Ultra-High-Performance
Concrete: An Emerging
Technology Report

Reported by ACI Committee 239

Emerging Technology Series

AC| 239R-13

qci/} American Corﬁrete Iﬁi&i}ﬁs

Document Sharing Hub

: ACI 239R-18


http://www.avadocuments.com/doc/aci-239r-18
http://www.avadocuments.com/doc/aci-239r-18

First Printing

T ™ American Concrete Institute October 2018
qCI » Always advancing
S ISBN: 978-1-64195-034-3

Ultra-High-Performance Concrete: An Emerging Technology Report

Copyright by the American Concrete Institute, Farmington Hills, MI. All rights reserved. This material
may not be reproduced or copied, in whole or part, in any printed, mechanical, electronic, film, or other
distribution and storage media, without the written consent of ACI.

The technical committees responsible for ACI committee reports and standards strive to avoid
ambiguities, omissions, and errors in these documents. In spite of these efforts, the users of ACI
documents occasionally find information or requirements that may be subject to more than one
interpretation or may be incomplete or incorrect. Users who have suggestions for the improvement of
ACI documents are requested to contact ACI via the errata website at http://concrete.org/Publications/
DocumentErrata.aspx. Proper use of this document includes periodically checking for errata for the most
up-to-date revisions.

ACI committee documents are intended for the use of individuals who are competent to evaluate the
significance and limitations of its content and recommendations and who will accept responsibility for
the application of the material it contains. Individuals who use this publication in any way assume all
risk and accept total responsibility for the application and use of this information.

All information in this publication is provided “as is” without warranty of any kind, either express or
implied, including but not limited to, the implied warranties of merchantability, fitness for a particular
purpose or non-infringement.

ACI and its members disclaim liability for damages of any kind, including any special, indirect, incidental,
or consequential damages, including without limitation, lost revenues or lost profits, which may result
from the use of this publication.

It is the responsibility of the user of this document to establish health and safety practices appropriate
to the specific circumstances involved with its use. ACI does not make any representations with regard
to health and safety issues and the use of this document. The user must determine the applicability of
all regulatory limitations before applying the document and must comply with all applicable laws and
regulations, including but not limited to, United States Occupational Safety and Health Administration
(OSHA) health and safety standards.

Participation by governmental representatives in the work of the American Concrete Institute and in
the development of Institute standards does not constitute governmental endorsement of ACI or the
standards that it develops.

Order information: ACI documents are available in print, by download, through electronic subscription,
or reprint and may be obtained by contacting ACI.

Most ACI standards and committee reports are gathered together in the annually revised the ACI
Collection of Concrete Codes, Specifications, and Practices.

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331
Phone: +1.248.848.3700
Fax: +1.248.848.3701
www.concrete.org

Documents

Document Sharing Hub

Full document details: ACI 239R-18


http://www.avadocuments.com/doc/aci-239r-18
http://www.avadocuments.com/doc/aci-239r-18

ACI 239R-18

Ultra-High-Performance Concrete: An Emerging
Technology Report

Reported by ACI Committee 239

Theresa M. Ahlborn, Chair

Claus Brix Benjamin Graybeal
Eckart R. Buhler Brian H. Green
Dominique Corvez Katrin Habel
Ashish Dubey William M. Hale
Sidney Freedman Fred Meyer

Charles Kennan Crane*, Secretary

Surendra P. Shah
Kay Wille

James Milligan
John J. Myers
Vic Perry
Carin L. Roberts-Wollmann
Bjarne Roursgaard

Subcommittee 239-A

Devin K. Harris
Robert Moser

Sriram R. Aaleti
Jon S. Belkowitz

*Chair of Subcommittee 239-A.

Eric P. Steinberg
Charles A. Weiss Jr.

Consulting Members

James K. Hicks Antoine E. Naaman

ACI encourages the development and appropriate use of new
and emerging technologies through the publication of Emerging
Technology Reports. These documents present information and
recommendations based on available test data, technical reports,
limited experience with field applications, and the opinions of
committee members. The presented information and recom-
mendations, and their basis, may not be as extensively developed
and tested as those for more mature technologies. This report
identifies areas in which information is believed to be less fully
developed and describes related research needs. The professional
using this document should understand the limitations of this
document and exercise judgment as to the appropriate applica-
tion of this emerging technology.

