precast hollow core slab elements.  However, concerns arising from cracking in the deck have 

triggered a renewed interest in finding alternate designs.  In a recent SCDOT study (SPR 682), 

NEXT-D bridge system was identified as a potential solution for the South Carolina precast 

bridge needs.  One aspect of this technology that requires in-situ construction is the construction 

of shear key joints.  Shear key is used to transfer both lateral and vertical forces through the joint 

and to prevent relative vertical displacements between the deck elements at the joints.  The 

structural integrity and the durability of concrete used in the shear key is vital to the successful 

performance of a bridge constructed using precast concrete components. 

The structural integrity of the shear key concrete is challenged by loads induced from vehicular 

movement as well as environmental stressors.  Also, it is expected that the shear key concrete 

develop a good bond with the adjacent precast deck concrete to increase the load transfer across 

the joint, but more importantly to maintain a tight seal such that fluid and chloride ion intrusion 

into the concrete elements is minimized.  Accumulation and/or seepage of chloride solutions 

through the joints can potentially initiate and accelerate corrosion of reinforcing steel and 

resultant cracking in concrete in the deck and girders.  The resistance of shear key concrete to 

chloride ion penetration is particularly important considering that the top surface of shear key 

will become part of the riding surface of the deck.  Therefore developing a robust shear key 

material that is able to provide the mechanical bond strength and stiffness to hold the adjacent 

elements without undergoing significant cracking is important and essential for the success of the 

NEXT-D bridge system. 

As part of the previously conducted SPR 682 study, two high strength grouts: Quikrete® Non-

Shrink Precision grout (Quikrete NSP grout) with PVA fiber reinforcement and Lafarge 

DUCTAL® with either steel microfibers or PVA microfibers were investigated as possible 

materials for shear key construction.  Based on the laboratory investigation it was found that 

Quikrete® NSP grout with PVA microfibers did not have adequate tensile strength or bond 

strength with the precast concrete and exhibited a very rapid transition from a fluid to hardened 

state, making it extremely difficult to properly place this material in the shear keys.  The use of 

Lafarge DUCTAL® as the shear key material showed significant promise as this material 



 

v 

exhibited excellent mechanical behavior (i.e. bond, compressive and tensile strengths) as well as 

durability characteristics.  Also, the DUCTAL® mixture was sufficiently plastic for an extended 

period of time for it to be placed in the shear key region without any difficulty.  However, at the 

time of execution of the SPR 682 research study, it was determined that the steel microfibers 

used in DUCTAL® were produced outside of the United States, and procuring these fibers 

conflicted with the requirements of CFR635.410 on “Buy-American”.  Additional studies on the 

use of DUCTAL® with PVA microfibers as shear key material showed promising results. 

However, the performance was inferior to that of mix containing DUCTAL® with steel 

microfibers.  Furthermore, the cost of DUCTAL® was significantly higher than that of Quikrete 

NSP grout and potentially any other alternative high-strength grout materials that could be 

developed using local resources.  These difficulties with existing shear key material options (i.e. 

Quikrete® NSP grout and DUCTAL®) required that an alternative solution be developed using 

local materials and a non-propriety mix design. 

In this investigation, a customized ultra-high performance concrete (UHPC) mixture using local 

materials was developed and evaluated, along with Quikrete® NSP grout mixture.  The 

experimental program in this research study was divided into two phases.  In the first phase, a 

preliminary investigation was conducted to identify suitable local materials for UHPC, mixing 

and testing procedures to characterize specific properties.  Based on this information, a range of 

mixture proportions that would yield adequate mechanical and durability properties were 

developed. In the second phase, a detailed investigation that was more focused on selected 

UHPC mixture proportions and properties was carried out.  The properties studied include flow 

behavior of fresh mixture, compressive strength, flexural strength, split tensile strength, slant 

shear bond strength, pull-off bond strength, rapid chloride ion permeability, drying shrinkage and 

autogenous shrinkage.  After the evaluation of the UHPC mixture properties and the suitable 

mixture proportions were established, rebar pull out tests were conducted to investigate and 

establish the development length of No. 4 steel rebar in selected UHPC mixtures.  The results 

from this study provided a basis for developing an ultra-high performance mixture for casting the 

shear key in the precast slab/shear key specimens for structural evaluation. 

Results from the preliminary studies showed that mixtures containing Type III portland cement 

with conventional siliceous (quartz) river sand, low-carbon silica fume (white silica fume), a 
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powdered polycarboxylate ester-based high-range water-reducer, steel microfibers and 

shrinkage-reducing admixtures performed the best in meeting the desired needs of fresh and 

hardened concrete.  In the preliminary investigations, it was observed that virtually in all aspects 

of the UHPC considerations, Quikrete NSP grout underperformed compared to UHPC produced 

using local materials. 

Based on the findings from the preliminary investigation, a series of four UHPC mixtures were 

developed to conduct in-depth investigation on their properties.  The four mixtures included: 

(a) UHPC 1 (Control-1) 

(b) UHPC 2 (SF20) 

(c) UHPC 3 (SF20+SMF02) 

(d) UHPC 4 (SF20+SMF02+SRA02) 

A comparative performance of these mixtures was evaluated in understanding and quantifying 

the individual effects of silica fume (SF), steel microfibers (SMF) and shrinkage reducing 

admixture (SRA) on the properties of UHPC mixture.  Overall, UHPC 4 provided the most 

desired performance of all the UHPC mixtures evaluated.  Compared to the performance of 

UHPC 1 (Control-1) mixture, the incremental improvements offered by the addition of silica 

fume, silica fume and steel microfibers, and silica fume, steel microfibers and shrinkage reducing 

admixture were captured in UHPC 2, UHPC 3 and UHPC 4 mixtures, respectively.  Results from 

these studies showed that 28-day cube compressive strength of UHPC 4 to be 158.7 MPa (23000 

psi), with a 28-day modulus of elasticity of 50.1GPa (7260 ksi), flexural strength of 28 MPa 

(4060 psi) and split tensile strength of 17 MPa (2470 psi).  The 28-day rapid chloride ion 

permeability of UHPC 4 was measured at a very low value of 193 Coulombs.  This mixture 

exhibited ultimate shrinkage (180 days) of 0.056% and a 2-day autogenous shrinkage value of 

0.03%.  The 7-day slant shear bond strength of UHPC 4 mixture was measured at 31MPa (4500 

psi), while the 28-day results are 32.95 MPa (4778 psi).  The 7-day and 28-day pull-off bond 

strength testing has consistently showed that the bond strength of the UHPC 4 with the precast 

concrete is substantially more than the tensile strength of the precast concrete, as the failures 

have always occurred in the precast concrete.   

The bond strength between the UHPC 4 and rebar was evaluated using rebar-pull out test, where 

in #4 rebar was embedded into 150 mm x 300 mm (6 in. x 12 in.) cylinders at different 

embedment lengths of 75 mm (3 in.), 100 mm (4 in.), 125 mm (5 in.) and 150 mm (6 in.).  
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Results from these tests indicated that 13-mm (0.5-in.), Grade 420 rebar yielded even with a 

short embedment length of 75 mm (3 in.), indicating the superior nature of UHPC 4 mixture and 

the ability to have rather narrow shear keys to effectively transmit stresses from one precast 

element to an adjacent precast element. 

The behavior of shear key prepared with UHPC 4 was studied in the precast slab/shear key 

specimen using both a static loading and a fatigue loading.  The static testing using both the same 

U-bar configuration as was used in previous test reported in SPR 682 and a new configuration of 

13-mm (0.5-in.) reinforcing steel extending straight out about 125 mm (5 in.) from the outside 

edge of the precast piece into a shear key. The new shear key had the same profile at the 

interfaces but was only 140 mm (5.5 in.) wide at the top and bottom of the shear key to reduce 

the width by a little more than 60 mm (2.3 in.). The reduction of UHPC required for the narrower 

shear key was over twenty-five percent.  The results from the static tests (both configurations of 

reinforcing steel) indicated the strength of the UHPC shear key material, bond of the UHPC to 

the reinforcing steel and bond of the UHPC to the precast concrete at the interface was more than 

adequate to cause the failure mode of the test specimens to be related to the development flexural 

and shear cracks in the precast concrete pieces. In addition, to the static testing, fatigue was also 

investigated by subjecting each specimens to at least five million cycles of service level stress 

prior to conducting a static ramp to failure (near flattening of the load-deformation curve). The 

fatigue loading created little, if any, distress (formation of cracks in precast, shear key or 

interface) or reduction in the overall bending stiffness of the specimens after the application of 

the five million cycles of load. The post-fatigue behavior of the specimens under the static 

ultimate loading was very similar to the specimens not subjected to the fatigue loading. One 

important conclusion of these precast slab/shear key specimen tests was that the straight bar 

configuration of reinforcement into the shear key produces a more than adequate length of 

development of the reinforcement and effectively allows the shear key to transfer bending 

moment across the joint and controls the formation and opening of cracks at the interface. 

Protruding straight bars will be much easier for precasters to design the formwork for the casting 

of the modified NEXT-D pieces. 

Considering that UHPC in this study was made using local cementitious and aggregate materials, 

the cost of UHPC 4 was estimated to be approximately $1170 per m
3
 ($900 per yd

3
), based on 
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some assumptions of the material costs.  This is significantly lower than that of other 

commercially available UHPC options. Based on this research, the locally produced UHPC has 

been found to be a viable and an economical solution for meeting the shear key needs of NEXT-

D bridge design. 
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1.0 INTRODUCTION 

1.1 Problem Description 

Replacing the aging highway bridges to maintain a functional highway system has become a 

national priority in the United States [1].  Accelerated Bridge Construction (ABC) initiatives are 

becoming increasingly the norm in replacing the short span bridges, which have traditionally 

been built using cast-in-place reinforced concrete construction [2].  In an effort to develop rapid 

construction alternatives to replace the aging cast-in-place bridges, precast bridges are 

increasingly being used across United States, particularly for short spans of twenty to seventy 

feet [1].  The use of precast concrete bridges has been favored in recent years due to the 

efficiency of construction and the elimination of formwork and quality control related issues that 

occur with cast-in-place reinforced concrete [3-6]. 

As part of this Accelerated Bridge Construction (ABC) initiative, South Carolina has used 

adjacent precast hollow core slab bridges in recent years [7].  While these bridges are economical 

and rapid to install, reflective cracking on the asphalt overlay, both in longitudinal direction 

(along the joints between adjacent sections) and in transverse directions (at abutments and 

interior joints), are observed which significantly affect the durability of these bridge structures.  

To address these concerns SCDOT conducted a research study under SPR 682 study to explore 

an alternative to flat slab bridge that has the same speed of construction and cost as the precast 

hollow core slab bridge [7].  This study identified the NEXT-D bridge system as an ideal 

solution for the South Carolina precast bridge needs.  One aspect of this technology that requires 

in-situ construction however is the construction of shear key joints.  Shear key is used to transfer 

both lateral and vertical forces through the joint and to prevent vertical displacements between 

the deck elements at the joints.  The structural integrity and the durability of concrete used in the 

shear key is vital to the successful performance of a bridge constructed using precast concrete 

components. 

The structural integrity of the shear key concrete is challenged by loads induced from vehicular 

movement as well as those induced by volumetric changes in concrete due to changes in ambient 

environmental conditions such as diurnal and seasonal variations in temperature and relative 

humidity.  Further, due to the presence of dense reinforcement in the shear key region, 

restraining stresses are induced due to volumetric changes in concrete such as shrinkage and 
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thermal expansion.  Also, it is expected that the shear key concrete develop a good bond with the 

adjacent deck concrete to increase the load transfer across the joint, but more importantly to 

maintain a tight seal such that fluid and chloride ion intrusion into the concrete elements is 

minimized.  Accumulation and/or seepage of chloride solutions through the joints can potentially 

initiate and accelerate corrosion of reinforcing steel and resultant cracking in concrete in the deck 

and girders.  The resistance of shear key concrete to chloride ion penetration is particularly 

important considering that the top surface of shear key will become part of the riding surface of 

the deck.  Therefore developing a robust shear key material that is able to provide the mechanical 

bond strength and stiffness to hold the adjacent elements without undergoing significant cracking 

is important and essential for the success of the NEXT-D bridge system in South Carolina. 

1.2 Summary of Work Conducted as Part of SPR 682 in Evaluating 

Shear-Key Materials 

In the SPR 682 study, two high strength grouts: Quikrete® Non-Shrink Precision (NSP) grout 

with PVA microfiber reinforcement and Lafarge DUCTAL® with either steel or PVA microfiber 

reinforcement were investigated as possible materials for shear key construction [7].  Based on 

the laboratory investigation it was found that Quikrete® NSP grout with PVA microfibers did 

not have adequate tensile strength or bond strength with the precast concrete and exhibited a very 

rapid transition from fluid to hardened state, making it extremely difficult to properly place this 

material in the shear keys.  The use of Lafarge DUCTAL® as the shear key material showed 

promise as adequate bond strength and tensile strength were realized.  Also, the DUCTAL® 

mixture was sufficiently plastic for an extended period of time for it to be placed in the shear key 

region without any difficulty.  However, at the time of execution of the SPR 682 research study, 

it was determined that the steel microfibers used in DUCTAL® were produced outside of the 

United States, which conflicted with the requirements of CFR 635.410 of “Buy-American” that 

restricted the use of steel from sources outside of the US.  Additional studies on the use of 

DUCTAL® with PVA microfibers as shear key material showed promising results, however, the 

performance was inferior to that of mix containing DUCTAL® with steel microfibers.  

Furthermore, the cost of DUCTAL® was significantly higher than that of Quikrete® NSP grout 

and potentially any other alternative high-strength grout materials that could be developed using 

local resources.  These difficulties with existing shear key material options (i.e. Quikrete® NSP 

grout and DUCTAL®) required that an alternative solution be developed using local materials. 
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2.0 OBJECTIVES AND SCOPE OF WORK 

2.1 Objectives 

The principal objective of this research project was to develop an ultra-high strength/high-

performance grout mixture using readily available local materials for application in construction 

of shear key joint of precast NEXT-D bridge system construction that meets the desired 

performance.  In addition, the Quikrete® NSP grout was reevaluated for its suitability as a shear 

key material.  Based on this research, a new ultra-high strength/high-performance grout mixtures 

is proposed for inclusion in the standard SCDOT specifications. The performance  

2.2 Scope of the Study 

In this investigation Quikrete® NSP grout mixture and a customized ultra-high-strength/high-

performance grout mixture using local materials were evaluated.  In development of the 

customized grout mixtures, preliminary investigations were conducted to select appropriate 

materials.  The preliminary investigation focused on evaluating supplementary cementitious 

materials, aggregate materials, water-reducing admixtures, shrinkage reducing admixtures and 

microfiber types.  Mixtures prepared with these materials were evaluated for specific 

performance characteristics and those mixtures that provided the best performance were selected 

for casting the shear key joint in the precast slab/shear key specimens.  These specimens were 

evaluated under static loading to evaluate the potential field performance of the selected shear 

key material.  

