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Ultra-high-performance concrete (UHPC) is a promising new class of concrete material that is likely to make a significant con-
tribution to addressing the challenges associated with the load capacity, durability, sustainability, economy, and environmental im-
pact of concrete bridge infrastructures. This paper focuses on the material modeling of UHPC and design of bridge girders made of
UHPC. A two-phase model used for modeling the behavior of UHPC was briefly discussed, and the model was implemented in
a preliminary design case study. Based on the implemented design and the reported use of UHPC in bridge applications, the
advantages, limitations, and future prospects of UHPC bridges were discussed, highlighting the need for innovative research and
design to make optimum use of the favorable properties of the material in bridge structures.

1. Introduction

Bridge structures are the critical links in the transportation
networks, and their condition is important for transporta-
tion safety and economy. Vehicle miles of travel on the US
highways is steadily increasing (Figure 1(a)), and despite the
progress made in the last two decades, nearly 25% of the
603,000 bridges in the US are either structurally deficient
or functionally obsolete (Figure 1(b)) [1, 2]. The estimated
5-year investment needed to bring bridges and roads to ac-
ceptable levels is $930 billion and the projected shortfall from
this investment is $550 billion [3]. Therefore, there is an
urgent need for better materials and methods to better look
after our existing bridges while building new ones to last
longer.

Considering that concrete is the most commonly used
material for highway bridges—64% of all US highway bridges
and 33% of the structurally deficient bridges are made of
concrete [1]—improved concrete solutions can make a big
impact on addressing the challenges of bridge infrastructure.
A promising such solution is the ultra-high-performance
concrete (UHPC). UHPC is a new generation of fiber rein-
forced cementitious material composed of Portland cement,
silica fume, mineral fillers, fine silica sand, superplasticizer,
water, and steel fibers. A typical UHPC material has a design

compressive strength of f/ = 200 MPa (29ksi) and a ductile
tensile strength of f; = 10-15MPa (1.5ksi-2.2 ksi), which
are achieved by optimizing both the packing density of
the matrix and the length-diameter spectrum of the steel
fiber reinforcement [4—6]. Because of the material’s ability
to dissipate energy through superior bonding between the
matrix and the fiber, UHPC structures are capable of de-
forming and supporting flexural and tensile loads even after
initial cracking. Figure 2 displays the compressive and flexu-
ral strength of UHPC in comparison to that of normal con-
crete [7]. This capacity allows the use of UHPC in bridge gir-
ders without passive reinforcement or shear stirrups, saving
labor and cost. The high strength of UHPC can also allow
smaller section sizes, reducing construction time and labor.
UHPC girders are capable of spanning longer distances and
mitigating disturbance to ecosystems and natural habitats.
Finally, the low permeability and porosity of UHPC leads to
high durability and a superior resistance to corrosive attack.
Therefore, UHPC material may be a viable solution to cur-
rent problems in bridge systems.

2. UHPC Bridge Applications

Since the development of UHPC, several applications have
been realized. These include the world’s first UHPC bridge
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FIGURE 2: Behavior of Ductal in compression (a) and in bending (b) [7].

on the Bourg les Valence bypass in Drome, France (2002) [8],
a pedestrian bridge in Seoul, Korea that spans 120 m (394 ft)
with a deck only 3 cm (1.21in) thick (2002) [9], and a ped-
estrian/bike bridge in Sherbrooke, Canada (1997) [10]. In the
United States, the Federal Highway Administration (FHWA)
has initiated research into innovative bridge systems in which
UHPC plays a prominent role. For example, two large-scale
structural UHPC beam girder tests were performed at
the FHWA Turner-Fairbank Highway Research Center in
McLean, Virginia (2001-2002) [4, 11]. Without passive rein-
forcement and shear stirrups, the prestressed beams dis-
played superior flexural and shear resistance over normal
strength prestressed concrete, which underscored the great
potential of this new material for large-scale structural ap-
plications.