ACI Committee Reports, Guides, and Commentaries are
intended for guidance in planning, designing, executing, and
inspecting construction. This document is intended for the use
of individuals who are competent to evaluate the significance
and limitations of its content and recommendations and who
will accept responsibility for the application of the material it
contains. The American Concrete Institute disclaims any and
all responsibility for the stated principles. The Institute shall
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by
the Architect/Engineer to be a part of the contract documents,
they shall be restated in mandatory language for incorporation
by the Architect/Engineer.

Full document details: ACI 239R-18

Larry Rowland

This emerging technology report gives an overview of ultra-high-
performance concrete. It briefly introduces the production of these
concretes, their properties, design principles for their use, and
example applications. It is not intended to be an exhaustive docu-
ment, but rather to serve as a starting point for the concrete practi-
tioner on understanding this class of materials.

Keywords: applications; ductility; durability; fiber-reinforced concrete;
ultra-high-performance concrete.
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CHAPTER 1—INTRODUCTION AND SCOPE

Ultra-high-performance concrete (UHPC) is a class of
advanced cementitious materials with greater strength,
tensile ductility, and durability properties when compared
to conventional or even high-performance concrete. For the
purposes of this document, UHPC is limited to concrete that
has a minimum specified compressive strength of 22,000
psi (150 MPa) with specified durability tensile ductility
and toughness requirements; fibers are generally included
to achieve specified requirements. UHPC typically exhibits
elastic-plastic or strain-hardening characteristics under
uniaxial tension and has a very low permeability due to its
dense and discontinuous pore structure.

1.1—Introduction

UHPC typically consists of cement; silica fume; fine quartz
sand; high-range water-reducing admixtures; and fibers with
water-binder ratios (w/b) usually ranging between 0.15 and
0.25. However, multiple variations of UHPC matrixes have
been developed that contain other supplementary cementi-
tious materials and sometimes coarse aggregate. Alternate
formulations often make trade-offs to achieve enhancement
of one property that may negatively impact others. The main
characteristics of UHPC are achieved through the following
three principles (Richard and Cheyrezy 1995):

(acis
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1. Homogeneity enhancement by eliminating coarse
aggregates in the matrix

2. Density enhancement by optimizing the packing
density of the matrix; this is achieved through optimizing
gradation and mixture proportions between the main matrix
constituents

3. Ductility enhancement by introduction of fibers. As the
matrix is very brittle, fiber reinforcement is added to obtain
elastic-plastic or strain-hardening behavior in tension. Typi-
cally, UHPC has fiber contents of 2 percent or more by
volume. The maximum fiber content is a function of the fiber
aspect ratio and fiber shape as well as production issues such
as workability.

UHPC development originated with studies on high-
strength cement pastes with low water-cementitious mate-
rials ratios (w/cm) of 0.20 to 0.30 by Yudenfreund et al.
(1972a,b,c), Odler et al. (1972a,b), and Brunauer et al.
(1973a,b). These pastes had low porosity leading to compres-
sive strengths up to 29 ksi (200 MPa) and low dimensional
changes. Strength enhancement by hot pressing techniques
was first applied by Roy and Gouda (1973) and Roy et al.
(1972) and resulted in very-high-strength cement pastes
with compressive strengths up to 98 ksi (680 MPa). With
the development of high-range water-reducing admixtures
and pozzolanic admixtures such as silica fume, two kinds of
materials emerged in the 1980s. Polymer-modified cementi-
tious materials called macro-defect-free (MDF) concretes
had a compact matrix but were susceptible to deterioration
by water and had high creep due to the presence of certain
polymers (Kendall et al. 1983; Alford and Birchall 1985).
Densified systems containing homogeneously arranged
ultrafine particles (DSP) used the interaction of high-range
water-reducing admixtures and silica fume to decrease the
porosity of the material and to increase the strength. DSP
still exists and was the basis for modern UHPC development
(Bache 1987). The density of the matrix of UHPC mixtures
was theoretically investigated and optimized (de Larrard
and Sedran 1994). The brittleness of the matrixes was recog-
nized, and various combinations of steel and synthetic fibers
were used to increase ductility of the materials (Richard and
Cheyrezy 1995; Bache 1987).