In the development of the shear key material, the following properties of grout mixtures were 

evaluated, depending on the necessity: 

A. Rheological Properties (Fresh Concrete/Grout) 

 Flow (ASTM C1437) 

 Unit weight (ASTM C138) 

 Air content (ASTM C231) 

 Initial and final setting time 

B. Mechanical Properties (Hardened Concrete/Grout) 

 Compressive strength (ASTM C39) 

 Split tensile strength (ASTM C496) 

 Modulus of elasticity (ASTM C469) 

 Flexural strength (MOR and Modulus of Toughness) (ASTM C78) 

 Bond strength (pull-off and slant shear) (ASTM C1583/C882) 
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 Development length tests (pull-out tests on selected mixtures) 

C. Durability Properties (Hardened Concrete/Grout) 

 Drying shrinkage (ASTM C596) 

 Autogenous shrinkage (ASTM C1698) 

 Rapid chloride ion permeability (ASTM C1202) 

 Hardened air content (ASTM C457) 

After the initial evaluation of the shear key materials and the suitable mixture proportions were 

established, rebar pull out tests were conducted to investigate and establish the development 

length of 13-mm (0.5-in.), Grade 420 reinforcement steel.  The results from this study provided a 

basis for developing an ultra-high performance grout mixture for casting the shear key in the 

precast slab/shear key specimens for structural evaluation. 
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3.0 LITERATURE REVIEW 

Ultra-High Performance Concrete/Grout (UHPC/G) refers to a new class of advanced 

cementitious composite materials that have superior mechanical and durability properties 

compared to conventional and high-performance concretes [8, 9].  In particular, the superior 

mechanical behavior of UHPC is characterized by its high compressive strength (typically in 

excess of 150 MPa / 22000 psi) and pre- and post-cracking tensile strength in excess of 5 MPa 

(725 psi) [8, 9].  The superior durability of UHPC is characterized by its extremely low 

permeability to aggressive solutions, excellent resistance to freeze-thaw cycles, scaling and 

abrasion. 

The development of UHPC as material has been possible due to incremental developments that 

have occurred over several decades in the component materials that make up the UHPC.  

Developments in materials such as high-range water reducers, accelerators, silica fume with low 

carbon contents and steel microfibers have been crucial in realizing the UHPC in in its present 

day formulations.  There are several literary works that have summarized the evolution of the 

development of the UHPC as material in great detail, in particular the proceedings of 

International Symposium on Ultra-High Performance Concrete at Kassel, Germany.  As recently 

as in June 2013, FHWA published a state-of-the-art report on UHPC with an extensive 

bibliography [10]. 

The use of Ultra-High Performance Concrete (UHPC) in bridge structures in the United States 

has begun in 2000 [10].  UHPC has also been explored as a material of choice in construction of 

bridge structures in several other countries including Canada, Germany, Japan, Australia, 

Croatia, South Korea, Switzerland and New Zealand [10-15].  Federal Highway Administration 

(FHWA) began an elaborate study to investigate the use of UHPC for highway infrastructure in 

2001 and since then has worked with several state DOTs across the United States to deploy this 

technology.  This effort has led to the use of UHPC in several bridge applications including 

precast-prestressed girders, precast waffle panels for bridge decks, and as a shear key material 

for longitudinal joints between adjacent panels and to connect flanges of adjacent girders [16]. 

As a general rule, UHPC mixtures tend to contain high cementitious materials content, very low 

water-to-cementitious materials ratio (≤ 0.20) and fine aggregate materials.  Often a small coarse 
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aggregate size is used, and in some cases the coarse aggregates are completely avoided making 

these mixtures essentially mortars/grouts rather than concrete.  Although, no special mixers are 

generally needed for mixing of UHPC, it is recommended that a high-shear, high-energy mixer 

be used considering the high plastic viscosity of the mix.  Also, compared to conventional 

concrete mixtures UHPC mixtures tend to require substantially longer mixing times of up to 10 

to15 minutes [17].  Although heat/steam curing has been a common practice in curing UHPC for 

very high-strength levels, it is not necessary requirement for certain applications, especially in 

field-placed situations. 

In the present study, research was conducted to develop ultra-high performance concrete 

mixtures that will be mixed using conventional mixers and cured under ambient environmental 

conditions.  Although no coarse aggregate was used in these mixtures, the term UHPC will be 

used in this study to identify these mixtures rather than grouts or mortars. 
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4.0 EXPERIMENTAL PROGRAM 

In this study, due to the nature of the rheological, mechanical and durability necessities of the 

shear key construction a grout rather than a concrete was considered appropriate.  Accordingly, 

the research focused on developing a ultra-high performance grout (UHPG), however the 

acronym “UHPC” is a more recognized acronym in the industry for mixtures that provide 

superlative performance in strength and durability and therefore all of the reference to the 

development of the ultra-high performance shear key material in this study will be referred to as 

UHPC rather than UHPG. 

The experimental program in this research study was divided into two phases.  In the first phase, 

a preliminary investigation was conducted to identify suitable materials for UHPC, mixing 

procedures, testing procedures to characterize specific properties.  Based on this information, a 

range of mixture proportions that would yield adequate properties were developed. In the second 

phase, a detailed investigation that was more focused on selected UHPC mixture proportions and 

properties was carried out. 

The variables investigated in the preliminary investigation included: 

1. Variables in the UHPC material selection process: 

 Dosage of supplementary cementing material (SCM)  

 Type of silica flour, sand (standard Ottawa sand and conventional river sand) and 

superplasticizer 

2. Variables in the selection of mixture proportions:  

 Water-to-cement (w/c) ratio 

 Sand-to-cement (s/c) ratio 

 Dosage of cement, SCM, silica flour and sand 

In all of these investigations, Type III portland cement was used. 

4.1 Preliminary Investigations on the Selection of Different Materials and Mixture 

Proportions for UHPC 

This investigation involved studies to determine the appropriate materials and mixture 

proportions that are suitable for producing UHPC of desired initial and later age strength and 

adequate flow.  The individual investigations are described below: 
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4.1.1 Selection of sand-to-cement ratio (s/c) for UHPC based on compressive strength 

and flow of the mixture 

This study is helpful to provide some insight into the range of flow and compressive strengths 

that are achievable with low-w/c portland cement mortars, and to arrive at an approximate range 

of w/c and s/c that can produce UHPC mixtures based on the performance of selected materials.  

A total of fifteen low-w/c portland cement mortars (named as M1 through M15) were prepared 

using three different w/c ratios (0.20, 0.25 and 0.30) and five different s/c ratios (0, 0.50, 1.25, 

2.00 and 2.75), and their flow and compressive strength were determined. The materials used to 

prepare the UHPC mixtures include a Type III portland cement, conventional river sand (CS) 

from a local source and a poly-carboxylate ester based superplasticizer (SP1). The mixtures were 

prepared at constant superplasticizer dosage of 3% by weight of cement and their flow values 

were determined as per the ASTM C1437 test procedure. Mortar cubes of size 50 mm x 50 mm x 

50 mm (2 in. x 2 in. x 2 in.) were prepared from mixtures that registered adequate flow and their 

7- and 28- day compressive strengths were determined using the ASTM C109 test procedure. 

4.1.2 Selection of appropriate superplasticizer type based on its efficiency in UHPC 

mixtures 

In this study, a total of eight polycarboxylate-based superplasticizers were investigated and the 

flow value for mixtures containing these superplasticizers was determined as per the ASTM 

C1437 test procedure. Among these eight superplasticizers, five of them were liquids and three 

of them were powders.  In investigating the effectiveness of liquid superplasticizers, UHPC mix 

with a w/c of 0.25 and s/c of 1.25 was used and the superplasticizer dosage (expressed as solids 

content) was varied from 0% to approximately 1.5% by weight of the cementitious materials.  In 

investigating the efficiency of the powder form of superplasticizer, UHPC mix with a w/c ratio 

of 0.20 and s/c ratio of 1.25 was used and the superplasticizer dosage (expressed as solids 

content) was varied from 0% to 1.5% by weight of cementitious materials.  Compressive strength 

of mortar cube specimens prepared from the mixtures was determined as per ASTM C109 test 

procedure at 3, 7 and 28 days of moist-air curing period. The efficiency of superplasticizer was 

then assessed from the flow and compressive strength of the mixtures.  



 

9 

4.1.3 Comparative performance between the standard Ottawa sand and conventional 

river sand in UHPC mixtures based on flow studies 

The gradation of aggregates (fine or coarse aggregates) can significantly affect the flowability of 

portland cement mixtures and fine aggregate gradation is critical in the design of ultra-high 

performance cementitious mixtures, especially when neglecting coarse aggregates. Traditionally, 

UHPCs are produced using sand having a defined particle size distribution. In this study, 

investigations were carried out to produce UHPC from conventional river sand from local 

sources as well as standard Ottawa sand.  The reason for considering standard Ottawa sand is due 

to its mineralogy and particle shape and distribution.  Ottawa sand is siliceous (quartz) sand that 

has almost rounded to sub-rounded grains with relatively smooth surface, which would enhance 

the workability of the mixture at very low w/c ratios, typically observed with UHPC 

formulations.  The conventional sand used in this study was siliceous river sand with sub-

rounded grains from a local source. 

Specifically this section illustrates the comparative performance of UHPC mixtures prepared 

from conventional and standard sand, and the effect of sand gradation on the flow properties of 

UHPC. A total of five UHPC mixtures were produced namely, SS1, SS2, CS1, CS2 and CS. SS1 

and SS2 mixture contains standard Ottawa sand having size fractions between #20 and #30 sieve 

size, and #30 and #100 sieve size, respectively. CS1 and CS2 mixture contains conventional 

river sand having size fractions same as SS1 and SS2, respectively, while CS mixture contains 

conventional sand having size fractions as obtained from the source. The five mixtures were 

studied at constant superplasticizer dosages to understand their flow behavior. In addition, the 

sand particles were examined using stereo microscope to better understand the differences and 

similarities in the surface texture and shape of the grains. The UHPC mixtures used in this study 

had a constant w/c and s/c of 0.25 and 1.25, respectively. 

4.1.4 Effect of w/cm ratio, silica fume and silica flour on the compressive strength, 

chloride permeability and drying shrinkage characteristics of UHPC 

In this preliminary study, the effect of water-to-cementitious material ratio (w/cm), silica fume 

(SF) dosage and silica flour (SFL) dosage on the compressive strength, rapid chloride ion 

permeation and drying shrinkage of UHPC was investigated. These tests were conducted as per 

standard ASTM test procedures. For this study, a total of 11 UHPC mixtures were prepared. Of 

these, three mixtures were control mixtures (with w/c ratios of 0.20, 0.225 and 0.25), three 
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mixtures contained different silica fume dosages (SF-10%, SF-20% and SF-30%), and three 

mixtures contained SF-10% with three different dosage levels of SFL1.  The remaining two 

mixtures contained SF-10% with 20% of two other grades of silica flour (SFL2 and SFL3). 

4.1.5 Effect of poly-vinyl acetate microfiber addition on the strength, chloride 

permeability and drying shrinkage characteristics of UHPC 

In this study, UHPC mixtures with and without poly-vinyl acetate (PVA) microfibers were 

investigated to understand the effect of microfiber addition on the properties of UHPC. The 

dosage of PVA microfibers used was 1% by volume of the mixture. The UHPC mixture 

proportions used was decided based on the results obtained from tests conducted on mixtures 

described in Section 4.1.4. 

4.1.6 Effect of steel microfiber addition on the strength, chloride permeability and 

drying shrinkage characteristics of UHPC 

In this study, UHPC mixtures with and without steel microfibers (SMF) were produced to 

understand the effect of microfiber dosage on the properties of UHPC. The dosage of steel 

microfibers used was 1% and 2% by volume of UHPC. The mixture proportions used in this 

study were decided based on the results obtained from tests conducted on mixtures described in 

Section 4.1.4. 

4.1.7 Effect of addition of shrinkage reducing admixture on the strength, chloride 

permeability and drying shrinkage characteristics of UHPC 

In this study, UHPC mixtures with and without shrinkage reducing admixture (SRA) were 

produced to understand the effect of SRA dosage on their properties. The dosage of SRA used 

was 1% and 2% by weight of the cementitious material used in the UHPC mixture. The UHPC 

mixture proportions used were decided based on the test results obtained from tests conducted on 

mixtures described in Section 4.1.4. 

4.1.8 Comparison of Quikrete® NSP grout with UHPC mixtures 

In this study, the performance of a commercial high-strength grout (Quikrete® NSP grout) and 

UHPC was compared. The pre-packed dry Quikrete® NSP grout mixture was mixed with water 

in the proportion of 5.35:1 by weight (4.3 liters of water for 22.7 kg or 50 lb of Quikrete® NSP 

grout mixture) as suggested by the manufacturer for a flowable mixture. The UHPC mixture was 

prepared using a w/c and s/c of 0.20 and 1.25, respectively. The two mixtures were prepared, 
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moist-cured and tested for compressive strength, modulus of elasticity, drying shrinkage and 

rapid chloride ion permeability as per the standard procedure. 

4.2 Detailed Investigations of Mechanical and Durability Properties of Selected UHPC 

Mixtures 

The results from the preliminary investigations were used to shortlist the suitable materials, 

mixture proportions, mixing procedures for detailed investigation of UHPC.  At the conclusion 

of the preliminary investigation, it was decided that the following materials were going to be 

used:  Type III portland cement, white silica fume (SF) from Elkem (ES 900W), conventional 

river sand, steel microfibers (SMF), Melflux® 4930F superplasticizer from BASF  and Serenis 

shrinkage reducing admixture (SRA) from Chryso®.  All the other materials considered in the 

preliminary investigation were no longer employed in the detailed investigation. 