UHPC was also used in several bridge projects in the US
[11-16]. The first application was at the Mars Hill Bridge in
Wapello County, Iowa, completed in 2006. In this 108 ft span
bridge, three 42 in deep UHPC girders, modified from the
standard Iowa bulb-tee design, were used (Figure 3(a)). No

traditional shear reinforcement was used in the girders. A
similar application was completed in 2008 at the Cat Point
Creek Bridge near Warsaw, Virginia. Five 45 in deep pres-
tressed concrete bulb-tee beams were used in one of the ten
81.5 ft spans of this bridge (Figure 3(b)). Realizing the need
for new structural shapes optimized for UHPC in bridges,
the pi girders developed in an FHWA-initiated research
program were used in Jakway Park Bridge near Aurora in
Iowa. Three abutted adjacent pi girders were used in the main
span of this bridge (Figure 3(c)). Other bridge applications
of UHPC in the US included bridge decks made of UHPC
and use of UHPC to fill the deck-level connections between
girders.

3. Research Significance

The recent development of UHPC is based on advances in the
materials science of cementitious materials, producing mate-
rials with improved mechanical and durability properties.
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TABLE 1: Input parameters of the 1D UHPC model and typical values for Ductal derived from a notched tensile plate test [4].
Description For UHPC
SI U
Cu Composite matrix stiffness 53.9 GPa (7820 ksi)
Cr Composite fiber stiffness 0GPa (0 ksi)
M Composite interface stiffness 1.65 GPa (240 ksi)
fi Brittle tensile strength of composite matrix 0.7 MPa (0.1 ksi)
kwm Postcracking tensile strength of composite matrix 6.9 MPa (1 ksi)
fy Tensile strength of composite fiber 4.6 MPa (0.67 ksi)

Considerable effort is required to transfer and implement
the knowledge gained at the material level in structural engi-
neering and design. Reaching this goal requires research into
the link between the in situ behavior of the materials and
the resulting structural performance. Aside from empirical
approaches, based on large-scale testing of structures, recent
progress in constitutive modeling of materials and model-
based simulation can considerably contribute to attaining
this goal. In fact, an appropriate material model for UHPC
allows simulation of the behavior of the material. Further-
more, the implementation of this model in design allows for
optimization of a material for a given structure [17], or vice
versa, optimization of a structure or structural element for a
given material. A robust model developed at MIT was briefly
discussed and was implemented in a realistic preliminary
design case study. The optimization of a design solution
first requires the adoption of appropriate design criteria for
UHPC structures subjected to a specific loading. In contrast
to standard reinforced concrete design criteria, based primar-
ily on maximum material strength criteria, UHPC must be
based on a critical crack opening below which the material
achieves capacity with high confidence. In this paper, we
adapt the maximum crack opening provision issued by the
French Association of Civil Engineering (AFGC) [18]. The
results of this design implementation provided valuable in-
formation about efficient use of UHPC in bridges and the
areas where further research and development is needed.

4. UHPC Material Model

UHPC material achieves a high tensile strength as well as
a ductile tensile behavior through an optimized combi-
nation of high-strength concrete and high-strength fibers,
which allows stress transfer from the matrix to the fibers
after initial crack formation. Hence, a proper mechanical
model must take into account the characteristic behavior and
contributions of each constituent material as well as their
interaction before and after cracking takes place. Figure 4(a)
shows a rheological model proposed by Chuang and Ulm
[19] to describe the tensile behavior of UHPC. This is a two-
phase model representing the individual contributions of the
matrix and the fibers as well as their interaction particu-
larly in the postcracking region which includes permanent
deformation and damage. The main advantage of such a
rheological model is that it allows model-based optimization

of UHPC structures. The 1D model provided in the figure
is sufficient for the purposes of discussions in this paper, the
reader is referred to [4] for the 3D model formulation.

The rheological model shown in Figure 4(a) is composed
of two parallel components which represent the macroscopic
behaviors of the constituent materials, that is, the matrix and
the fibers. An elastic spring (stiffness Cys) and a brittle-plastic
crack device (crack strength f;; frictional strength kj) model
the elastic brittle-plastic behavior of the composite matrix.
The composite fiber behavior is governed by an elastoplastic
material law, described by an elastic spring (stiffness Cr)
in series with a friction element (strength f,). Additionally,
the two parallel elements are coupled by an elastic spring
of stiffness M, which links the irreversible matrix behavior
(strain sf\’,[) with the irreversible fiber reinforcement behavior
(strain sg). These 6 model parameters (Cy, Cr, M, fi, ks,
and f,) govern the composite material behavior, and they can
be calculated from the macroscopic stress-strain response of
the composite material [19].