The first commercial applications of UHPC started in the
1990s in Europe and has spread worldwide. Several major
research programs on UHPC have been carried out world-
wide, such as early research in France and Japan, resulting
in code-style guidelines (AFGC 2002; Japanese Society of
Civil Engineers 2008), a large federally funded program
in Germany (Schmidt 2008), as well as several research
programs in Canada and the United States (Russell and
Graybeal 2013; Graybeal 2011). UHPC has been used in
multiple applications such as bridges and infrastructure,
facades, buildings, elements in aggressive environments,
and for security and blast resistance. Applications include
new construction and rehabilitation using both cast-in-place
and precast UHPC components. UHPC in its present form
became commercially available in North America in approx-
imately 2000.

American Concrete Institute — Copyrighted © Material — www.concrete.org
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1.2—Scope

UHPC is still in the process of finding a broader use. The
objective of this report is to introduce UHPC through a brief
overview of production, properties, design, and applications,
and to promote further use of UHPC and integration into
today’s construction market. Because the cost of UHPC is
high when compared to conventional concrete, use should
be focused toward applications that engage several of the
exceptional properties of the material. Current research
needs have been identified as improved design guidance,
standardization, and broader material knowledge.

CHAPTER 2—DEFINITIONS

2.1—Definitions

Please refer to the latest version of ACI Concrete Termi-
nology for a comprehensive list of definitions. Definitions
provided herein complement that resource.

conventional concrete—concrete that has a specified
compressive strength for design of less than 8000 psi (55 MPa).

strain hardening—ability to carry increasing tensile load
beyond the point of first crack.

strain softening—ability to carry a reduced (but non-
zero) tensile load beyond the point of first cracking.

ultra-high-performance concrete—concrete that has a
minimum specified compressive strength of 22,000 psi (150
MPa) with specified durability tensile ductility and tough-
ness requirements; fibers are generally included to achieve
specified requirements.

CHAPTER 3—PRODUCTION

3.1—Materials

The materials used to make ultra-high-performance
concrete (UHPC) are similar to those commonly found
in traditional concrete. Constituent materials are selected
based on their particle size to optimally pack the matrix to
reduce voids between the particles. While some commer-
cially available UHPC mixtures are proprietary, with their
exact composition not reported, other mixture compositions
are readily available. Some mixtures feature less common
components such as silica flour, which is silica sand
ground to achieve a specific particle size. The addition of
high-strength steel fibers to the matrix results in improved
ductility and the ability to eliminate some of the mild steel
reinforcement normally found in conventional reinforced
concrete members (Graybeal 2006a).

3.2—Mixture proportioning

The high strengths and superior performance achieved
with UHPC stem from the reduction of void space in the
matrix and discontinuous pore structure, depending more on
the material’s behavior on a microscopic level than on the
properties of its constituent components. Through the proper
selection of components based on both their particle size and
mechanical properties, the number of contact points between
particles is increased, which in turn causes the level of stress
transferred between particles through the paste to be reduced

American Concrete Institute — Copyrighted © Material — www.concrete.org
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Table 3.2—Two possible UHPC mixture
proportions by mass

UHPC component

Mixture Proportion 1 | Mixture Proportion 2

Cement 1 1

Silica fume 0.325 0.389

Sand 1.432 0.967

Quartz powder/silica 0300 0277

flour

ngh'-range v&./ater- 0.027 0017
reducing admixture

Water 0.280 0.208

Steel fibers 0.200 0.310

Note: Mixture Proportion 1 is from Bonneau et al. (1996). Mixture Proportion 2 is
from Williams et al. (2009).

and less variable. This reduction and more even distribu-
tion of forces alleviates the formation of microcracks in the
matrix and ultimately results in improved mechanical prop-
erties. Table 3.2 depicts two representative mixture propor-
tions for UHPC and demonstrates how the mass proportions
can vary based on the particle sizes.

The matrix of UHPC is optimized for particle packing,
that is, the mixture proportions of typical components such
as sand, silica fume, and cement are optimized to achieve
the densest packing possible, as investigated by de Larrard
and Sedran (1994). Another unique aspect of UHPC is that
some cementitious material particles may not take part in
the hydration process, but merely serve as fine aggregate in
the overall matrix. It is common for 30 to 50 percent of the
cement to be hydrated in UHPC due to the low water content
(Morin et al. 2001; Habel et al. 2006).