This phase dealt with determining the properties of four UHPC mixtures prepared at a constant 

w/cm of 0.20. The four mixtures included: 

 UHPC 1 (Control-1) 

 UHPC 2 (SF20) 

 UHPC 3 (SF20+SMF02) 

 UHPC 4 (SF20+SMF02+SRA02) 

A comparative performance of these mixtures was considered helpful in understanding the 

individual effects of silica fume, steel microfibers and shrinkage reducing admixture on the 

properties of UHPC mixture that will be used for the shear key application. 

The properties of the freshly prepared mixtures investigated included flow, density, air-content, 

setting time and temperature. The mechanical properties of the UHPCs investigated include 

compressive strength, modulus of elasticity, split tensile strength, flexural strength, slant shear 

strength, pull-off bond strength and rebar pull out strength. The durability properties investigated 

include rapid chloride ion permeability and shrinkage behavior (drying shrinkage and 

autogenous shrinkage). The experimental program for this study is shown in Tables 4 (a) - 4 (d). 
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Table 4 (a) - Experimental program for fresh concrete properties of UHPC mixtures 

UHPC 

ID 
Flow Density 

Relative 

yield 

Fresh air 

content 

Setting time 

Initial Final 

UHPC 1 X X X X X X 

UHPC 2 X X X X X X 

UHPC 3 X X X X X X 

UHPC 4 X X X X X X 

Note: X – indicates the properties investigated 

Table 4 (b) - Experimental program for compressive strength of UHPC mixtures 

UHPC 

ID 

Compressive strength of different specimens after specified curing period 

Cubes,50 mm x 50 mm 

 (2 in. x 2in.) 

Cylinders, 75 mm x 150 

mm (3 in. x 6in.) 

Cylinders, 100 mm x 200 

mm (4in. x 8in.) 

3-day 7-day 28-day 3-day 7-day 28-day 3-day 7-day 28-day 

UHPC 1 X X X X X X X X X 

UHPC 2 X X X X X X X X X 

UHPC 3 X X X X X X X X X 

UHPC 4 X X X X X X X X X 

Note: X – indicates the age at which the compressive strength was determined 
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Table 4 (c) - Experimental program for other mechanical properties of UHPC mixtures 

UHPC 

ID 

MOE 
Split tensile 

strength 

Flexural 

strength 

Slant shear 

strength 

Rebar pull-out 

strength 

28-day 7-day 28-day 7-day 28-day 7-day 28-day 7-day 

UHPC 1 X X X X X X X - 

UHPC 2 X X X X X X X X 

UHPC 3 X X X X X X X X 

UHPC 4 X X X X X X X - 

Note: X – indicates the properties determined at specific periods.  UHPC 1 and UHPC 4 were 

not included in this test, as UHPC 1 clearly was expected to not perform well, and UHPC 4 was 

identical in mixture proportion to UHPC 3, with exception of SRA, which was found to not have 

any significant impact on mechanical properties. 

Table 4 (d) - Experimental program for durability properties of UHPC mixtures 

UHPC 

ID 

RCP Drying shrinkage Autogenous shrinkage 

28-day 7-day 28-day 90-day 180-day 2-hr 12-hr 24-hr 48-hr 

UHPC 1 X X X X X X X X X 

UHPC 2 X X X X X X X X X 

UHPC 3 X X X X X X X X X 

UHPC 4 X X X X X X X X X 

Note: X – indicates the properties determined at specific periods 
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5.0 MATERIALS AND MIXTURE PROPORTIONS 

5.1 Materials 

The materials used for the preliminary investigation includes a Type III portland cement, a 

conventional river sand, standard Ottawa sand, eight superplasticizers, two types of microfibers 

and one shrinkage reducing admixture. 

5.1.1 Cement 

The cement used in this study was an ASTM C150 Type III portland cement from ARGOS 

Cement Company in Harleyville, SC.  The chemical composition of the cement is provided in 

Table 5 (a).  The Blaine’s fineness of this cement was 543 m
2
/kg (2648 ft.

2
/lb). This cement was 

primarily selected because of its high fineness and its ability to produce high early-age strengths 

compared to Type I portland cement. 

Table 5 (a) - Chemical composition of cement used 

Oxide contents 

(% by mass) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Alkali LOI* 
Insoluble 

Residue 

20.40 6.00 3.50 64.40  1.00 3.50 0.49 1.10 0.24 

*LOI – Loss of Ignition 

5.1.2 Conventional sand 

A conventional river sand meeting the ASTM C33 gradation requirements was chosen for this 

study.  This quartz sand was obtained from Glasscock Company in Sumter, SC.  It has a specific 

gravity of 2.65 and water absorption of 0.20 percent.  The gradation of Glasscock sand is shown 

in Figure 5 (a). As this Figure shows, the size range of sand particles vary from 75 microns 

(0.0029 in.) to 2380 microns (0.0937 in.) and their average particle size was found to be 650 

microns (0.0256 in.). The conventional sand was washed thoroughly to remove dust and other 

fines and oven-dried for a period of 24-48 hours to remove excess moisture, before being mixed 

with other ingredients of UHPC. 

5.1.3 Standard sand 

The standard Ottawa sand, manufactured by US Silica Company, was used as reference sand. 

Two different grades of Ottawa sand that are commercially available were used.  These are the 
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20-30 mesh sand (SS1, passing through #20 sieve size and retained on #30 sieve size) and graded 

sand (SS2, passing through #30 sieve size and retained on #100 sieve size). The water absorption 

of this sand was found to be 0.15% and its specific gravity was 2.65.  

 

Figure 5 (a) - Sieve analysis of sand from Glasscock company 

5.1.4 Silica fume 

A low-carbon white silica fume (ES900W) marketed by ELKEM Materials Inc. was used in this 

study. This silica fume has a silica content of 92% with a loss-on-ignition value of 0.22% and a 

bulk density of 3 kN/m
3
 (18 lb/ft

3
). The silica fume was dosed as an addition to the portland 

cement used and at a dosage of 10% and 20% by weight of the cement used.  Other properties of 

white silica fume are shown in Table 5 (b). 
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Table 5 (b) - Properties of silica fume and different silica flour 

Material Product name ID 
Manufacturer 

name 

Average particle size or 

maximum size range, µm 

(in.) 

Specific 

gravity 

Silica 

Fume 
ES900W SF ELKEM 0.15 (6 x10

-6
) 2.30 

Silica 

Flour 

MIN-U-SIL 5 SFL1 US SILICA 1.7 (7 x10
-5

) 2.65 

MIN-U-SIL 30 SFL2 US SILICA 8.2 (3 x10
-4

) 2.65 

SIL-CO-SIL SFL3 US SILICA 40-250 (1.5 x10
-3

-1 x10
-2

) 2.65 

 

5.1.5 Silica flour 

Silica flour (SFL) is a finely ground high quality, high purity white crystalline silica. This 

material is commercially marketed by US Silica Company as MIN-U-SIL® Fine Ground Silica.  

Although the fine ground silica is available in five size distributions, in this study three products 

were used: (a) MIN-U-SIL 5 with a maximum size of 5 microns (2 x10
-4

 in.) (b) MIN-U-SIL 30 

with a maximum size of 30 microns (1 x10
-3

 in.), and (c) SIL-CO-SIL with a maximum particle 

size of 250 microns (0.01 in.).  These three products are identified in this report as SFL1, SFL2 

and SFL3. The details and properties of the three silica flours used are shown in Table 5 (b). 

5.1.6 Superplasticizer 

A total of eight different poly-carboxylate ester/ether-based superplasticizers were used in this 

study.  The details of these superplasticizers are provided in Table 5 (c). 
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Table 5 (c) - Properties of different superplasticizers (SP) 

SP 

ID 
SP name Manufacturer 

Solid 

content ,

% 

SP 

form 

Specific 

gravity 

Bulk 

density, 

kg/m³ 

(lb/ft
3
) 

SP1 Glenium – 7500 BASF 26 Liquid 1.05 -- 

SP2 Chryso – Premia 150 Lafarge 30 Liquid 1.06 -- 

SP3 Chryso – Optima 203 Lafarge 22 Liquid 1.04 -- 

SP4 ADVA 190 Grace 31 Liquid 1.07-1.09 -- 

SP5 ViscoCrete 2100 SIKA 40 Liquid 1.075-1.085 -- 

SP6 Melflux 2651F BASF 100 Powder  -- 
300-600 

(19-38) 

SP7 Melflux 4930F BASF 100 Powder -- 
300-600 

(19-38) 

SP8 Melflux 6681F BASF 100 Powder -- 
300-600 

(19-38) 

 

5.1.7 Microfibers 

Two types of microfibers were used in this study: poly-vinyl acetate (PVA) microfibers from 

Nycon Corporation and steel (SMF) microfibers from Bekaert Inc. The PVA and steel 

microfibers were approximately 13 mm (0.5 in.) in length and 0.2 mm (0.008 in.) in diameter.  

The ultimate tensile strength of the PVA and SMF are approximately 1000 MPa (145000 psi) 

and 2000 MPa (290000 psi), respectively. 

5.1.8 Shrinkage reducing admixture 

Chryso Serinis shrinkage reducing admixture (SRA) was used in this study at two dosage levels 

of 1% and 2% by weight of the cementitious material. 

5.2 Mixture Proportions 

The mixture proportions of 15 UHPCs discussed in Section 4.1.1 (Mixtures M1 through M15) is 

shown in Table 5 (d). The mixture proportions of eleven UHPCs described in Section 4.1.4 and 

Section 4.2 is shown in Tables 5 (e) and 5 (f), respectively. In addition, Tables 5 (g) and 5 (h) 

also shows the mixture proportions of UHPCs discussed in Section 4.2 on a cubic meter and 

cubic yard basis, respectively. 
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Table 5 (d) - Mixture proportions of UHPC mixtures in preliminary investigation for 

evaluating influence of s/c ratio and w/c ratio (Section 4.1.1) 

Mixture 

ID 

Mixture proportions by weight of cement 
s/c** 

Cement Conventional sand Water SP* 

M1 1.00 0.00 0.20 0.030 0.00 

M2 1.00 0.00 0.25 0.030 0.00 

M3 1.00 0.00 0.30 0.030 0.00 

M4 1.00 0.50 0.20 0.030 0.50 

M5 1.00 0.50 0.25 0.030 0.50 

M6 1.00 0.50 0.30 0.030 0.50 

M7 1.00 1.25 0.20 0.030 1.25 

M8 1.00 1.25 0.25 0.030 1.25 

M9 1.00 1.25 0.30 0.030 1.25 

M10 1.00 2.00 0.20 0.030 2.00 

M11 1.00 2.00 0.25 0.030 2.00 

M12 1.00 2.00 0.30 0.030 2.00 

M13 1.00 2.75 0.20 0.030 2.75 

M14 1.00 2.75 0.25 0.030 2.75 

M15 1.00 2.75 0.30 0.030 2.75 

*SP – superplasticizer 

**s/c – sand to cement ratio; 
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Table 5 (e) - Mixture proportions of different UHPC mixtures in preliminary investigation 

for evaluating influence of w/cm ratio, silica fume and silica flour (Section 4.1.3) 

UHPC 

ID 
Cement Sand 

Silica 

fume 

(SF) 

Silica 

flour 

(SFL**) 

w/cm SP*,% 

Control 1 

(w/c = 0.20) 
1.00 1.25 - - 0.200 1.5 

Control 2 

(w/c = 0.22) 
1.00 1.25 - - 0.225 1.5 

Control 3 

(w/c = 0.25) 
1.00 1.25 - - 0.250 1.5 

+SF–10% 1.00 1.25 0.10 - 0.225 1.5 

+SF–20% 1.00 1.25 0.20 - 0.225 1.5 

+SF–30% 1.00 1.25 0.30 - 0.225 1.5 

+SF–10%+SFL1–10% 1.00 1.15 0.10 0.10 0.225 1.5 

+SF–10%+SFL1–20% 1.00 1.05 0.10 0.20 0.225 1.5 

+SF–10%+SFL1–30% 1.00 0.95 0.10 0.30 0.225 1.5 

+SF–10%+SFL2–20% 1.00 1.05 0.10 0.20 0.225 1.5 

+SF–10%+SFL3–20% 1.00 1.05 0.10 0.20 0.225 1.5 

*SP quantity is expressed in terms of percentage by weight of the total cementitious material 

(cement + silica fume) 

**SFL1, SFL2, SFL3 refers to the three types of silica flour stated in Table 5 (b). 
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Table 5 (f) - Mixture proportions of different UHPC mixtures used in the detailed study 

(Section 4.2) 

UHPC 

ID 

UHPC 

Description 

(See Table 5e) 

Cement Sand 

Silica 

fume 

(SF) 

w/cm 
SP* 

Steel 

microfiber** 

% % 

UHPC 1 Control 1 (Cement) 1.00 1.25 - 0.20 RQ - 

UHPC 2 (Cement+SF–20%) 1.00 1.25 0.20 0.20 RQ - 

UHPC 3 
Cement+SF–

20%+SMF–2% 
1.00 1.25 0.20 0.20 RQ 2 

UHPC 4 
Cement +SF–20%+ 

SMF–2%+SRA–2% 
1.00 1.25 0.20 0.20 RQ 2 

*SP quantity is expressed in terms of percentage by weight of the total cementitious material 

(cement + silica fume) 

**microfiber dosage is expressed in terms of percentage by volume of the non microfiber mixture 

RQ indicates required quantity to obtain a full flow of 150% 

Table 5 (g) - Quantity of materials per cubic meter of UHPC mixtures 

UHPC 

ID 

UHPC 

Description 

(See Table 5e) 

Quantity of materials of UHPC mixtures, kg 

Cement Sand 

Silica 

fume 

(SF) 

Wate

r 

SP* steel 

microfiber** % 

UHPC 1 Control 1 949.3 
1187.

2 
- 189.8 RQ - 

UHPC 2 +SF–20% 770.9 
1155.

8 
154.2 185 RQ - 

UHPC 3 +SF–20%+SMF–2% 754.9 1132 151.2 180.9 RQ 160.1 

UHPC 4 
+SF–20%+ 

SMF–2%+SRA–2% 
740.7 

1110.