For a UHPC material, the compressive strength values are
readily available from the manufacturer. Furthermore, the
six model parameters that characterize the tensile behavior
of UHPC, (Cy, Cr, M, fi, ky, and f,), should be derived
from a tensile-notched plate test, which is generally provided
by the UHPC manufacturer with high accuracy (and small
standard deviation). The rationale behind using notched
tensile data is that the notched configuration best reflects—
in an average sense—UHPC structural behavior, particularly
after cracking. Figure 4(b) displays the results of a notched
plate test for Ductal provided by Lafarge, from which we
extract the values of the model parameters in Table 1.

5. Preliminary Design Implementation:
UHPC Bulb-T Bridge Girders

In order to better understand the impact of using UHPC in
design of ordinary highway bridges, step-by-step preliminary
load and resistance factor design (LRFD) calculations are
provided in this section for a sample bridge provided by the
Virginia DOT, which is a 108 ft (32.92 m) span bridge to be
constructed using 8 PCBT-45 VDOT Bulb-T sections made
of UHPC, overlaid by a lightweight concrete slab. The mate-
rial model presented in the previous section was used to
determine the section capacities and the design results as well
as some optimization possibilities were discussed.
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FIGURE 4: The two-phase rheological model of UHPC (a) and the comparison of model prediction with experimental data (b).

5.1. Design Principle. The design was based on LRFD meth-
od adopted for ultra-high-performance concrete structure
(UHPC) design. The aim of the design is

N

V] =SLS,ULS, > (awiyiQ) < (R), (1)

i=1

where the left-hand side represents the factored design load,
to be determined according to the current standards based
on LRFD specifications, with:

Q;: nominal loads (dead loads and live loads);
«;: load factors;

y;: load combination factors;

y;: importance factors.

The right-hand side represents the characteristic resistance of
the UHPC section:

R: mean load capacity of the UHPC structural ele-
ment, which is achieved at a specific maximum allow-
able crack opening for the UHPC material;

¢: design strength reduction factor.

For prestressed concrete components, the load cases con-
sidered are presented below.

The Service Limit State (] = SLS). The factored load of the
service limit state corresponds to the LRFD service III state

for tensile stresses in prestressed concrete components, for
which:

N
S (@yiyiQ) ™ = 1.0(DC + DW) +0.8(8 X LL + IM),
i=1

(2)

where DC: dead load of structural components and non-
structural attachments; DW: future wearing surface on slab;
& X LL: design truck or design tandem with dynamic allow-
ance (§ = 1.33). The design truck is the HS20 design truck
specified in the standard AASHTO specifications [20]. The
design tandem consists of a pair of 25kip (111.2kN) axles
spaced at 4 ft (1.22 m) apart; IM: design lane load of 0.64 kip/
ft (9.34 kN/m) without dynamic allowance.

The characteristic resistance in the service limit state is to
be determined for an uncracked UHPC section:

SLS

(¢R)”™ = ¢R([w] = 0). (3)

The Ultimate Limit State (J] = ULS). The factored load of the
ultimate limit state corresponds to the LRED strength I for
ultimate strength calculation, for which:

(iyi7iQ) "™ = 1.25DC + 1.50DW + 1.75(8 x LL + IM).

(4)

M=z

[
—

The characteristic resistance in the ultimate limit state is to be
determined for a maximum allowable crack opening [w] ™
of the UHPC material:

($R)™ = ¢R([w] = [w]™ = 0). (5)

For an unreinforced structural component (e.g., unrein-
forced UHPC web in shear design), the maximum allowable
crack opening for the UHPC is taken as [18]:

[w]™ = 0.01in = 0.254 mm. (6)



For a reinforced (including prestressed) structural compo-
nent (e.g., prestressed UHPC bottom flange in bending de-
sign), the maximum allowable crack opening is

[w]lim = min(Lf h), (7)

4’100

where Ly: length of fibers in UHPC material and h: the
UHPC section height (excluding a non-UHPC composite
deck).

The restriction of the crack opening to maximum values
ensures (1) a ductile failure behavior in the ultimate limit
state; (2) avoidance of excessive deflections and bond failure
between prestressing strands and UHPC.

5.2. Design Considerations. The presented design is for a
composite section composed of a prestressed UHPC section
and a lightweight concrete slab, with a span length of L =
108 ft (32.92 m). The design considerations and constraints
specified by the VDOT are listed below.