3.3—Mixing

UHPC has been produced using a wide variety of mixers,
ranging from laboratory-sized pan mixers to revolving drum
truck mixers. Mixing UHPC, in general, is a somewhat
different process than mixing conventional concrete. UHPC
typically includes a limited amount of water and little, if any,
coarse aggregate. As such, the UHPC requires the input of
extra mixing energy both to disperse the water and to over-
come the low internal mixing action from the lack of coarse
aggregate. A typical mixing process involves first charging
the mixer with the dry components and ensuring that they
are fully blended. Thereafter, the water and the liquid admix-
tures are added and dispersed. Mixing continues, sometimes
for an extended period depending on the mixer energy input,
until the UHPC changes from a dry powder into a fluid
mixture. Once fluid, the fiber reinforcement (if included)
is added in a deliberate manner to ensure uniform distribu-
tion through the mixture without agglomeration. After fiber
dispersion, the mixing is complete and the UHPC is ready
for discharge. Higher-energy shear mixers can produce
UHPC in a few minutes, whereas lower-energy drum mixers
could easily require 20 minutes or more to appropriately
distribute the constituents and produceg fluid mixture. Cage
should be taken to ensure that the mi‘n m%nis

greatly increase the tempetaivie of thodddRarnsdhisrtag Hub
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Fig. 3.3a—(a) Concrete truck mixing, and (b) field mixing
using pan mixer.

result in a stiffer-than-desired mixture. Chilling the constitu-
ents, partially replacing mixture water with ice, or both, have
proven to be viable means of reducing the temperatures of
mixtures produced in higher temperature environments or in
lower-energy mixers. Two example mixers that have been
used for mixing UHPC are shown in Fig. 3.3a.

Once mixed, the workability of the UHPC and the consis-
tency between mixtures is commonly verified with a flow
table test as specified by ASTM C1437 and shown in Fig.
3.3b(a). While the typical consistency of UHPC is that of
self-consolidating concrete, UHPC mixtures have been
developed that can be cast with slopes up to 10 percent
(Brithwiler and Denarié 2013). A stiffer mixture with less
static workability is shown in Fig. 3.3b(b) and a more fluid
mixture is shown in Fig. 3.3b(c).

3.4—Placement

Before placing UHPC, plan the process carefully to
ensure that a UHPC with the desired quality is produced. It
is important to remember that UHPC can differ greatly from
conventional concrete. It can vary in consistency from that
of self-consolidating concrete to that of a very low-slump
mixture. Due to the potential high flowability and lack
of coarse aggregate in the material, forms should be well

(aci?
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Fig. 3.3b—Flow test as described in ASTM C1437.

sealed. The addition of fibers can cause the material to be
very difficult to consolidate properly within the formwork.
UHPC should be placed in a continuous placement without
cold joints. Cold joints prevent the formation of a contin-

uous, well-distributed fiber network across Dﬂﬁuments

41

conventional concrete, over-vibr.ticii ¢ Uﬁggmml@ﬁ aring Hub
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fiber settlement in the formwork and inadequate fiber distri-
bution in the member. Overdosing the UHPC with water or
high-range water-reducing admixtures during mixing will
compound this settlement problem. Fiber alignment is also
dependent on the manner of placement and how the UHPC
flows in the formwork.

3.5—Curing

Many factors affect the manner and time period of curing
in UHPC. As with conventional concrete, high-range water-
reducing admixture dosage impacts initial set and can delay
set by up to 24 to 36 hours (Morin et al. 2001), although
certain cement types, chemical admixtures, or both, can offset
this effect. The method of curing can also impact the resulting
material properties of UHPC (Graybeal 2006b; Graybeal
and Stone 2012). Some varieties of UHPC require curing
regimens that specify elevated temperatures and moisture
levels for specific periods of time. UHPC may be subjected
to heat, pressure treatment, or both, at early ages. These treat-
ments can increase the density by reducing the entrapped
air by removing excess water and by accelerating chemical
shrinkage. Post-set thermal treatment, typically 194°F (90°C),
accelerates the pozzolanic reaction and modifies the micro-
structure of the hydrates (Richard and Cheyrezy 1995). The
addition of heat serves to accelerate the hydration process.
Depending on the type of thermal curing, UHPC may not gain
additional strength following the completion of the curing
regimen. Depending on the hardened properties desired, this
type of curing may or may not be necessary. In addition,
it may not be practical to provide an environment that can
achieve the temperature or moisture levels required during the
curing process; for example, for in-place applications.