7 
148.3 178 RQ 160.1 

*SP quantity is expressed in terms of percentage by weight of the total cementitious material 

(cement + silica fume) 

**microfiber dosage is expressed in terms of percentage by volume of the non microfiber mixture 

RQ indicates required quantity to obtain a full flow of 150% 
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Table 5 (h) - Quantity of materials per cubic yard of UHPC mixtures 

UHPC 

ID 

UHPC 

Description 

(See Table 5e) 

Quantity of materials of UHPC mixtures, lb 

Cement Sand 

Silica 

fume 

(SF) 

Water 
SP* Steel 

microfiber** % 

UHPC 1 Control 1 1601 2002 - 320 RQ - 

UHPC 2 +SF–20% 1300 1949 260 312 RQ - 

UHPC 3 +SF–20%+SMF–2% 1273 1909 255 305 RQ 270 

UHPC 4 
+SF–20%+ 

SMF–2%+SRA–2% 
1249 1873 250 300 RQ 270 

*SP quantity is expressed in terms of percentage by weight of the total cementitious material 

(cement + silica fume) 

**microfiber dosage is expressed in terms of percentage by volume of the non microfiber mixture 

RQ indicates required quantity to obtain a full flow of 150% 
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6.0 EXPERIMENTAL METHODS 

6.1 Flow 

The flow behavior of UHPC mixtures was studied using ASTM C1437 test method. Freshly 

prepared UHPC mixture was placed in the standard mold placed on the flow table with the top 

surface leveled.  The mold is lifted up slowly leaving behind the wet mixture, allowing it to 

freely flow on the flow table. The flow table is dropped 25 times in 15 seconds as per the test 

procedure and the resultant spread of the UHPC mixture is recorded by measuring the diameter 

of the UHPC mixture on the flow table. Flow value of the UHPC mixture is considered as the 

increase in average base diameter of the mixture, expressed as a percentage of the original base 

diameter. 

6.2 Setting Time 

This test was conducted on selected UHPC mixtures to understand the effect of specific 

ingredients on their setting time behavior. In this method, freshly prepared mixture was filled in 

a cylindrical mold having a diameter of 150 mm (6 in.) and a length of 150 mm (6 in.) and 

leveled using mechanical vibration. The initial and final setting time of the UHPC mixture was 

then determined as per ASTM C403 test method.  

6.3 Compressive Strength 

The compressive strength of the UHPC mixtures was measured by testing 50 mm x 50 mm x 50 

mm (2 in. x 2 in. x 2 in.) cubes at 3, 7 and 28 days of age.  Although comparative testing on 75 

mm x 150 mm (3 in. x 6 in.) cylinders and 100 mm x 200 mm (4 in. x 8 in.) cylinders was 

conducted, due to the influence of end conditions (i.e. capped versus saw cut) the results were 

not equivalent across all the specimens.  In order to minimize the variability in the data and 

better understand the trends in the compressive strength of the mixtures, only cube-based 

compressive strength data is presented in this report. 

6.4 Static Modulus of Elasticity 

The static modulus of elasticity (MOE) of the UHPC specimens was determined using ASTM 

C469 test procedure. Prior to the start of the test, companion cylinder specimens were used to 

determine the compressive strength of the specimens as per ASTM C39 test method. 

Subsequently, 100 mm x 200 mm (4 in. x 8 in.) cylinder specimens were instrumented with 
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compresso-meter and tested. The axis of the specimen was aligned with the center of thrust of 

the spherically seating upper bearing block of the hydraulically operated Universal Testing 

Machine (UTM). As the spherically-seated block was brought slowly to bear upon the specimen, 

adjustments were made to ensure uniform seating of specimen. The specimen was then loaded 

twice before the actual readings were taken in order to account for appropriate seating of the 

gauges. Then, the load was applied gradually without shock at a constant rate of 250 + 50 kPa/s 

(35 + 7 psi/s). The applied load and the corresponding strains were measured without any 

interruption until the load was equal to 40% of the ultimate load of the specimen. The static 

modulus of elasticity of the cylinder specimens, E was calculated as: 

E = (S1-S2) / (2-0.00005) (1) 

where 

S2 = stress in MPa corresponding to 40 % of ultimate load, 

S1 = stress in MPa corresponding to a longitudinal strain (1) of 50 millionths and 

2 = longitudinal strain produced by stress S2. 

6.5 Tensile Strength (split tensile and flexural strength) 

The split tensile and flexural strength of UHPC specimens were determined at 7 and 28 day of 

age as per the ASTM C496 and C78 test procedures, respectively. The specimen sizes used for 

split tensile strength test were cylindrical in shape with a diameter of 75 mm and a height of 150 

mm (3 in. x 6 in.).  For measuring flexural strength, prismatic specimens with dimensions of 75 

mm x 75 mm x 300 mm (3 in. x 3 in. x 12 in.) were used.  The load was applied on the concrete 

without shock at a constant loading rate of 0.70-1.40 MPa/min (102-203 psi/min) and 0.90-1.20 

MPa/min (125-175 psi/min)  for the split tension and flexure test, respectively, until failure and 

the corresponding split tensile and flexural strengths of the UHPC mixtures were determined. 

6.6 Slant Shear Bond Strength Test 

The slant shear test was performed in accordance with the ASTM C882 test procedure with some 

modifications. In this test, cylindrical specimens of size 75 mm x 150 mm (3 in. x 6 in.) were 

used. These specimens were prepared by first casting a truncated cylinder (to act as substrate 

concrete) as described in the ASTM C882 test procedure using a mixture proportion that 

reflected the concrete bridge deck strength requirements. The mixture proportion of the substrate 

concrete is shown in Table 6 (a). 
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Table 6 (a) - Mixture proportion of precast concrete 

Precast  

Concrete 
Cement Sand Fly ash Aggregate Water 

Superplasticizer, 

% 

Substrate 

Concrete (w/c 

ratio = 0.33) 

1.00 1.63 0.15 2.17 0.37 0.25 

*Superplasticizer quantity is expressed in terms of percentage by weight of the total cementitious 

material (cement + silica fume) used 

The split portion of the cylinder was moist-cured for a 28-day period and subsequently air-cured 

in the laboratory for a 7-day period.  The diagonal face of the split cylinder specimens was then 

sand-blasted to create a rough surface. The composite cylinder for determining the slant shear 

bond strength were prepared by firmly fixing the precast portion of the cylinder in a 75 mm x 

150 mm (3 in. x 6 in.) cylinder mold and then pouring the UHPC mixture on the diagonal face so 

as to fill the mold completely and obtain a full cylinder specimen. The formed specimens were 

demolded after 24 hours and moist-cured for 6 days before testing. The slant shear bond strength 

test was conducted by loading the cylindrical specimens in compression until failure using a 

constant loading rate as per ASTM C39 test procedure.  The slant shear bond strength is 

calculated by dividing the failure load with the cross section of the bonded area, i.e. area of slant 

surface, which is equal to 9116 mm
2
 (14 in.

2
).  If the failure occurs on the slant surface, the 

failure stress can be considered as the realized bond strength between the UHPC and the precast 

concrete.  However, if the failure occurs in the precast concrete, then the bond strength between 

the UHPC and the precast concrete is greater than the calculated failure stress.  If the failure 

occurs in the UHPC, then the UHPC is weaker and mix needs to be redesigned to improve the 

strength. 

6.7 Pull-off Bond Strength Test 

Pull-off bond strength tests per ASTM C1583 standard were conducted to determine the 

minimum bond strength between the UHPC and the precast concrete slab.  In this test a 25 mm- 

thick (1 in.-thick) UHPC mix was overlaid on top of a precast concrete panel and allowed to 

bond for a period of 7 or 28 days.  One day prior to testing, a 50 mm-diameter (2 in.-diameter) 

aluminum disk is bonded to the UHPC overlay using a Devcon 2-ton epoxy.  At the time of 

testing, a direct tensile force is applied to the aluminum disk using the Proceq Dyna Pull-off 

tester.  Depending on the failure load and the failure location, the minimum bond strength of the 
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UHPC with the precast concrete can be determined.  If the failure occurs in the precast concrete, 

the bond strength can be considered to exceed the tensile strength of the precast concrete.  

However, if the failure occurs at the interface between the UHPC and the precast concrete, the 

failure stress would represent the bond strength.  If the failure occurs at the interface of 

aluminum disk and the UHPC (epoxy bond), then the test has to be repeated. 

6.8 Rebar Pull-out Tensile Strength 

The experimental set up for the rebar pull-out test is shown in Figure 6 (a) – (i). Freshly prepared 

UHPC mixture is poured in cylindrical molds of size 150 mm x 300 mm (6 in. x 12 in.) and 13-

mm (0.5-in.) steel rebar with a minimum yield strength of 420 MPa (60000 psi) is inserted into 

the freshly prepared mixture. With the help of level, the insertion depth of the rebar is adjusted 

and leveled to be at the center of the UHPC sample as shown in Figure 6 (a) – (ii) and 6 (a) – (iii) 

so as to ensure uniform distribution of load during the rebar pull out test.  The depth of insertion 

of the rebar (i.e. embedment length) into the UHPC mixture is varied from 75 mm (3 in.) to 150 

mm (6 in.) at 25 mm (1 in.) increment level.  The assembly of UHPC with the inserted rebar is 

cured for a period of 7 days to achieve the necessary strength before performing the pull-out test. 

This test is conducted on different UHPC mixtures with and without confining the concrete 

specimen using a steel casing for varying embedment lengths.  The experimental program for 

this test is provided in Table 6 (b).  
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Table 6 (b) - Experimental program for the rebar pull-out test 

UHPC 

ID 

(See Table 5e) 

Steel embedment length, mm (in) 

75 (3) 100 (4) 125 (5) 150 (6) 

w/ 

C* 
w/o C** w/ C* w/o C** w/ C* w/o C** w/ C* w/o C** 

Control 1 - - X - - - - - 

+SF–20%  X - X - X - - - 

+SF–20% 

+SMF–2% 
- X - - - - - X 

*w/ C indicates “With Confinement” 

**w/o C indicates “Without Confinement; 

X indicates that the embedment length investigated 
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(i) Experimental test set-up for rebar pull-out test 

  

(ii) Steel rebars at the center of freshly 

prepared cylinders 

(iii) Adjusting the position of the 

steel rebar 

Figure 6 (a) - Rebar pull-out experimental set up to evaluate development 

length of 13-mm rebar in UHPC mixtures 

 



 

28 

6.9 Rapid Chloride Ion Permeation 

In this test, the ability of UHPC to resist chloride ion penetration was measured as per ASTM 

C1202 test method. Three UHPC cylindrical disc specimens of 100 mm (4 in.) diameter x 50 mm 

(2 in.) tall were cut from three standard 100 mm x 200 mm (4 in. x 8 in.) cylinder specimens.  

After preparing the test specimens, they were placed in the RCPT equipment and affixed to the 

cells using a silicone sealant.  The cells on either side of the UHPC specimen were filled with a 

0.30 N solution of sodium hydroxide and a 3% sodium chloride solution. An electric voltage of 

60 V+ 0.1 V was applied across the specimen for six hours, and the total charge passed through 

the UHPC specimens was recorded.  Averaged values from three tests were reported as the rapid 

chloride permeation ion value for a given UHPC mixture.  

6.10 Drying Shrinkage 

The drying shrinkage of a UHPC mixture was determined according to ASTM C596 test 

procedure. In this test, the UHPC bars of standard size 25 mm x 25 mm x 285 mm (1 in. x 1 in. x 

11.25 in.) with gage studs were cast. After initial three days of curing in Ca(OH)2 solution, the 

bars were taken out, wiped dry and initial length readings were taken.  Immediately, the bars 

were kept in an environmental chamber maintained at a temperature of 23°C and a relative 

humidity of 50%. Subsequent length change readings were taken at regular intervals up to 180 

days and the shrinkage strains were calculated from the length change measurements. 

6.11 Autogenous Shrinkage 

The autogenous shrinkage of selected UHPC mixtures was determined according to ASTM 

C1698 test method. In this test, the freshly prepared mixture was filled in a corrugated plastic 

mold that offered little resistance to length change of the test specimen. The mold was sealed to 

prevent moisture loss and the specimen was stored at constant temperature. Starting at the time 

of final setting, the length of the specimen was measured using a comparator. The change in 

length was recorded at regular time intervals up to 48 hours. The change in length and original 

length of the specimen were used to compute the autogenous strain. 
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7.0 RESULTS AND DISCUSSIONS 

7.1 Preliminary investigations on the selection of materials and mixture proportions for 

UHPC 

7.1.1 Effect of s/c on the flow of UHPC 

The effect of s/c on the flow of UHPC mixtures with a constant 3% superplasticizer dosage is 

shown in Figure 7 (a) and Table 7 (a). As this Figure shows, the flow of mortars decreases with 

an increase in the s/c used and this behavior is observed at all the three w/c used. The flow values 

show little change up to a s/c ratio of 1.25 and a steep decrease beyond this value.  In addition, 

the flow of UHPC mixtures was found to substantially decrease with decrease in the w/c used. 

For example, at a constant s/c of 1.25, the decrease in the flow was found to be 60% when the 

w/c was decreased from 0.30 to 0.25. With further decrease in w/c from 0.25 to 0.20, the mix 

registered 0% flow. From these flow studies, it was observed that the superplasticizer (SP1) used 

did not provide a full flow of 150% even at a w/c of 0.30. Though SP1 is a polycarboxylate 

based superplasticizer, the efficiency in water reduction appears to be less at these w/c ratios and 

therefore additional superplasticizers were investigated to improve the performance of the UHPC 

mixtures. 

 

Figure 7 (a) - Effect of s/c on the flow characteristics of UHPC at a 

constant 3% superplasticizer dosage 
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Table 7 (a) - Flow characteristics of control mortars having different w/c and s/c ratios 

Mixture 

ID 

Photographs Flow 

,% Mixture Flow 

M1 

  

30 

M2 

  

64 

M3 

  

124 

M4 

 

* 22 

M5 

  

59 

M6 

  

96 

M7 * * 0 

M8 

 

* 47 

M9 

  

117 

M10 * * 0 

M11 

 

* 10 

M12 

  

79 
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M13 

 

* 4 

M14 * * 0 

M15 

 

* 9 

Note: * indicates that that particular mixture was not cast or the flow test was not performed 

7.1.2 Effect of s/c on the compressive strength of UHPC 

The compressive strength of UHPC mixtures having a w/c of 0.25 and varying s/c ratios from 0 

to 2 was measured. The effect of s/c on the 7- and 28-day compressive strength of UHPC is 

shown in Figure 7 (b). As this Figure shows, the 7-day compressive strength of mortars slightly 

increases with increase in the s/c from 0 to 0.50, beyond which the compressive strength slightly 

decreases. The 7-day strengths were in the range of 67-77 MPa (9700-11200 psi). At a 28-day 

curing period, a definite trend in the strength of UHPC was not observed, although maximum 

strength was observed at an s/c of 1.25. The 28-day strength of the UHPCs was in the range of 

79-89 MPa (11500-12900 psi), which is approximately 15%-18% higher than their 7-day 

strengths. 