The beam section considered was the PCBT-45 VDOT
Bulb-T section, made of UHPC with a depth of h = 45in
(1.143 m):

(i) strands are harped unless straight strands without
debonding will work;

(ii) strand size: 0.5in (12.7 mm) diameter. Diameter of
0.61in (15.24 mm) may be considered if needed;

(iii) debonding of strands at beam ends is not permitted;

(iv) average spacing of the 8 beams in the bridge cross-
section is 10.083 ft (3.07 m);

(v) standard web thickness is 7in (17.8 cm) for VDOT
Bulb-Ts; however, 6 in (15.24 cm) web will be consid-
ered if design is satisfactory;

(vi) interior diaphragms are galvanized steel, while
end diaphragms are cast-in-place. Assume 10 lbs/ft
(0.146 kN/m) including weight of connectors;

(vii) beams are designed as simple spans. Continuity may
be in the slabs only or with continuity diaphragms.

The considered slab had the following characteristics:

(i) depth: 8.5in (21.6cm) (includes 0.5in (1.27 cm)
wearing surface (ws) which is not used in computing
section properties);

(i) concrete strength: 4000 psi (28 MPa) and density: w =
125 pef (2 ton/m?) (lightweight concrete);

(iii) slab is composite with beam with hairpin bars spaced
12 in (30.5 cm) on center on top of beam;

(iv) for construction tolerances of slab, use 20 psf
(958 Pa);

(v) for future wearing surface, use 15 pst (718 Pa);

(vi) for composite dead load, consider weight of rail =
346 Ibs/ft (5.05 kN/m) (distributed over exterior beam
and two interior beams).

Advances in Materials Science and Engineering

TaBLE 2: Summary of uniform dead loads per beam.

DC DW

Ibs/ft (kN/m) Ibs/ft (kN/m)
UHPC PCBT-45 Beam 830 (12.11)
Slab 840 (12.26) 53 (0.77)
Bolster 61 (0.89)
Daphgmsand
Construction tolerance 20 (0.29)
Rail 115 (1.68)
Future wearing surface 59 (0.86)
Total 1,761 (25.7) 227 (3.31)
DL =DC + DW 1,988 (29)

5.3. Calculation of Design Loads and Internal Forces. Detailed
calculations of the design loads and the internal forces are not
provided here for brevity. Rather, summary of the uniform
dead loads per beam is provided in Table 2, and the resulting
design moment and shear values including the live load
effects calculated according to the AASHTO LRFD specifi-
cations are provided below.
For service limit state (SLS):

Msis(xym) = 4,908 kips-ft = 6,654 kN-m, (8)
Vsis(xy) = 195kips = 867 kN. 9)

For ultimate limit state (ULS):
Msis(xar) = 8,107 kips-ft = 10,992kN-m,  (10)

Vsis(xv) = 333 kips = 1,481 kN. (11)

6. Section Capacities

This part deals with the determination of the moment and
shear capacity of the UHPC PCBT-45 beam section, that is,
the right-hand side of the design inequalities (2) and (4). It is
based on section equilibrium for a given maximum allowable
crack opening, defined by relations (3), (5)—(7).

6.1. Moment Capacity of Section

6.1.1. Determination of Mean Moment Capacity. Section
moment capacity calculation is based on the following prin-
ciples:

(1) section equilibrium requires

Ny = Lo(y)da =0,
(12)

Mg = J yo(y)da =0,
A
where o(y) is the longitudinal stress in the cross-

section A, which varies as a function of y. Ny is the
normal force, which is zero in this case. The prestress
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in the prestressing strands is taken into account in the
integral of the stresses over the cross-section by con-
sidering an elastoplastic relation for the prestressing
strands:

o(yp) =y +Ere(y) < 7, (13)

where y is the prestress level of the tendons (after pre-
stress losses due to creep), fyp = 270ksi (1,862 MPa)
is the yield stress of the prestressing steel, Er =
29,000ksi (200 GPa) is the elastic stiffness of the
prestressing tendons, and &(y,) is the strain in the
prestressing strands situated in the cross-section at

position y = yp;

(2) plane section assumption (Navier-Bernoulli): the

initially plane section is assumed to remain plane
during deformation and normal to the middle axis
situated in the center of gravity of the composite
cross-section. The strain in any point of the section
is therefore given by

e(y) = e(yo) — x(y — ), (14)

where &(yy) is the strain in the reference axis y = yj,
and « is the curvature. If the centroid y = y, is taken
as reference, where €(yy) = 0, then:

e(y) = —x(y — ye)s (15)