CHAPTER 4—CONCRETE PROPERTIES

4.1—Early-age and time-dependent properties

The rate of early-age hydration of ultra-high-performance
concrete (UHPC) is affected by cement type, admixtures
(type and quantity), and the temperature of the material. As
with conventional concrete, the rate of hydration may be
faster in hot weather or with fast-setting cements and slower
in cooler weather or with slower-setting cements. High
dosages of admixtures containing set retarders can signifi-
cantly delay initial set of UHPC (Morin et al. 2001). The
rate of hydration may be accelerated by the application of
heat or accelerating admixtures. When the hydration reac-
tion begins, it is characterized by a strong release of heat and
a rapid development of the mechanical properties.

Due to the high binder content in UHPC, the heat of
hydration is higher than conventional concretes. Measured
temperature rises in insulated cylinders are reported to range
between 65 and 126°F (36 and 52°C) (Russell and Gray-
beal 2013; Kamen 2007; Habel 2004). As with all types of
portland-cement-based concretes, UHPC undergoes early-
age shrinkage (that is, bulk volume reduction). Most of this
shrinkage is autogenous shrinkage (UHPC binder hydrates
and chemically combines with the water within the mixture).

American Concrete Institute — Copyrighted © Material — www.concrete.org
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Table 4.2—Comparison of conventional concrete
and UHPC

Conventional
Material characteristic concrete UHPC
Compressive strenath 3000 to 6000 psi 22,000 to 36,000 psi
P € (20 to 40 MPa) (150 to 250 MPa)
. . 150 to 440 psi 900 to 1700 psi
Direct tensile strength (1 to 3 MPa) (6 to 12 MPa)
Elastic modulus (ASTM 3,600,000 tOA 6,000,000 to.
C469/C469M) 4,400,000 psi 7,200,000 psi
(25 to 30 GPa) (40 to 50 GPa)

In special cases where early attainment of mechanical
properties is desired, a thermal treatment may be applied to
the UHPC after final set is achieved. As stated previously,
typical thermal treatments, which differ from early heat for
accelerating setting, can be upwards of 190°F (90°C) at 95
percent relative humidity, for approximately 48 hours. At the
end of the thermal treatment process, the mechanical proper-
ties are fully attained and the UHPC is considered dimen-
sionally stable.

UHPC is a portland-cement-based composite that experi-
ences volume changes due to creep and shrinkage (Habel
et al. 2006). The amount of creep and shrinkage is depen-
dent on the curing regimen. Researchers have reported creep
coefficients (ratio of the ultimate creep strain to the elastic
strain) for UHPC from 0.31 (steam cured) to 0.8 (for non-
heat-cured) (Graybeal 2006b; Wiens and Schmidt 2008).
Shrinkage values are in the same order of magnitude as
conventional concrete and can attain values of up to 900 e,
dependent on the curing regimen (Kamen 2007; Graybeal
2006b). Due to a high rate of early shrinkage prior to the
development of tensile resistance, caution should be taken to
minimize restraint due to formwork and existing structural
elements. Similar to early-age UHPC, long-term shrinkage
is mostly autogenous shrinkage. Once UHPC has been cured
or thermally treated, there is little to no additional shrinkage.

4.2—NMechanical properties

As with conventional concrete and high-performance
concrete (HPC), UHPC does not have a unique mixture
formulation and, therefore, the mechanical properties of
UHPC vary. Likewise, the curing conditions and testing
age affect the mechanical properties of both conventional
concrete and UHPC. When compared to conventional
concrete, UHPC has higher strength and a higher elastic
modulus. Table 4.2 provides typical ranges for selected
mechanical properties of conventional concrete and UHPC.