 

Figure 7 (b) - Effect of s/c on the flow characteristics of control mortars 

at a constant 3% superplasticizer dosage 
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7.1.3 Effect of superplasticizer type on the flow of UHPC mixture 

7.1.3.1 Investigations with liquid-form superplasticizers 

The Control 3 mixture proportion shown in Table 5 (d) was used for this investigation. The 

quantity of superplasticizer dosage was increased from 0% to a maximum of 1.25%; this 

maximum limit was based on the manufacturer specification for polycarboxylate ether based 

superplasticizers. The effect of liquid-form superplasticizer dosage on the flow behavior of 

UHPC is shown in Figure 7 (c). As this Figure shows, the flow of UHPC for each 

superplasticizer type increases with increase in its dosage as expected. Higher dosage levels of 

superplasticizers SP1, SP3 and SP4 were needed to achieve a given flow compared to SP2 and 

SP5, indicating the superior performance of the latter two.  It may be observed from this Figure 

that there is a significant difference in the performance of the different superplasticizers used 

despite all of them belonging to the same family of polycarboxylate based materials. This 

indicates that the selection of superplasticizer is an important factor when selecting materials for 

producing UHPC.  Since SP5 registered the highest flow with least dosage used, it was used to 

compare with solid-form superplasticizers, which is discussed in the next section.  

 

Figure 7 (c) - Effect of liquid-form superplasticizer dosage on the 

flow characteristics of UHPC 
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7.1.3.2 Investigations with solid-form superplasticizers  

Three solid-form superplasticizers, SP6, SP7 and SP8 were used in this investigation along with 

the liquid form SP5 superplasticizer to understand their relative performance.  In this study, 

Control 1 mixture proportions, having a low w/c of 0.20, was used instead of Control 3 as full 

flow of 150% was expected even at very low superplasticizer dosage levels. The manufacturer’s 

recommended maximum dosage of 1.25% was used in mixtures containing different 

superplasticizers and the flow values were reported as shown in Figure 7 (d). As this Figure 

shows, SP8 performed the best among all the different solid- and liquid- form superplasticizers 

used. The flow value of mixtures containing SP8 was found to be 48% higher than that 

containing SP5 and hence SP8 superplasticizer was used for all subsequent studies. 

 

Figure 7 (d) - Comparison of flow value of UHPC containing solid-form and liquid-form 

superplasticizers at a constant dosage of 1.50% (by weight of cementitious materials) 
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SS2) registered higher flow than those containing conventional sand of similar distribution (CS1 

or CS2). This may be because, the conventional sand is more angular and contains rougher 

texture than the standard sand as shown in Figure 7 (f). 

Between the SS1 and SS2 mixtures or the CS1 and CS2 mixtures, mixture containing coarser 

fractions (SS2 or CS2) registered higher flow than that containing finer fractions (SS1 or CS1). 

This may be because coarser sand fractions have lower surface area and hence need lesser 

cementitious paste to completely coat their surfaces. Thus, the higher cementitious content in the 

mixture containing coarser sand fraction helps in increasing its flowability. 

 

Figure 7 (e) - Flow characteristics of UHPC mixtures containing 

standard and conventional sand 
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be attributed to the better gradation of CS sand compared to CS1 or CS2 sands.  Typically, 

mixtures containing well-graded sand fractions have traditionally produced better workability 

characteristics due to the ability of the particles to slide past each other easily compared to a 

narrow or a more uniformly graded sand.  Also, well-graded sands have a better packing ability 

to produce denser mixtures that are not susceptible to segregation. 

  

(i) Standard sand fractions (#30-#100) (ii) Standard sand fractions (#20-#30) 

  

(iii) Conventional sand fractions (#30-#100) (iv) Conventional sand fractions (#20-#30) 

Figure 7 (f) - Images of standard and conventional sand particles as seen 

through an optical microscopy 

Although mixtures containing standard Ottawa sand fractions produced better flow, the as-

obtained conventional sand was used for all research performed in this investigation.  The reason 

for this decision was that the cost of standard Ottawa sand was prohibitive.  Also, the standard 
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Ottawa sand is not a local material and therefore the findings from using it may not 

representative for mixtures prepared with local materials. 

7.1.5 Effect of w/c ratio, silica fume dosage and silica flour dosage on compressive 

strength, chloride permeability and drying shrinkage characteristics of UHPC 

7.1.5.1 Compressive strength 

The effect of w/c on the compressive strength development with age is shown in Figure 7 (g) – 

(i). As this Figure shows, the compressive strength of UHPC did not significantly change with 

decrease in the w/c used from 0.25 to 0.20. Higher compressive strength values were sometimes 

observed for high-w/c ratio mixtures at certain ages (e.g. 3 days) compared to low-w/c ratio 

mixtures, which may be due to better cement hydration in the former. Since the strength 

variation between mixtures having a w/c of 0.25 and 0.20 is minimal, a w/c of 0.20 to 0.225 was 

considered optimal as long as the flow behavior was satisfactory.  For all studies conducted in 

the preliminary investigation a w/cm ratio of 0.225 was used. 

The effect of silica fume addition on the compressive strength development with curing period is 

shown in Figure 7 (g) – (ii). As this Figure shows, the compressive strength of different UHPC 

mixtures remained constant until 7-day curing period, irrespective of the dosage of silica fume 

used. However with increase in age, the silica fume mixtures registered higher compressive 

strength than the control mixture, indicating the onset of pozzolanic reaction in UHPC. It can be 

observed from this Figure that the 28-day compressive strength of UHPC was found to increase 

with increase in the silica fume dosage from 0% to 20%. Further increase in the dosage beyond 

20% resulted in lower strengths and hence, a silica fume dosage of 20% appears to be optimal 

from compressive strength standpoint.  

The effect of silica flour addition on the compressive strength development with curing period is 

shown in Figure 7 (g) – (iii).  As this Figure shows, the addition of silica flour to the SF-10% 

mixture either slightly increases or slightly decreases the compressive strength at different curing 

periods and no definite trend was observed. However, it is important to note that the UHPC 

containing silica flour (i.e., SF-10%+SFL1-10%, SF-10%+SFL1-20% and SF-10%+SFL1-30%) 

registered higher 28-day compressive strength than the control mixture, indicating the benefits of 

using both silica fume and silica flour in UHPC. 
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The effect of fineness of silica flour on the compressive strength development with curing period 

is shown in Figure 7 (g) – (iv).  In this study, three grades of silica flour having different particle 

size or size ranges as shown in Table 5 (b) were used at a constant dosage of 20%.  As this 

Figure shows, the fineness of silica flour has a marked influence on the compressive strength of 

UHPC mixtures. The addition of silica flour having highest fineness (i.e., SFL1) clearly 

increased the compressive strength of UHPC as compared to lower fineness silica flours (SFL2 

and SFL3), indicating the benefits of using finer particles in the UHPC mixture. Finer particles 

of silica flour tend to act as micro-fillers in the matrix phase and at the interfacial transition zone, 

thereby increasing the denseness and strength of the matrix.  In addition, the rate of compressive 

strength gain for UHPC mixtures SF-10%+SFL2-20% and SF-10%+SFL3-20% mixtures was 

found to be slow, even slower than that of the control mixtures especially at early curing periods 

of 3 and 7 days.  However, these silica flour mixtures gained strength with curing period beyond 

7 days and their 28-day strengths were comparable to that of the control mixture. 

Over all, there does not appear to be any significant advantage in using any of the silica flours 

when 10% silica fume is used in the mix.  Therefore, the use of silica flour is not recommended 

for the purposed of this study. 
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(i) Effect of w/c (ii) Effect of silica fume addition 

  

(iii) Effect of silica flour addition (iv) Effect of fineness of silica flour 

Figure 7 (g) - Effect of w/c, silica fume dosage, silica flour dosage and silica 

flour fineness on the compressive strength of UHPC 

Over all, the rate of compressive strength development in different UHPC mixtures shown in 

Figure 7 (g) indicates that a steep increase in strength was observed for all the mixtures up to 7 

days of curing period. Between 7 and 28 days, only a small increase in the strength of UHPCs 

was observed for mixtures containing Portland cement alone (Control 2) and those containing 

silica flour dosage of 20% or more.  Mixtures containing silica fume showed appreciable 

increase in strength between 7 and 28 days.  No compressive strength tests were conducted on 

any mixtures beyond 28 days in this study.  Based on the findings from this study, 7-day or 28-
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day strengths appears to be a critical measure for assessing the compressive strength of UHPCs, 

depending on their mixture composition. 

7.1.5.2 Rapid chloride ion permeation (RCP) 

The RCP values for different UHPCs are shown in Figures 7 (h). As these Figures show, the 

RCP values were generally found to be in the range of 68 to 1324 Coulombs, indicating that the 

UHPCs have “negligible” or “very low” or “low” permeable matrices. 

The effect of w/c on the RCP of UHPCs shown in Figure 7 (h) – (i) indicates that the RCP value 

decreases with decrease in the w/c used from 0.25 to 0.20 as expected, and the percentage 

decrease in the value was 50%. By reducing the w/c from 0.25 to 0.20, the chloride ion 

permeability in the UHPC can be reduced from “low” to “very low” level. 

The effect of silica fume dosage on the RCP value shown in Figure 7 (h) – (ii) indicates that the 

RCP value for UHPCs decreases with increase in the silica fume dosage from 0% to 30%.  

However, the difference in the RCP values between the three dosage levels of silica fume was 

minimal.  The percentage decrease in the RCP values below that of the control mixture was 

found to be 80%, 91% and 92% for mixtures with 10%, 20% and 30% silica fume dosage, 

respectively. Even though a 20% and 30% silica fume dosage reduced the RCP values from 

“very low” range to “negligible” range, the rate of decrease in the RCP values was found to be 

higher at 10% dosage than at 20% or 30% dosage.  Thus, a silica fume dosage of 10% was 

considered sufficient in reducing the chloride ion permeability to very low values.  However, the 

use of silica fume at 20% dosage level can further reduce the chloride ion permeability to 

negligible levels. 

The effect of silica flour addition to UHPC mixtures (containing 10% silica fume) on the RCP 

value shown in Figure 7 (h) – (iii) indicates that the RCP value for UHPCs decrease with 

increase in the silica flour dosage from 0% to 30%. 

The effect of fineness of silica flour on the RCP value for UHPCs is shown in Figure 7 (h) – (iv). 

By comparing the SF-10%+SFL1-20%, SF-10%+SFL2-20% and SF-10%+SFL3-20% mixtures, 

it is evident that the RCP value for UHPCs show no significant change with decrease in the 

fineness of silica flour used. 
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From chloride permeability standpoint, a highly durable UHPC mixture can be obtained either by 

using 20% silica fume by itself in the mix, or alternately by using 10% silica fume along with 

10% silica flour (SFL1). 
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(i) Effect of w/c (ii) Effect of silica fume addition 

  

(iii) Effect of silica flour addition (iv) Effect of fineness of silica flour 

RCP limits specified by FHWA for prediction of chloride penetration in concrete are: 

    >4000: “high permeability” 

2000 –4000: “moderate permeability” 

1000 –2000: “low permeability” 

 100 –1000: “very low permeability” (100 and 1000 limits are shown as lines in plots) 

    < 100: “negligible permeability” 

Figure 7 (h) - Effect of w/c, silica fume dosage, silica flour dosage and silica 

flour fineness on the RCP value of UHPC 
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7.1.5.3 Drying shrinkage 

The drying shrinkage behavior of different UHPC mixtures is shown in Figure 7 (j). As these 

Figures show, the drying shrinkage of UHPC increases with an increase in the exposure period as 

expected. A steep increase in the shrinkage values was usually observed for all the mixtures at 

early exposure periods up to 60 days. 

The effect of w/c on the drying shrinkage of UHPC with exposure period is shown in Figure 7 (j) 

– (i). As this Figure shows, the drying shrinkage of UHPC significantly increased with decrease 

in the w/c used from 0.25 to 0.20. The magnitude of shrinkage values at 180 days for the three 

UHPC mixtures ranged from 0.066% (w/c = 0.25) to 0.093% (w/c = 0.20).  Large shrinkage 

values can lead to micro-cracking and can affect the durability of UHPC in the long-term.  

However, the shrinkage of UHPC can be reduced by using shrinkage reducing admixtures or 

steel microfibers. 

The effect of silica fume addition on the drying shrinkage behavior of UHPC is shown in Figure 

7 (j) – (ii). As this Figure shows, the drying shrinkage of the UHPC mixtures did not vary 

substantially with an increase in the dosage of silica fume used from 0% to 30%. 

The effect of silica flour addition on the drying shrinkage behavior of the UHPC mixture is 

shown in Figure 7 (j) – (iii). As this Figure shows, the drying shrinkage of the UHPC mixture 

was found to increase with increase in the silica flour dosage from 0% to 10%, particularly at 

earlier ages. However, a further increase in the drying shrinkage of the UHPC mixture was not 

observed with increase in the silica flour dosage beyond 10%. 

The effect of fineness of silica flour on the drying shrinkage behavior is shown in Figure 7 (j) – 

(iv). In this study, three types of silica flour having different particle size or size ranges as 

described in the previous report were used at a constant replacement level of 20% by mass of 

sand.  As this Figure shows, the fineness of silica flour does not appear to have any marked 

influence on the drying shrinkage behavior of UHPC mixtures.   

From these results, it appears that the use of lower w/cm ratio and the use of silica fume and 

silica flour increases the shrinkage substantially, which necessitates the use of shrinkage 

reducing admixtures or microfibers.  These strategies are discussed in the subsequent sections. 
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(i) Effect of w/c (ii) Effect of silica fume addition 

  

(iii) Effect of silica flour addition (iv) Effect of fineness of silica flour 

Figure 7 (j) - Effect of w/c, silica fume dosage, silica flour dosage and silica flour 

fineness on the drying shrinkage behavior of UHPC 

7.1.6 Effect of PVA microfiber addition on the strength, chloride permeability and 

drying shrinkage characteristics of UHPC mixture 

In this study two UHPC mixtures were produced that contained either 1% PVA fibers by volume 

of the mixture, or that did not contain any fibers.  These mixtures had a w/c of 0.20, silica fume 

dosage of 10%, silica flour dosage of 10% and s/c ratio of 1.25.  The results from tests conducted 

on these mixtures are presented in Figures 7 (k) – (i) and 7 (k) – (ii). 