(3) the maximum tensile strain in the bottom flange is

restricted by the relevant tensile strength and the
crack opening criterion of the UHPC material. Spe-
cific values employed below, refer to the Ductal (sf)
UHPC. Material values are given in Table 3:

(a) for the service limit state (SLS), for which zero
crack opening is admissible, the maximum ad-
missible tensile strain is

IS T B
Y = Ymin : &SLS = Ky = 7,820 (16)
= 1.4066 x 1074,

where 2| is the cracking strength of the UHPC-
material, and K the elastic stiffness of UHPC;

(b) for the ultimate limit state (ULS) of the rein-
forced (prestressed) structural component, for
which the maximum admissible crack opening
is defined by (7), the maximum admissible ten-
sile strain for the reinforced UHPC material is

2 [[W]]lrlem

Y = Ymin : €ULS = ?o + (2/3)h

—é-i—min & i
" K 8h 200

(17)

1.67 min(3(1/2) i)
7,820 8(45) ’ 200

=4.3802 x 1073,

TABLE 3: Material identity card for Ductal (sf). Mean values ob-
tained from direct notched tensile plate tests.

Symbol Mean value ksi (MPa)

Compressive strength f! 28 (193)
Initial stiffness K, 7,820 (53,917)
Postcracking stiffness K, 233 (1,606)
Cracking strength poy 1.1(7.6)
Postcracking strength = 1.0 (6.9)
Ductile strength >, 1.67 (11.5)
Fiber length Ly 0.5in (1.27 cm)

where X, is the ductile yield strength of the
UHPC material, Ly the fiber length in the
UHPC, and h the UHPC-beam depth;

(4) the stress strain behavior of UHPC is described by the
following relations:

(a) UHPC compressive behavior:
0>0=Kpe=—f, (18)

where f/ is the UHPC compressive strength;
(b) UHPC elastic tensile behavior:

0<ec<egqs:o =Ky (19)
(c) UHPC postcracking behavior:
ELs < EZ€EULS 0 = ZT +K1(£ - SSLS) <2, (20)

where 21 is the postcracking strength, and K; is
the postcracking stiffness. Figure 4(b) displays
the tension stress strain curve for a UHPC
material. The material values required to carry
out the calculation are two stiffness constants
Ko; K; and four strength values: the com-
pressive strength f/, the cracking strength X7,
the postcracking strength X7, and the ductile
yield limit. These values are determined from
a tensile notched plate test and constitute the
“material identity card” of a specific UHPC
material. Table 3 reports the values for Ductal
(sf) of Lafarge. It is important to note that the
values to be used in the determination of the
mean strength capacity are mean values, and
not characteristic values.

The relations presented in this section define a well-
posed problem for the determination of the maximum mean
moment capacity of a section. The solution is iterative and
is conveniently achieved using a spreadsheet calculation.
The input to these calculations are (1) the material values
for UHPC (“material identity card”), and (slab) concrete
(Ees = 2,917ksi (20.1GPa), f = 4.0ksi (28 MPa)) and
prestressing strands (Et = 29,000 ksi (200 GPa), fyp =270 ksi
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W Dimension
| | Symbol mm (in)
t $ $ Slab w 1143 (45)
| | t 203 (8)
dr2 TE2 br2 UHPC-beam
dn TF, TF, br, 1194 (47)
) dra 102 (4)
" TF bry 686 (27)
Web
dw by dr 38 (1.5)
Web bw 178 (7)
bp1 dy 737 (29)
BF d 12
dp1 BFi| o e .__| ___________ _ 1 B1 584 (23)
d y b1 89 (3.5)
e o o o P - 52
N o RS Zg BE, bg, 813 (32)
bpy dp> 178 (7)

(b)

FiGuRre 5: Idealization of the UHPC PCBT-45 VDOT section with slab.

(1,862 MPa)), (2) the section dimensions, including the con-
crete slab, and (3) the section and position of the prestressing
strands, and the prestress level. For these input data, solving
the set of equations described above yields the mean moment
capacity of the section for SLS and ULS, that is, formally:

J = SLS, ULS.
(21)

MII2 = F(Materials, Section, Prestressing);

6.1.2. Design Moment Capacity. The design moment capacity
of the section is the factored mean moment capacity ¢y X
M{z, where ¢ is the design factor, which reduces the mean
moment capacity of the UHPC section to its characteristic
value:

]

duMpy = My — 1.75 X shy = (1 —1.75% ;%)m, (22)
R

where M}Jz is the mean moment capacity value, and sy the
standard deviation of the moment capacity of the section
under consideration. In the absence of such data, the
design factor for bending can be determined for a specific
UHPC material from a series of flexural tests on small-sized
specimen, yielding mean value M{g and standard deviation s]M
for the flexural strength of the model UHPC structure, from
which:

sh
¢ =1-175x 4 (23)
My

Such an investigation was carried out for Ductal, which
showed for both SLS and ULS:

Bending : ¢ = 0.85. (24)

Similar tests have been carried out for other UHPC materials,
which confirmed that the value of ¢»r = 0.85 in bending is a

safe estimate to account for the behavior of UHPC materials
in flexural structures. The factor of ¢ = 0.85 can also (and
should) be used for onsite quality control purposes. It suffices
to carry out a sufficient number of flexural tensile strength
tests on small control prisms, made of the same UHPC mate-
rial as the one used in the structure, and determine the mean
value and the standard deviation. The factor ¢5; determined
from the flexural tensile-strength checks, then, should be
greater or equal to ¢ = 0.85.

6.1.3. Determination of Prestressing Strands for PCBT-45
VDOT Bulb-T Section. As most of the design parameters, in-
cluding the material properties, were fixed in the provided
design problem, the design focus was on the prestressing
force per beam. To this end, the PCBT-45 VDOT Bulb-T
section with concrete slab is discretized into elements of
constant width shown in Figure 5, which also shows the
parameters used in the design. The effective slab width con-
tributing to the composition section is estimated from:

W = 1 min(é, 12t+max(bw, @>,S>
n 4 2

R min<1os(12)
T 2.68 4

=45in = 1.143m.

L12(8) + max(7, %) 10.08(12))

(25)

The aim of the analysis is to determine the required pres-
tressing force (or number of prestressing strands), which
satisfies the design criteria (2) and (4):

Msis(xm) < 0.85 X MR (y, Agt, Ao, ys1» ¥2),
(26)
MULS (xM) <0.85 % M}[{LS (V, Asl :ASZ) Vst ySZ))
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FIGURE 6: (a) Design moment capacity of the composite section as a function of the total prestressing force; (b) UHPC beam height versus
required prestressing force satisfying SLS and ULS factored design moments.
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FIGURE 7: Strain (a) and stress (b) profiles in the beam section at SLS and ULS.

where Mgis(xy) = 4,883 kips-ft (6,620kN-m) and Myrs
(xpr) = 8,053 kips-ft (10,918 kN-m) are the design moments
(8) and (10), y is the prestressing level, A;; and Ay, are the
strand section positioned at y;; and y, respectively, (see
Figure 5).

We will assume the prestressing level to be y = 0.8 (after
loss of prestressing due to creep, etc.) and optimize the
number of prestressing strands until (26) are met simulta-
neously. Figure 6(a) displays the design moment capacity as
a function of the total prestress force for both the SLS and
the ULS. Subjected to bending, the governing limit state is
generally the ultimate limit state. The required total pres-
tressing force per beam is approximately calculated as:

P = ff(Aq +Agp) =~ 2,100kips = 9,341 kN. (27)

It can be achieved with either 40 x 0.5in (1.27 cm) diameter
strands (in three layers 2 in (5 cm) spacing, 15-15-10) or 27 X
0.61in (1.524 cm) diameter strands (in two layers 2 in (5 cm)
spacing 15-12). Figure 7 displays the strain and stress profiles

over the cross-section. The section in the ULS is cracked to
a height of roughly 35in (88.9 cm) from the bottom flange.
However, what is important to note in Figure 7 is that the
compressive stress in the UHPC top flange in the ultimate
limit state is only at 31% of its compressive strength capacity,
while the concrete compressive slab is already at yield. On
the other hand, the tension side is at the UHPC tensile yield
capacity (by design), and the prestressing tendons are also at
yield.

6.2. Shear Capacity of Section

6.2.1. Service Limit State. In the service limit state, the maxi-
mum tensile stress generated by the two nonzero stress com-
ponents (o, 7) must be smaller than the cracking strength X7 :

o 2
o=+ (E) +712 < 2; (28)

YRS
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The maximum admissible shear stress, therefore, is

| g
Tlim = 2; 1-— ZT (29)
1

The SLS shear strength capacity is given by

VLS = Acfty- 1 % (30)
1

where Aiff is the effective shear section, that can be estimated
as AS" ~ b,d, = 203in? (1,310 cm?), and the longitudinal
stress (close to the support) from the prestressing force o =
—0.8 X 2100/1096 = —1.5ksi (10.34 MPa). Whence,

(-1.5)
1.1

VR =203(1.1)4 /1 — = 343 kips = 1,526 kN.