The stress-strain behavior of UHPC in compression is
more linear than conventional concrete up to its compres-
sive strength, and the fracture of compressive specimens is
more brittle (Habel 2004).

The stress-strain responses in Fig. 4.2a, obtained from
direct tensile tests on 2 in. (51 mm) square cross section
prisms (Graybeal 2015), provide a comparison of the tensile
behavior of strain-hardening UHPCs air of fiber-rein-

forced concretes (FRC), and conven GM{I&B&I

It can be seen that UHPC lias 1 olgnimaﬁh{gghgﬁggﬁi\]@ Hub
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strength and sustained tensile capacity than FRC and conven-
tional concrete. Whereas the tensile strength of conventional
concrete is usually neglected in structural design calcula-
tions, the tensile behavior of UHPC is commonly included
(refer to Chapter 5).

The tensile behavior of UHPC is characterized by its high
strength, but more importantly by its post-cracking ductility
when compared to conventional concrete. UHPC gener-
ally contains discrete and distributed reinforcement on the
microscale, with the most common reinforcement being
steel fibers. The type and quantity of reinforcement can be
adjusted to tailor the tensile behavior to the requirements
for each application. The post-cracking tensile behavior of

2.0 13.8
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E 16 r 11.0 E
Z 14 97 2
8 2
=12 r83 o
2 &
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® 08 55 2
% g
o 0.6 r41 ©
= g
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\, —Simulated Conventional Concrete
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0.000 0.002 0.004 0.006 0.008 0.010
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Fig. 4.2a—Example tensile behaviors of conventional
concrete, FRC, and UHPC (adapted from Graybeal 2015).

it 1

UHPC can either be strain-hardening (that is, the resistance
continues to increase after the cracking stress is reached) or
strain-softening (that is, the resistance decreases after the
cracking stress is reached). Once the highest tensile resis-
tance is reached, crack localization occurs.

Figure 4.2b shows the schematic tensile behavior of a
strain-hardening UHPC in comparison to a conventional
FRC. Stage I consists of linear-elastic behavior to the first
cracking strength o, (Point A). The strain hardening stage
(Stage II) only occurs in the UHPC and is characterized
by the formation of multiple fine cracks, and the overall
behavior can be seen as a phenomenon that occurs in the
entire specimen. In contrast, the stress drops in conventional
FRC after the first cracking strength. Once the specimen
reaches the post-cracking stress 6,. (Point B), crack local-
ization and softening occur for both the conventional FRC
and the UHPC (Stage I1I).

The increases in tensile cracking strength and post-
cracking tensile capacity, when compared to conventional
concrete, also affect UHPC’s impact response, toughness,
and energy dissipation. UHPC’s energy dissipation is 50 to
100 times greater than that of conventional concrete (Dugat
et al. 1996; Parant 2003). As expected, the blast response
of UHPC is better than conventional concrete (Cavill et
al. 2006). Because of UHPC’s impact response and energy
dissipation, there is also interest in UHPC for seismic appli-
cations (Zohrevand and Mirmiran 2013; Hosinieh et al.
2015; Wille et al. 2012; Toutlemonde et al. 2016).
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Fig. 4.2b—Schematic tensile behavior of strain-hardening UHPC and FRC (adapicd fom Documents
Naaman [2002]). Document Sharing Hub
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4.3—Durability

The durability of UHPC is superior to that of conventional
concrete. This is due to the dense matrix, discontinuous
microstructure, and well-dispersed microcracking of the
material. UHPC demonstrates improved resistance to many
kinds of harmful gases and liquids, chloride attack, frost
action, and freezing-and-thawing cycles. These improve-
ments are related to the higher density of the hydration
products and of the transition zone between the matrix and
the aggregates (Schmidt and Fehling 2005). The porosity
of UHPC is approximately 9 percent when compared to
15 percent for conventional concrete (Roux et al. 1996). In
addition, there are very few to no capillary pores in UHPC
(Cheyrezy et al. 1995), which leads to a largely discon-
tinuous pore structure. Research has shown that the water
permeability coefficient is approximately one to two orders
of magnitude lower than that of conventional concrete, even
when the UHPC exhibits some microcracking (Roux et al.
1996; Charron et al. 2007).