As the Figure 7 (k) – (i) shows, the cube compressive strength of UHPC with and without PVA 
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compressive strength substantially especially at the early curing periods. However at 28 days, the 

compressive strength of mixture containing PVA microfibers was only slightly higher than that 

of UHPC without the microfibers. 

The rapid chloride ion permeation (RCP) value for the UHPC mixtures with and without 

microfibers was 96 and 108 Coulombs, respectively, indicating that the addition of PVA 

microfibers had no significant influence on the chloride ion permeability of UHPC.  

As the Figure 7 (k) – (ii) shows, the shrinkage observed in UHPC mixtures with and without 

microfibers increases with period of exposure as expected. The shrinkage of the two mixtures 

was identical until 56 days.  Even at 180 days no significant difference in shrinkage was 

observed, indicating that the addition of PVA microfibers at 1% dosage level was not beneficial 

in reducing the shrinkage expansions. 

From these studies, the drying shrinkage of UHPC does not appear to be influence by the 

presence of PVA fibers.  It appears that other characteristics of UHPC such as the low-w/c, silica 

fume and silica flour contents may be more influential in the drying shrinkage behavior than the 

presence of absence of fibers.  
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(i) Effect of PVA microfibers on the 

compressive strength 

(ii) Effect of PVA microfibers on the 

drying shrinkage behavior 

Figure 7 (k) - Effect of PVA microfibers on the compressive strength and 

drying shrinkage behavior of UHPC 
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7.1.7 Effect of steel microfiber addition on the strength, chloride permeability and 

drying shrinkage characteristics of UHPC mixture 

In this study, UHPC mixtures were produced using a w/c of 0.225, silica fume dosage of 20%, 

and s/c of 1.25. UHPC mixtures containing 0%, 1% and 2% steel microfiber dosage (by volume 

of the total mixture) were prepared. The compressive strength of UHPC cylinders and cubes are 

discussed in Figure 7 (l) – (i) while the RCP and shrinkage test results of the mixtures are 

discussed in Figure 7 (l) – (ii) and 7 (l) – (iii), respectively. 

 

(i) Compressive strength behavior 

  

(ii) RCP value (iii) Drying shrinkage behavior 

Figure 7 (l) - Effect of steel microfibers on the compressive strength, RCP 

value and drying shrinkage behavior of UHPC 
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UHPC containing 1% steel microfiber was only slightly higher than the UHPC mix without the 

microfibers. However in the case of UHPC containing 2% steel microfiber dosage, the 

percentage increase in the compressive strength due to microfiber addition was substantially 

higher than that of the UHPC mixtures without microfibers at all ages evaluated in this study. 

As the Figure 7 (l) – (ii) shows, the addition of microfibers from 0% to 1% (by volume) 

increased the permeability significantly from “negligible” to “very low” permeability range, 

respectively, which could be due to the increased conductivity caused by the presence of steel 

microfibers. Further addition of microfibers from 1% to 2% (by volume) did not affect the 

permeability much. 

As the Figure 7 (l) – (iii) shows, the drying shrinkage of the UHPC mixtures with and without 

steel microfibers increases with increase in the period of exposure. From these results it can be 

observed that compared to UHPC mixtures with 0% and 1% dosage level of steel microfibers, 

the addition of 2% microfiber volume dosage slightly decreased the drying shrinkage of UHPC.  

7.1.8 Comparative performance of Quikrete® NSP grout and UHPC mixture in 

compression 

The rate of compressive strength development of Quikrete® NSP grout and Control 1 mixture 

(UHPC 1) is shown in Figure 7 (m) – (i). As this Figure shows, the compressive strength of 

Quikrete® NSP grout steadily increases with increase in the curing period from 0 to 28 days 

although the rate of strength increase is higher at early curing periods. In the case of the Control 

1 mixture, a steep increase in the compressive strength of UHPC was observed at early curing 

periods until about 7 days after which the strength increase levels off. The 28-day compressive 

strength of Control 1 mixture was however higher than that of the Quikrete® NSP grout mixture. 

The modulus of elasticity of Quikrete® NSP grout and Control 1 mixture was found as 29 GPa 

(4205 ksi) and 49.1 GPa (7120 ksi), respectively. As seen from these values, the MOE of Control 

1 mixture is ~1.69 times that of the Quikrete® NSP grout. Similarly the RCP of the Quikrete® 

NSP grout and Control 1 mixture was determined as 948 and 557 Coulombs, respectively, 

indicating that the permeability of both mixtures are in the “very low” level category. However, 

the RCP of Control 1 mixture is 41% lower than that of Quikrete® NSP grout.  
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The drying shrinkage behavior of Quikrete® NSP grout and Control 1 mixture is shown in 

Figure 7 (m) – (ii). As this Figure shows, the rate of increase in the drying shrinkage of the two 

mixtures increases with an increase in the exposure period from 0 to 28 days beyond which this 

increase levels off. In addition, drying shrinkage of Quikrete® NSP grout mixture is significantly 

higher than that of the Control 1 mixture. For example at a 28-day exposure period, the drying 

shrinkage of Control 1 mixture was 62.5% lower than that of the Quikrete® NSP grout mixture. 

  

(i) Rate of compressive strength development (ii) Drying shrinkage behavior 

Figure 7 (m) - Compressive strength and drying shrinkage behavior of 

Quikrete® NSP grout and UHPC mixtures 

Overall from this investigation, the choice of using Quikrete® NSP grout for shear key 

application appears impractical primarily due to the high drying shrinkage of Quikrete® NSP 

grout mixture. In parallel, the Control 1 mixture has shown better mechanical properties and with 

suitable optimization of this mixture, the composite can be expected to serve as a suitable 

material for shear key application. 
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7.2 Properties of Selected Ultra-High Performance Cementitious Material to be used for 

Shear Key Application in Bridge Deck 

7.2.1 Properties of freshly prepared UHPC mixtures 

The properties of freshly prepared UHPC2, UHPC 3 and UHPC4 mixtures are shown in Table 7 

(b).  The full flow (i.e. 150%) was observed in all the UHPCs evaluated.  These mixtures used 

1% dosage of superplasticizer by weight of the cementitious materials. 

Table 7 (b) - Properties of freshly prepared UHPC mixtures 

UHPC 

ID 

Flow 

,% 

Density 

,kg/m
3
( lb/yd

3
) 

Fresh air 

content 

,% 

Setting time 

(hrs.) 

Initial Final 

UHPC 1 150 2416 (4078) 3.5 5.58 7.06 

UHPC 2 150 2374 (4007) 3.2 7.43 8.71 

UHPC 3 150 2459 (4150) 2.6 7.30 8.42 

UHPC 4 150 2453 (4140) 3.1 14.93 16.40 

 

The setting time of UHPC 4 appears to be influenced by the combination of superlasticizer and 

shrinkage reducing admixture used in the mixture.  The values shown in this Table is for a 1% 

superplasticizer dosage and 2% shrinkage reducing admixture dosage by weight of the 

cementitious materials.  However, when only 0.5% dosage of superplasticizer was used, the 

initial and final setting time for UHPC 4 was observed to be 450 minutes (7.5 hours) and 557 

minutes (9.28 hours), respectively. 

7.2.2 Properties of hardened UHPC mixtures 

7.2.2.1 Compressive strength 

The compressive strength test results are shown in Table 7 (c) while the rate of compressive 

strength development of UHPC for the four mixtures is shown in Figure 7 (n). 

  



 

50 

Table 7 (c) - Compressive strength test results of UHPC 

UHPC 

ID 

Cube compressive strength of UHPC mixtures after specified period of curing 

1 day 3 days 7 days 28 days 

Average, 

MPa (psi) 

COV 

,% 

Average, 

MPa(psi) 

COV 

,% 

Average, 

MPa(psi) 

COV 

,% 

Average, 

MPa(psi) 

COV 

,% 

UHPC 1 
79.0 

(11455) 
4.3 

82.7  

(12000) 
3.5 

90.4 

(13108) 
6.6 

96.7 

(14022) 
5.3 

UHPC 2 
79.8 

(11571) 
1.4 

110.1 

(15965) 
3.7 

115.3 

(16720) 
3.6 

102.7 

(14890) 
1.8 

UHPC 3 
109.7 

(15907) 
0.2 

124.3 

(18024) 
4.5 

127.7 

(18520) 
8.6 

158.2 

(22939) 
5.5 

UHPC 4 
57.5 

(8338) 
2.3 

102.2 

(14819) 
6.6 

123.6 

(17922) 
5.3 

158.7 

(23000) 
1.7 

 

As the Figure 7 (n) – (i) shows, the compressive strength of UHPC cubes for the four mixtures 

increases with increase in the curing period from 0 days to 28 days as expected. The increase in 

the compressive strength of UHPC tends to level-off after 7 days curing period for the UHPC 1 

and UHPC 2 mixtures. However for the UHPC 3 and UHPC 4 mixture, a steady increase was 

observed beyond 7 days curing period. 

As the Figure 7 (n) – (ii) shows, the compressive strength of UHPC 2 mixture was slightly higher 

than that of the UHPC 1 mixture at 1 day curing period. The strength-over-control (SOC) value 

for the UHPC 2 mixture is significantly higher at all periods after 1 day curing period and the 

effect of 20% silica fume addition at a 28-day curing period was 6%. 

The effect of addition of 2% microfibers can be assessed by comparing the UHPC 2 and UHPC 3 

mixtures. As the Figure shows, the compressive strength of UHPC 3 mixture was significantly 

higher than the UHPC 2 at all curing periods. For example, at 7- and 28- day curing periods, the 

percentage increase in compressive strength due to microfiber addition was 11% and 54%, 

respectively. 

The effect of addition of 2% SRA can be assessed by comparing the UHPC 3 and UHPC 4 

mixtures. As the Figure shows, the compressive strength of UHPC 4 mixture was significantly 

lower than the UHPC 3 mixture, especially at 1 day curing period. The percentage decrease in 

strength due to SRA addition decreases with age from 1 day to 7 days. At 7-day curing period, 
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this percentage decrease in strength due to SRA addition was only 3%, compared to 28% 

reduction at 1-day. At 28-days the compressive strengths of UHPC mixtures with and without 

SRA were identical. 

It is also interesting to note that the 1-day compressive strength of UHPC 4 is significantly less 

than UHPC 1 and UHPC 2, however by 28 days UHPC 4 is much stronger than UHPC 1 and 

UHPC 2 and identical to the compressive strength of UHPC 3. The low early age strength of 

UHPC 4 can be considered to be advantageous in that the stiffness of the concrete is much lower 

than other mixtures and therefore shear key constructed of UHPC 4 would attract significantly 

less stress and likely be less prone to micro-cracking induced by strains caused by factors such as 

construction or traffic related vibrations or other loadings. 

  

(i) Rate of compressive strength development (ii) 28-day compressive strength 

Figure 7 (n) - Rate of compressive strength development of UHPC 

7.2.2.2 Modulus of elasticity 

The modulus of elasticity (MOE) of UHPC specimens cured for a period of 28 days is shown in 

Table 7 (d) and Figure 7 (p) – (i). Comparing the 28-day MOE values for the Control and SF-

20% mixture, the percentage increase in MOE due to silica fume addition was 9%. Similarly by 

comparing the MOE values for the UHPC 2 and UHPC 3 mixture, it can be observed that the 

addition of steel microfibers does not change the MOE of UHPC significantly. The effect of 

addition of SRA reduces the MOE of UHPC by 5%, which is evident by comparing the test 

results of UHPC 3 and UHPC 4 mixture.  This finding is reinforced by the observation that the 
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compressive strength of UHPC 4 mixture was much lower than UHPC 3 mixture at early ages 

and only started to catch up to UHPC 3 mixture by 28 days. 

Table 7 (d) - Modulus of elasticity of UHPC cylinders 

UHPC 

ID 

28-day Modulus of Elasticity 

AVG 

,GPa(ksi) 

SD 

,GPa(ksi) 

COV 

,% 

UHPC 1 49.1(7120) 2.8(406) 5.7 

UHPC 2 53.5 (7758) 0.1(15) 0.2 

UHPC 3 52.5(7613) 1.1(160) 2.1 

UHPC 4 50.1(7265) 0.9(130) 1.8 
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(i) Modulus of elasticity (ii) Split tensile strength 

 

(iii) Flexural strength 

Figure 7 (p) - Modulus of elasticity, split tensile strength and flexural 

strength of different UHPC mixtures 

7.2.2.3 Tensile Strength (Split tensile strength and Flexural Strength) 

The split tensile strength of UHPC specimens cured for 7-day and 28-day period is shown in 

Table 7 (e) and Figure 7 (p) – (ii). The addition of silica fume increases the split tensile strength 

of UHPC by 13%, which is evident while comparing the 28-day split tensile strength values for 

the UHPC 1 and UHPC 2 mixture. Similarly by comparing the split tensile strength values for 

the UHPC 2 and UHPC 3 mixture at 28-day, it can be observed that the addition of steel 

microfibers increases the tensile strength substantially by 1.1 times (110%).  The split tensile 
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strength of UHPC 4 mixture, which contained SRA was slightly higher than that of the UHPC 3 

mixture, but significantly more than UHPC 1 or UHPC 2. 

Table 7 (e) - Split tensile and flexural strength test results of UHPC specimens 

UHPC 

ID 

Mixture 

Description 

Splitting tensile strength 

7-day 28-day 

Average 

,MPa(psi) 

COV 

,% 

Average 

,MPa(psi) 

COV 

,% 

UHPC-1 Control 7.0(1015) 8.6 7.9(1146) 10.1 

UHPC-2 +SF–20% 6.8(986) 6.9 8.9(1291) 5.7 

UHPC-3 
+SF–20% 

+SMF–2% 
17.5(2538) 11 19.0(2755) 12.5 

UHPC-4 
+SF–20% 

+SMF–2%+SRA–2% 
16.9(2450) 3.5 19.2(2784) 6.3 

  
Flexural strength 

7-day 28-day 

UHPC-1 Control 11.9(1726) 5.7 14.1(2045) 3.8 

UHPC-2 +SF–20% 11.1(1610) 2.1 13.9(2016) 4.4 

UHPC-3 
+SF–20% 

+SMF–2% 
32.6(4727) 2.6 32.1(4655) 5.4 

UHPC-4 
+SF–20% 

+SMF–2%+SRA–2% 
27.8(4031) 4.7 25.5(3698) 5.8 

 

The flexural strength of UHPC specimens cured for 7-day and 28-day period is shown in Table 7 

(e) and Figure 7 (p) – (iii). The addition of silica fume slightly decreases the flexural strength of 

UHPC (by 1%), which is evident while comparing the 28-day flexural strength values for the 

UHPC 1 and UHPC 2 mixture. Similarly by comparing the flexural strength values for the 

UHPC 2 and UHPC 3 mixture at 28-day, it can be observed that the addition of steel microfibers 

increases the flexural strength substantially, by 1.3 times. The addition of SRA decreased the 

flexural strength of the UHPC 4 specimen by 21%, which is evident by comparing the test results 

of UHPC 3 and UHPC 4 mixture.  