(31)

The mean design load need to be reduced to its characteristic
value by means of the shear design factor ¢y = 0.85. Then
using (9) and (31) in (2), the SLS-shear design check reads:

Vars(xv) = 195[kips] < ¢ VR™ = 0.85 x 343
(32)
= 292 kips = 1,299 kN.

6.2.2. Ultimate Limit State. The ULS-shear design check is
based on the premise that crack-bridging fibers, after crack-
ing of the UHPC, carry a part of the shear load; very sim-
ilar to shear reinforcement. In the absence of shear reinforce-
ment, the ULS shear capacity of the section is determined by

PvVR" = ¢ Ve + ¢rVy, (33)

where V. is the contribution of the UHPC concrete, accord-
ing to AFGC recommendations [18]:

V. = 0.09y/f/ b,z = 0.09+/28(7)(41.5) = 138 kips = 614 kN,
(34)

with b,,: web thickness and z: the effective height—within
the UHPC section—Dbetween the prestressing cable and the
compression flange, here z = 45 — 3.5 = 41.5in (105.4 cm).
In (33), V is the contribution of the fibers:

Aoy
Vi = m> (35)
where A is the area of fiber effect, estimated for bulb-T
sections with A = b,,z; B, is the inclination angle of the com-
pression struts, lower-bounded by 8, = 30°, and o, is the
residual UHPC tensile strength defined by

IIW]]lim
o= — | s (36)
[w]™ Jo

In this expression, [[w]]lim is the admissible crack opening de-
fined by (6) for unreinforced elements and by (7) for rein-
forced elements, and 0 = o([w]) is the stress after crack
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opening. For the stress strain behavior displayed in Figure 3,
relation (36) can be expressed in terms of the strain:

0'P=

1 £ULS
_ J o(s)ds, (37)
EULS — &SLS Jegis

where eyrs corresponds to the strain when the maximum
crack opening is reached; analogous to (17), but written here
for a structural element (the web) unreinforced with regard
to shear, it reads:

i
[wle 167 . 0.01

= + — =4, x 1074,
7,820 45 3578 0
(38)

In (37), ess = 27 /Ky corresponds to the strain at the onset
of cracking:

= ——— =1.4066 x 1074,
7 820 066 X 10 (39)

ESLS

In order to evaluate the integral in (37), we need to check
whether the ductile yield strength is reached at eyrs, by cal-
culating the strain corresponding to the onset of yielding:

s, -5
K

& = &rs t+

(40)
= 1.4066 X 1074 + % =3.0162 x 1073,

Since & > eyrs, the yield strength is not reached, and the
integral in (37) is evaluated from:

EULS Kl )
I o(s)ds = Zf (eurs — esis) + — (eurs — €s1s)
ESLS 2
= 1.0(4.3578 — 1.4066) x 1073
2
+ ?(4.3578 —1.4066)* x 1073

=3.9659 x 10 3 ksi = 27.34 x 1073 MPa.

(41)
Finally,
-3
%= s 7359_6519.42616% o5 = 1.34ksi = 924 MPa
(42)
The fiber contribution to the shear force thus reads:
vy = 7(41.5)(1.34) _ 675kips = 3,003 kN. (43)

tan 30

The characteristic shear capacity is obtained from (33) using
(34) and (43), together with the design factors ¢, = 2/3
and ¢ = 0.8 X 0.85 ~ 2/3 (the design factor for the fiber
participation accounts for two phenomena: fibers are eventu-
ally not ideally randomly oriented, which is captured by the
first factor 1/1.25 = 0.8, in addition to the intrinsic variability
of the material properties of the UHPC that is taken into
account by the second factor ¢y = 0.85):

oy VEL = %(138 +675) = 542kips = 2,411kN.  (44)
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The ULS-shear design check reads:

Vurs(xv) = 333[kips] < ¢y V§'™ = 542 kips = 2,411 kN.
(45)