The dense matrix of UHPC slows the penetration of dele-
terious solutions into the microstructure, and so the mecha-
nisms that can cause conventional concrete to deteriorate
are mitigated (Thomas et al. 2012). Consequently, durability
properties, as measured by permeability tests, freezing-
and-thawing tests, scaling tests, abrasion tests, resistance
to chloride ingress, alkali-silica reaction, and carbonation
are significantly better than those of conventional concrete
(Russell and Graybeal 2013). UHPC has a high ohmic resis-
tance in comparison to conventional concrete, which further
reduces the corrosion risk of embedded steel reinforcing
(Roux et al. 1996).

The superior performance of UHPC has been confirmed
with field experiments where two different UHPC mixtures
were placed at the mid-tide level of the marine exposure site
at Treat Island, ME, under severe exposure conditions. Test
results after exposure periods of 5 and 15 years showed no
observed degradation of mechanical or durability properties
and confirmed the excellent durability properties of UHPC
(Thomas et al. 2012). Monitoring of UHPC beams placed in
the aggressive environment of the water-cooling tower of the
Cattenom nuclear power plant in France for over 10 years
also demonstrates the excellent durability of UHPC (Tout-
lemonde et al. 2009). Similar satisfactory durability results
have been obtained for Sakata Mirai pedestrian bridge and
Bourg-l¢s-Valence road bridges (Kono et al. 2013; Toutle-
monde et al. 2013).

Numerous studies have addressed fire resistance of
UHPCs (Russell and Graybeal 2013). Special formulations
may be developed for enhanced fire resistance. In some
cases, polypropylene fibers have been shown to increase the
fire resistance of this class of materials.

CHAPTER 5—STRUCTURAL DESIGN OF UHPC
COMPONENTS
As previously discussed, ultra-high-performance concrete
(UHPC) possesses a unique combination of increased
compressive and tensile strengths, increased stiffness,
sustained post-cracking tensile capacity, and extremely low
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porosity as compared to conventional and high-performance
concretes. The advanced mechanical and durability prop-
erties of UHPC allow structural configurations that were
previously not possible through the use of conventional
concrete materials. Efficient engagement of these proper-
ties necessitates the use of structural design principles that
extend beyond conventional methodologies.

In the near term, the use of UHPC is expected to focus
on applications that use the advanced material properties
of UHPC efficiently with respect to both strength and dura-
bility. The high energy dissipation capacity of UHPC can
also be used for efficient design of members subjected to
seismic or impact type loadings. While there is opportu-
nity for structural members to be made entirely of UHPC,
another efficient use can be through composite members
with conventional concrete or other materials. Opportunities
for deployment of UHPC structures will mainly be limited to
applications where owners desire innovative solutions and
are willing to rely on engineering expertise combined with
research results until design specifications are published.

5.1—Design principles

In the design of conventional concrete, it is typically
assumed that the concrete itself only carries compression
and that all tensile forces are carried by discrete reinforce-
ments such as deformed steel bars. Principles of mechanical
behavior have been combined with empirical relationships
to create the codified design specifications that engineers
rely on today in the design of reinforced concrete structures
for strength and serviceability.

The most significant potential deviation from conven-
tional concrete design practice relates to the tensile
response of UHPC as described in 4.2. If the structural
members are detailed appropriately, this tensile capacity
can contribute a significant proportion of the member’s
overall resistance to applied loadings while still affording
the slender member proportions commonly associated with
UHPC components. Therefore, in contrast to conventional
concrete, the tensile capacity of UHPC is usually included
in the design and analysis.

From a conceptual standpoint, the differences between
a conventional reinforced concrete structural design speci-
fication and one relevant to the advanced properties of
UHPC can be addressed through a basic understanding of
mechanics of materials. One convenient means of directly
considering the stress-strain response of UHPC in tension
and compression is to use a strain-based design process. In
a strain-based design process, the mechanical limits of the
concrete can be defined in terms of both strength and strain.

For an analytical design approach, the tensile and
compressive responses of the UHPC are determined; appro-
priate factors of safety are applied to the UHPC responses;
and a simplified, conservative stress-strain relationship is
obtained. This relationship is normally defined by a limited
number of stress and strain parameters, as shown in Fig.
S5.1a. A typical compressive stress-strain design response is
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