 

55 

7.2.2.4 Slant Shear Bond Strength 

The 7-day slant shear bond strength results are shown in Table 7(f).  The compressive strength of 

precast substrate concrete used in this study ranged from 40.8 MPa (5916 psi) to 52.5 MPa (7613 

psi).  The 7-day results from slant shear test show that the ultimate failure load of UHPC 4 

mixture was among the highest of the different UHPC mixtures studied. – 283.9 KN (63 kips).   

The slant shear bond strength, based on a cross sectional area of ellipse of 9116 mm
2
 (14 in.

2
), is 

31.1 MPa (4510 psi).  This bond strength is significant and is much higher than the tensile 

strength of the precast concrete. 

Table 7 (f) - Ultimate load of slant shear test specimens of UHPC 

UHPC 

ID 

Slant Shear Bond Strength 

7-day 28-day 

Average, kN 

(kips) 

COV, 

% 

Failure 

Location* 

Average, 

kN (kips) 

COV, 

% 

Failure 

Location* 

UHPC 1 128.4(28.3) 2.0 Concrete 209.1(46.2) 4.7 Concrete 

UHPC 2 148.0(32.7) 8.4 Concrete 254.8(56.2) 5.2 Concrete+UHPC 

UHPC 3 292.8(64.6) 6.6 Bond+concrete 264.8(58.5) 9.6 Concrete 

UHPC 4 283.9(62.7) 11.2 Concrete 303.2(66.9) 10.5 Concrete 

*“Concrete” when failure occurred in the concrete portion, “Bond+concrete” when failure 

occurred at interface and cracks in concrete portion and “Concrete+UHPC” when failure crack 

propagated through the UHPC and concrete portions, but remained bonded together 

7.2.2.5 Pull-off bond strength 

Results from pull-off bond strength tests at 7 days are shown in Table 7 (g). From these it 

appears that the failure location is consistently within the precast concrete, even at ages as early 

as 7 days, clearly indicating the superior bond strength of UHPC 2, UHPC 3 and UHPC 4.  This 

shows that the tensile strength of the precast concrete is the limitation, and not the bond strength 

between the UHPC and the precast concrete. 
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Table 7 (g) - Ultimate load of slab pull-out test specimens of UHPC 

UHPC 

ID 

Pull-off Bond Strength 

7-day 28-day 

Average, kN (lb) COV, % 
Failure 

Location* 
Average, kN(lb) COV, % 

Failure 

Location* 

UHPC 1 1.7(375) 29.4 Bond 4.3(949) 2.3 Bond 

UHPC 2 3.9(861) 5.1 Concrete 4.8(1060) 2.5 Concrete 

UHPC 3 4.6(1015) 6.5 Concrete 5.9(1302) 12.1 Concrete 

UHPC 4 6.0(1325) 0.0 Concrete 6.2(1369) 6.8 Concrete 

*“Concrete” when failure occurred in the concrete portion, “Bond+concrete” when failure 

occurred at interface and cracks in concrete portion and “Concrete+UHPC” when failure crack 

propagated through the UHPC and concrete portions, but remained bonded together 

7.2.2.6 Rebar Pull-Out Test 

In the previous research reported in the final report for SPR 682, there was no evidence that the 

U-bars extending from the precast concrete pieces into a shear key closure pour exhibited any 

evidence of bond failure during the testing of the slab/shear key specimens [7]. The width of the 

shear key was about 200 mm (8 in.) in width at the top and bottom surfaces, but had a width of 

about 250 mm (10 in.) in the mid-depth section of the shear key to provide for an interlocking 

profile. See final report for SPR 682 for the details of the shear key and test specimens [7] 

One of the concerns raised by the commercial precasters was the difficulty in casting concrete 

pieces with U-bars extending through the side forms. The slots that would allow the U-bars to 

extend through the side form would each need to be sealed prior to the placement of the concrete 

into the formwork of each precast concrete piece. One of their recommendations was to replace 

each U-bar, could two straight bars. This would allow the side forms to have a small hole that 

would support the bar and not allow significant concrete during placement to leak out of the 

form. In addition, it was also desirable to reduce the width of the shear key so that less UHPC 

material was required for the shear key closure pour. 

To understand the length of embedment needed to develop the yield strength of a 13-mm (0.5-in.) 

Grade 420 reinforcement steel, a very simple test specimen was made using a 150 mm x 300 mm 

(6 in. x 12 in.) cylinder of UHPC 4 concrete with a 13-mm (0.5-in.) bar extending from the top 
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face. See Figure 6(a). One of the problems with using a concrete specimen of this size would be 

the tendency of the ribs of the rebar to split the cylinder as the bar is pulled out of the concrete 

and provide a resistance that would not be representative of a bar placed in a large block of 

concrete. At issue was the ability of a 150 mm x 300 mm (6 in. x 12 in.) cylinder to provide 

required confinement around the rebar. Preliminary testing of concrete resulted in the cylinders 

splitting and releasing the rebar at a relatively low level of tension stress in the rebar. Since it 

was not desirous to increase the size of the concrete specimen, the concrete cylinder was place 

inside of a split cylindrical steel jacket (see Figure 7(q)). The longitudinal slit could be closed by 

tensioning the two side bolts to close the slit and create a confinement stress. The purpose of the 

steel jacket was to prevent the cylinder from splitting and not provide an artificial confinement 

stress. Therefore the two side-bolts were tightened snuggly to prevent any splitting of concrete 

and releasing the rebar.  

 

Figure 7 (q) - The confinement cylinder used to prevent the cylinders from expanding 

beyond the initial diameter in the rebar pull-out test 

The rebar tests were conducted on several different UHPC mixtures. The test specimens, 

regardless of depth of embedment, made with a UHPC mixture design that did not include steel 

microfibers needed to be placed inside the steel jacket prior to pulling the rebar to prevent 

splitting. The specimens with only 75 mm (3 in.) of embedment into a UHPC mixture without 
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steel microfibers exhibited a shear cone failure upon reaching maximum load. The same failure 

mode was also exhibited for the specimens with only 75 mm (3 in.) of embedment into a UHPC 

mixture with steel microfibers. However, the specimens with 150 mm (6 in.) of embedment into 

a UHPC mixture with steel microfibers did not need to be placed in the steel jacket, since the 

steel microfibers did not allow the splitting cracks to open up during the testing and significant 

confinement around the rebar was maintained. The parameters consider in the rebar pull-out tests 

were: 

1) UHPC mixture with and without steel microfibers 

2) Splitting crack control by use of steel jacket 

3) Depth of embedment of #4, Grade 60 rebar 

The notation of the specimen labeling (ex: S-1-6C-NJ) is explained in Table 7 (h) and the 

description of the failure modes are explained in Table 7 (i).  Table 7 (j) provides the maximum 

stresses obtained during the pull-out testing of the rebar.  Figure 7(r) shows the data in a graph. 

Table 7 (h) - Specimen notation description 

Specimen Denotation (Ex. S-1-6C-NJ) 

Mixture Design 

(1
st
 Grouping) 

Concrete Batch 

(2
nd

 Grouping) 

Embedment Length & 

Repeat of A, B or C 

(3
rd

 Grouping),mm(in.) 

Crack Control 

(4
th

 Grouping) 

C: UHPC w/o fibers 1: First batch 3:  75 (3) NJ: No Steel Jacket 

S: UHPC w/ fibers 2: Second batch 4: 100 (4) J: Steel Jacket Used 

  

5: 125 (5) 

 6: 150 (6) 

Table 7 (i) - Descriptions of the failure modes 

Mode Description 

Yld Rebar yielded and test was stopped prior to or after fracture of rebar 

P-O Rebar pulled out and load was dropping (rebar may have also yielded) 

Cone Concrete shear cone developed at tip of rebar (rebar may have also yielded) 

Split Splitting cracks radiated out from rebar (rebar may have also yielded) 
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Table 7(j) - Maximum loads and stresses obtained during the pull-out testing of the rebar 

Specimen 
Max Tension Force Max Tension Stress 

Failure Mode 
kN(kips) MPa(ksi) 

C-1-4A-J 95.2(21.0) 751.2(108.9) Yld 

C-1-4B-J 110.8(24.5) 874.5(126.8) Yld 

C-1-4C-J 107.1(23.6) 845.8(122.6) Yld 

C-1-5A-J 76.1(16.8) 601.1(87.2) Yld 

C-1-6A-J 72.7(16.0) 574.0(83.2) Yld 

C-1-6B-J 88.6(19.6) 699.8(101.5) Yld 

C-1-6C-J 94.9(20.9) 749.4(108.7) Yld 

C-2-3A-J 89.7(19.8) 708.3(102.7) Cone & Split 

C-2-3B-J 99.3(21.9) 783.7(113.6) Cone 

C-2-3C-J 71.4(15.8) 563.8(81.8) Cone 

C-2-4A-J 106.8(23.6) 842.9(122.2) Yld 

C-2-4B-J 108.2(23.9) 853.9(123.8) Yld 

C-2-4C-J 104.9(23.2) 827.8(120.0) Yld 

C-2-5A-J 106.4(23.5) 839.9(121.8) Yld 

C-2-5B-J 116.2(25.7) 917.2(133.0) Yld 

C-2-5C-J 105.5(23.2) 832.6(120.7) Yld 

S-1-3A-NJ 93.2(20.6) 735.8(106.7) P-O & Split 

S-1-3B-J 98.9(21.8) 781.0(113.2) Yld 

S-1-3C-J 97.3(21.5) 767.9(111.3) Yld 

S-1-6A-NJ 89.3(19.7) 704.8(102.1) Yld 

S-1-6B-NJ 95.6(21.1) 754.6(109.4) Yld 

S-1-6C-NJ 93.4(20.6) 737.1(106.9) Yld 
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Regardless of the mixture, depth of embedment or use of the jacket, the stress in the rebar during 

the testing of every specimen exceeded the minimum specified yield stress of the steel. In fact in 

nearly all specimens, the rebar stress exceeded the expected ultimate stress of the steel. The 

results of the pull-out tests indicate that a development length of only six times the bar diameter 

is likely to be enough to develop the strength of #4 rebar surrounding by a reasonable amount of 

UHPC. However, a decision to only use six bar diameters for development is not suggested 

given normal construction tolerances and the negative consequences of not developing the 

strength of the reinforcement. 

 

Figure 7 (r) – Maximum tensile stress developed in the rebar as a function of the UHPC 

mixture type, presence or absence of steel jacket confinement and steel embedment 

7.2.2.7 Rapid chloride ion permeation test 

The comparison of the 28-day rapid chloride ion permeation (RCP) of UHPC specimens is 

shown in Table 7 (k) and Figure 7 (s) – (i). A comparison of the test results of the UHPC 1 and 
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UHPC 2 mixture indicated that the addition of silica fume decreases the RCP of UHPC 

substantially by 89%, thereby bringing down its permeability from “very low” level to 

“negligible” level. Similarly by comparing the RCP of the UHPC 2 and UHPC 3 mixture, it can 

be observed that the addition of steel microfibers significantly increases the RCP value by ~14 

times, probably due to the electrical conductivity of the embedded steel microfibers. A 

comparison of the 28-day RCP of the UHPC 3 and UHPC 4 mixture revealed that the addition of 

SRA was helpful in reducing the RCP of UHPC. 

Table 7 (k) - Rapid chloride ion permeation test results at 28 days of curing period 

UHPC 

ID 

28-day RCP value 

Average 

,Coulombs 

COV 

,% 

UHPC 1 572 2.5 

UHPC 2 64 3.3 

UHPC 3 1197 57.9 

UHPC 4 193 10.3 

 

 

 

(i) RCP value  (ii) Drying shrinkage behavior 

Figure 7 (s) - Rapid chloride ion permeation and drying shrinkage behavior 
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7.2.2.8 Drying shrinkage test results 

The drying shrinkage test results of the four UHPC mixtures are shown in Table 7 (l) and Figure 

7 (s) – (ii).  It can be observed from this data that the drying shrinkage of these UHPC mixtures 

increases with an increase in the exposure period as expected. However, the increase in the 

drying shrinkage of all UHPC mixtures tends to level-off after about 90 days of exposure.  From 

this data, it can also be observed that the addition of silica fume at 20% dosage level (UHPC 2) 

significantly reduced the shrinkage of UHPC (24% reduction).  Further reduction in shrinkage of 

UHPC was obtained by adding steel microfibers (UHPC 3) and SRA (UHPC 4).    

Table 7 (l) - Drying shrinkage behavior of UHPC specimens 

UHPC 

ID 

Shrinkage of UHPC specimens after specified period of curing 

25 days 87 days 177 days 

Average,% COV,% Average,% COV,% Average,% COV,% 

UHPC 1 -0.077 0.8 -0.085 1.7 -0.093 2.2 

UHPC 2 -0.051 3.9 -0.068 0.9 -0.071 4.2 

UHPC 3 -0.043 8.8 -0.058 5.0 -0.063 3.2 

UHPC 4 -0.036 16.7 -0.054 4.8 -0.056 1.8 

 

7.2.2.9 Autogenous shrinkage 

Autogenous shrinkage test results are shown in Figure 7(t), which shows that the UHPC 4 

mixture is performing significantly better than UHPC 1 and UHPC 2 mixtures.  This is due to the 

combined effects of steel microfibers and shrinkage reducing admixture. 
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Figure 7 (t) - Autogenous shrinkage behavior of UHPC mixtures 
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8.0 STRUCTURAL EVALUATION OF UHPC SHEAR KEY 

The majority of effort within this research project was focused on the research to develop an 

appropriate mixture design for UHPC that met or exceeded critical design criteria established by 

the principle investigators of a previous research project and this research project. This research 

was completed by conducting a series of standardized tests using various materials and 

proportioning to develop a UHPC to evaluate various properties and to understand the influence 

of these materials on changing critical properties.  After careful analysis of the material test data, 

a mixture design was recommended for further evaluation through structural testing including the 

previously discussed rebar pull-out tests and large scale testing of a length of shear key use to 

connect together two pieces of precast concrete simulating the actual flange connection of 

NEXT-D beam sections to using the recommended UHPC mixture design. The actual design of 

the shear key including the geometric cross section and reinforcement extending out of the 

precast pieces into the shear key were developed in a previous study and is reported in SPR 682.  