7. Discussion of Results

(1) an immediate observation from the results of the pre-
liminary design implementation is that for the beam
spacing (S ~ 10 ft (3.05 m)) specified in this problem,
the longest span that can be crossed by a typical
VDOT PCBT-45 section made of concrete with a
compressive strength up to 8 ksi (55.2 MPa) is given
as 90 ft (27.4m) in the related VDOT manual [21].
In this particular design, not only is the section suf-
ficient for a 108 ft (32.92 m) span, but also the com-
pressive stress at the UHPC top flange is less than 1/3
its strength, which suggests that a longer span can be
crossed using the same beam section. Alternatively,
a smaller UHPC section could be sufficient for the
same span;

(2) as a result of span length, the preliminary design of
the composite section shows that a relatively high
prestressing force is required of roughly 2,100 kips
(9,341 kN). The high compressive strength capacity
of UHPC does allow such a high level of prestressing.
In return, the prestressing transfer must be carefully
analyzed and designed. While shear reinforcement is
clearly not required, it may eventually be necessary to
reinforce the anchorage zone to limit the risk of tran-
sversal tensile stresses and to ensure a smooth stress
transfer from the bottom flange into the beam;

(3) an increase of the web height would obviously re-
duce the required prestressing force. However, we
should note that an increase of the UHPC beam
height would reduce the admissible limit strain eyrg
according to (17) in the ULS-bending design. As a
consequence, for a given design moment, the requi-
red prestressing force does not scale according to P oc
k=1, but according to P oc h™%, where a > 1. As an
example, Figure 6(b) plots the height as a function
of the required prestressing force that satisfies the
SLS and ULS design moments (26) and (28). The
fitted power function in this figure shows that a =
1/0.6391=1.5647 > 1;

(4) there are many optimization possibilities: the web
width can be reduced to 6 inch (15.2cm) without
affecting the conclusions of the preliminary bending
and shear design presented here. The conclusions are
also not affected by a change in the prestress level
within 0.75 < y < 1.0 in SLS and ULS. The UHPC
top flange which is overdesigned (elastic in the ULS),
could eventually be eliminated, if not required for
other purposes. Further optimization would aim at
reducing the relatively high moment due to dead-
weight. The most efficient optimization consists in
replacing the concrete slab by an integrated UHPC
slab. Such an optimization would allow reduction of

11

the beam height, which in turn would lead to higher
admissible limit strains eyrs in (17);

(5) adetailed design calculation of the prestressing of the
beams and prestress losses, anchorage zone, and so
forth, needs to follow.

8. Current Status and Future Prospects of
UHPC in Bridge Structures

The authors of this paper are yet to come across a publication
on UHPC that does not recognize its great potential for en-
abling construction of lighter, stronger, more durable, better
looking, and more environmentally friendly concrete struc-
tures. However, relatively high cost of the material, unfa-
miliarity of the industry with the material, more involved
production and handling processes, and the lack of related
codes and specifications are the barriers against its common
use in bridge structures [14, 15, 22]. So far, implementation
of UHPC in bridge structures has generally been in the form
of pilot projects in which the design did not significantly
deviate from conventional geometry and dimensions to take
full advantage of the favorable behavior and strength pro-
perties of the material. Initial research and applications re-
vealed the need for optimized structural shapes that better
makes use of the mechanical and durability properties of
UHPC. The pi girder developed as a result of the FHWA ini-
tiated research program is an important achievement to this
effect.

The primary needs associated with UHPC can be
grouped as: (1) characterization of material properties; (2)
development of analysis and design methods; (3) develop-
ment of related codes and specifications; (4) development
of optimized member designs that make better use of the
material. As familiarity with UHPC increases, wider use the
material in bridge projects is anticipated. Reduced material
costs as a result of the increase in demand combined with
development of better structural shapes and associated de-
sign methods will fuel common use of UHPC materials to
build strong and durable bridge structures.

Combination of UHPC with other advanced composite
materials such as the fiber reinforced polymers (FRP) is ano-
ther exciting area of research with high impact potential [23].
Use of FRPs in conjunction with UHPC may make a positive
contribution to the durability of the structure and may intro-
duce further design optimization opportunities that may
allow more efficient use of materials.

9. Conclusion

Implementation of a UHPC material model in a preliminary
design problem is performed in this paper. Such mechanistic
models that can accurately capture the behavior of the UHPC
material can be used for model based optimization of design
to develop more efficient member geometries. Knowledge of
the UHPC material properties and the initial results obtained
from design implementations reinforce the authors’ belief
that UHPC has much to offer in the future to address not
only the strength and durability challenges but also those
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associated with the economy and environmental impact of
concrete bridges.
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