In the previous study, three different cementitious materials were considered for the shear. The 

first shear key material was Quikrete® NSP grout with the inclusion of PVA microfibers to 

improve the crack control and ductility of the material. The second material was Lafarge 

DUCTAL® with steel microfibers (a commercially available UHPC for use in structural 

applications).  The third material was also Lafarge DUCTAL® but with PVA microfibers (a 

commercially available UHPC for use in architectural applications). The testing revealed that 

shear key using the Quikrete® NSP grout with the inclusion of PVA did not provide adequate 

bond to the precast material nor to the reinforcement steel. As a consequence large cracks 

developed along the shear key interface with the precast concrete and even crack developed 

within the shear key. This issue along with questions concerning the workability of the material 

in a large placement of material caused this material to not be recommended for use in NEXT-D 

bridge system. 

Both DUCTAL® mixtures provided acceptable shear key performance. The use of the steel 

microfibers did yield higher performance, than the use of PVA microfibers. The primary reason 

for not recommending the use of steel microfibers was the restrictions imposed by CFR 635.410 

that specifies “Buy-American” requirement, and the lack of availability of suitable steel fibers 

that met the requirement.  At the time that the research was being conducted, steel microfibers 
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were only manufactured outside of the United States and it was not cost effective to export wire 

produced in the United States overseas to be chopped into microfibers.  

Fortunately, Bekaert is now producing high-quality steel microfibers in Georgia to meet the 

needs of the UHPC industry and eliminate any issues associated with the “Buy-American” 

program. In this research, it was decided to only consider the use of steel microfibers, since the 

performance of the UHPC is better and the issue of wicking water through the PVA microfibers 

into the shear key was eliminated. 

The evaluation of the UHPC shear key was conducted by connecting two pieces of precast 

concrete together via a shear key. The test specimen was essentially a simply-support beam with 

the shear key connection at mid-span where the moment demand was high. The test set-up 

(support of specimen and instrumentation to collect data) was identical to the set-up used in the 

research reported in SPR 682. Also the load sequence of increasing pairs of static load cycles 

was used until the observed load-deformation curve reached a plateau indicating significant 

yielding of the test specimen. Under full load of the second cycle of each pair of loads, 

inspection of the test specimen was conducted to determine the location and size of cracks and to 

also track the growth of the cracks. 

Based on the performance of UHPC 4 material developed during the initial phase of this research 

and the bond strength that was developed, the observation that this mix design has similar 

structural performance as the prior specimens using Lafarge DUCTAL® with steel microfibers 

as the shear key material was not surprising. Therefore based on the results of a single shear key 

test, there is reasonable confidence that the use of UHPC 4 material and U-bars will provide a 

shear key that adequately connects NEXT-D beam section together so that load continuity is 

developed and the likelihood of developing cracks at the interface between the UHPC and 

precast is minimal, assuming proper surface preparation of the precast surface (i.e. sand blasted 

and washed surface) and proper placement of the shear key material (i.e. with no compaction 

problems resulting in voids) is followed. 

The results of the static testing of the single specimen with straight bars extending from the 

precast into the UHPC 4 material also provided more than adequate performance based upon the 

load testing and monitoring of crack development. The use of a narrower shear key and straight 
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bars would amount to significant savings on the cost of the bridge due to easier fabrication of the 

precast concrete pieces and a 25% reduction in the amount of UHPC material required to cast the 

shear key joint compared to the original design. In addition, to the static testing, fatigue was also 

investigated by subjecting each specimens to at least five million cycles of service level stress 

prior to conducting a static ramp to failure (near flattening of the load-deformation curve). The 

fatigue loading created little, if any, distress (formation of cracks in precast, shear key or 

interface) or reduction in the overall bending stiffness of the specimens after the application of 

the five million cycles of load. The post-fatigue behavior of the specimens under the static 

ultimate loading was very similar to the specimens not subjected to the fatigue loading. Shown in 

Figure 8 (a) are the marking of cracks during the post-fatigue, static testing.  

 

Figure 8 (a) – Development of cracks in the post-fatigue, static testing of the straight bar 

slab/shear key specimen 

The first appearance of any cracks occurred after 24 kips of load was applied across the width of 

the test specimen. The crack shown on the right side of the shear key experienced higher moment 

than the left side due to the placement of the applied load. This crack continued to open up as 

load was applied indicating that the bond strength between the precast and the shear key material 
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is the weak link in the system. The crack opened up as the reinforcement yielded at the interface 

in response to the increasing applied loading. 

The relative rotation between the two pieces of precast connected together via the shear key and 

the vertical deflection at the midpoint of the shear key are shown in Figures 8 (b) and 8 (c). The 

general trends of the U-bar and straight bar specimens are the same. It should be noted that the 

span of the straight bar specimen was a little shorter than the span of the U-car specimen since 

the shear key was not as wide and the precast pieces being connected were identical. The 

moment in the shear key in directly related to the span length, but the deflection is related to the 

cube of the span. Therefore the impression given by that graphs that the U-bar specimens have 

greater relative rotation or vertical deflection than the straight bar specimen is misleading. Since 

the straight rebar was fully developed, the yielding of the bars at the interface after the failure of 

the bond was a significant contributor to the relative rotation and vertical displacement. 

 

Figure 8 (b) – Relative rotation between two pieces of precast connected via the shear key 

for the U-bar and straight-bar specimens during the post-fatigue static loading 

One important conclusion of these precast slab/shear key specimen tests was that the straight bar 

configuration of reinforcement into the shear key produces a more than adequate length of 

development of the reinforcement and effectively allows the shear key to transfer bending 

moment across the joint and controls the formation and opening of cracks at the interface. 
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Protruding straight bars will be much easier for precasters to design the formwork for the casting 

of the modified NEXT-D pieces. 

 

Figure 8 (c) – Vertical deflection of the mid-point of shear key for the U-bar and straight-

bar specimens during the post-fatigue static loading 
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9.0 POTENTIAL COST OF UHPC 

The unit cost of materials is shown in Table 9 (a) and the cost of the UHPC mixtures is shown in 

Tables 9(b) and 9(c). 

Table 9(a) - Estimated unit cost of materials 

Ingredient Cost, $/kg Cost, $/lb 

Cement 0.11 0.05 

Silica fume 0.52 0.26 

Water 0 0 

Quartz sand 0.033 0.015 

Steel microfibers 5.15 2.34 

Superplasticizer 

(polycarboxylate dry powder)* 
11 5 

Shrinkage-reducing admixture 11 5 

*dry polycarboxylate ester based superplasticizer was used.  

Table 9 (b) - Quantity of materials and cost to produce one cubic meter of UHPC 

 
UHPC 1 UHPC 2 UHPC 3 UHPC 4 

Ingredient 
Mass 

,kg 

Cost 

,$ 

Mass 

,kg 

Cost 

,$ 

Mass 

,kg 

Cost 

,$ 

Mass 

,kg 

Cost 

,$ 

Cement 950 104.47 771 84.83 755 83.07 741 81.50 

Silica Fume 0 0.00 154 80.20 151 78.66 148 77.12 

Water 190 0.00 185 0.00 181 0.00 178 0.00 

Quartz Sand 1188 39.19 1156 38.15 1111 36.67 1111 36.67 

Steel 

Microfibers 
- - - - 160 824.84 160 824.84 

Superplasticizer 7 73.41 7 73.41 7 73.41 7 73.41 

Shrinkage 

Reducing 

Admixture 

- - - - - - 7 73.41 

TOTAL 2334 217.07 2273 276.59 2365 1096.64 2352 1166.94 
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Table 9 (c) - Quantity of materials and cost to produce one cubic yard of UHPC 

 
UHPC 1 UHPC 2 UHPC 3 UHPC 4 

Ingredient 
Weight, 

lb 
Cost, $ 

Weight 

lb 
Cost, $ 

Weight 

lb 
Cost, $  

Weight 

lb 
Cost, $ 

Cement 1601 80.05 1300 65.00 1273 63.65 1249 62.45 

Silica Fume - - 260 67.60 255 66.30 250 65.00 

Water 320 0.00 312 0.00 305 0.00 300 0.00 

Quartz Sand 2002 30.03 1949 29.24 1873 28.095 1873 28.10 

Steel 

Microfibers 
- - - - 270 631.8 270 631.80 

Superplasticizer 11.25 56.25 11.25 56.25 11.25 56.25 11.25 56.25 

Shrinkage 

Reducing 

Admixture 

- - - - - - 11.25 56.25 

TOTAL 3934 166.33 3832 218.09 3987 846.10 3965 899.85 

 

From this cost analysis it can be observed that approximate cost of recommended UHPC 4 is 

approximately $1166 per cubic meter ($900 per cubic yard).  From Tables 9 (b) and 9 (c), it can 

be observed that the significant cost of the UHPC 4 is predominantly due to the cost of the steel 

microfibers. 
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10. CONCLUSIONS 

The principal objective of this research study was to develop an ultra-high performance concrete 

mixture using local materials that can be used as shear key material in the construction of a 

NEXT-D bridge system.  Also, the performance of Quikrete® NSP grout was evaluated. 

Based on the research conducted in this study, it can be concluded that ultra-high performance 

concrete (UHPC) can be produced by using local cementitious and aggregate materials.  The 

UHPC thus produced meets the rheological, mechanical and durability properties needed for the 

construction of shear keys in a NEXT-D bridge system. 

The following specific conclusions can be drawn from the research conducted: 

1. As a principal cementing material, portland cement meeting ASTM C150 Type III 

requirements was found to be adequate in producing UHPC. 

2. Natural quartz sand with a maximum grain size of 2.38 mm (passing #8 sieve) has been 

found to be adequate to produce UHPC with the desired properties.  A sand-to-cement 

ratio of 1.25 has been found to be appropriate to achieve the desired properties. 

3. The use a low loss-on-ignition (LOI) silica fume (LOI < 0.5%) is essential for producing 

UHPC.  In this study, a 20% silica fume by weight of portland cement was found to be an 

ideal dosage to meet both mechanical and durability properties.  It is important to note 

that silica fume is used in addition to cement and not as a cement replacement material. 

4. A polycarboxylate ester-based high-range water reducer (HRWR), that is compatible 

with the cementitious materials, is essential to achieve the desired rheological properties.  

The cement-admixture compatibility can be established by measuring the flow and the 

setting behavior of the UHPC. 

5. Steel microfibers are required to achieve the desired tensile strength and toughness of 

UHPC. A fiber dosage of 2% by volume of UHPC has been found to be adequate. 

6. The use of shrinkage reducing admixture (SRA) has been found to be vital in minimizing 

the drying and autogenous shrinkage in UHPC.  An SRA dosage level of 2% by weight 

of cement was found to provide a balance between minimizing shrinkage strains and 

excessive set retardation. 
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7. In terms of mechanical properties, a UHPC (UHPC-4) with compressive strength of 

158.7 MPa (23,000 psi) and an elastic modulus of 50 GPa (7250 ksi) was produced using 

local materials.  This UHPC also developed 28 MPa (4060 psi) of flexural strength 

(modulus of rupture) and 17 MPa (2465 psi) of split tensile strength. 

8. In terms of durability, a UHPC (UHPC-4) with very low chloride ion permeability (< 200 

Coulombs) was produced.  It should be noted that this low-chloride permeability UHPC 

contains steel microfibers, which elevates the electrical conductivity of UHPC.  Even so, 

the chloride ion permeability of UHPC was found to be less than 200 coulombs.  

9. In terms of volume stability, a UHPC (UHPC-4) with a 180-day drying shrinkage of 560 

microstrains and 24-hour autogenous shrinkage of 300 microstrains was produced with 

local materials. 

10. The Quikrete NSP grout material exhibited lower compressive strength, lower modulus 

of elasticity, higher shrinkage and higher rapid chloride ion permeability compared to the 

UHPC produced using local cementitious and aggregate materials. 

11. The UHPC developed excellent bond strength with precast concrete and steel rebar.  In 

all of the pull-off bond strength, the failure always occurred in the precast concrete, even 

at an age as early as 7-days.  Also, in terms of bond strength between the steel rebar and 

the UHPC, an embedment length of only 75 mm (3 in.) was needed for a straight 13-mm 

(0.5-in.), Grade 420 rebar to yield. 

12. The results from static testing of the precast slab/shear key specimen when using the 

UHPC 4 as the shear key material clearly provided evidence that the shear key design had 

enough capacity to exceed the static load demand from design loads. More importantly, 

the use of straight bars into the narrower shear key provides similar performance to the 

shear key design with U-bars and has the advantages of using less UHPC material per 

unit length of shear key and reducing the difficulty of precasters to produce precast 

concrete pieces with steel reinforcement extending out of the side forms. 

13. The results from fatigue testing of the precast slab/shear key specimen when using the 

UHPC 4 as the shear key material clearly provided evidence that the shear key design did 

not exhibit significant degradation from the fatigue loading and was able to maintain 

sufficient capacity to withstand the static load demand post fatigue loading. 
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14. It is recommended that a straight-bar configuration of the steel protruding from the 

precast into the shear key be used. The tests conducted in this phase of the research used 

straight bars extending 5.5-inches beyond the edge of the precast. While a shorter 

extension may be possible, it needs to be verified through additional testing. This 

research showed that a relatively short development length could be achieved when 

UHPC 4 was used as the shear key material. 
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11. RECOMMENDATIONS 

Based on this research study, it is shown that the UHPC can be produced using local materials.  

Although, a significant advance has been made in this research study to identify suitable 

materials and evaluation procedures, adequate research in terms of evaluating alternate materials 

for producing UHPC could not be conducted in this investigation. 

It is recommended that a more comprehensive study be undertaken that will enable a systematic 

evaluation of materials and mixture proportions to develop a UHPC using local materials.  Also, 

other properties that could not be evaluated in this study such as coefficient of thermal 

expansion, abrasion resistance, alkali-silica reactivity and freeze-thaw durability should be 

investigated.  In this investigation Quikrete® NSP grout did not perform as well as the UHPC 

produced using local materials, and therefore is not recommended as a suitable material for 

construction of shear key in precast bridge applications. 
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