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B This paper describes finite element modeling of
prestressed ultra-high-performance concrete beams,
incorporating a concrete damaged plasticity model,
to predict flexural behavior.

B The proposed models use a new approach to apply
the prestressing force to the concrete beams within
the finite element model with the goal of increasing
the accuracy of the models in simulating the pre-
stressing process.

B The numerical models were compared with experi-
mental results from previous studies and determined
to accurately predict the flexural behavior of the
beams.
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titious material that exhibits compressive strengths

equal to or greater than 17 ksi (117 MPa),' tensile
strengths equal to or greater than 1.16 ksi (8§ MPa),? exception-
al durability, and greater ductility compared with conventional
concrete. The material was developed in the mid—20th century;
significant research investigating the mechanical behavior of
UHPC has been done by various researchers and institutes.*
Various researchers have simulated the mechanical behavior of
UHPC using finite element (FE) software. Shafieifar et al.,*”
Nasrin and Ibrahim,® and Singh et al.° performed investiga-
tions of the flexural capacity of UHPC beams using Abaqus
and demonstrated that the concrete damage plasticity model
(CDPM) is effective in predicting the load and moment-car-
rying capacity of UHPC beams. However, no consistent
approach or standard for design and analysis of UHPC is
available due to its variable mechanical characteristics, which
depend on the mixture proportions—particularly the volume of
the fibers. Furthermore, the prestressing process in a con-
crete beam is difficult to simulate in numerical models using
common FE analysis software programs. Therefore, it has been
a challenge for researchers to find a suitable numerical model
to represent the mechanical behavior of prestressed UHPC.

U Itra-high-performance concrete (UHPC) is a cemen-

So far, many efforts have been made to simulate the
prestressing process of conventional prestressed concrete



in Abaqus. Wang et al."” and Ren et al.'" used the initial tem-
perature load method to apply the prestress. This approach,
which assumes no heat is transferred between the strands
and concrete, can be applied to simulate small prestressing
loads because the relationship between strain and tempera-
ture of the materials is linear when the thermal change of
the strands is low. However, a large prestressing force is
typically required in many commonly used prestressed con-
crete members. If the simulated prestressing force is large,
requiring a large thermal change (for instance, greater than
212°F [100°C]) to obtain adequate prestressing force, the
thermal change will cause the material to experience inelas-
tic behavior, meaning that convergence may not be achieved
in the modeling.

Newberry et al.'” used the initial-stress method to apply pre-
stressing forces on concrete sandwich panels, which applies
initial stresses to strands to generate the required prestressing
force in the member. Chen et al." also used the initial-stress
method to simulate the prestressing force for modeling the
structural performance of prestressed UHPC I-girders. This
method is effective in providing adequate prestressing force
using stress-type initial conditions in Abaqus, but it does not
capture how the strands and concrete member deform during
the prestressing process. Thus, the initial-stress method is not
suitable to express the complete deformation process.

Van Meirvenne et al."* modeled the prestressing force as a
concentrated force, a body force, and a surface traction to
study the force transfer in the end zones of conventional
prestressed concrete. The research validated that their model
is useful in simulating the friction relationship between
strands and concrete, and in deriving related friction coeffi-
cients during force transfer. In addition to FE modeling, many
current research studies have applied digital image correlation
(DIC) techniques to UHPC structures to monitor the defor-
mation process and nondestructive evaluation, which can
provide detailed information to verify analytical and numeri-
cal models.'>'¢

This paper proposes to analyze prestressed UHPC beams
using surface traction in Abaqus to transfer the prestress-

ing force from the strands to the concrete. Also, a modified
analytical prediction for the inelastic portions of the tensile
and compressive stress and strain behavior of the prestressed
UHPC is introduced. Using this approach, this paper will in-
vestigate the flexural performance of prestressed UHPC using
a CDPM and compare it with experimental results measured
by both DIC instrumentation and traditional sensors. The
parameters of material characteristics used in the CDPM—for
instance, stress-strain behaviors of UHPC and reinforcing
steel—are based on the experimental tests done by Giesler et
al.'"® Note that the materials used in the UHPC were mainly
obtained locally in the state of New Mexico. The numerical
models are based on scaled, 16 ft (4.9 m) UHPC beams,
which were designed to reflect the geometry of one stem of a
UHPC channel beam for a bridge.

The concrete damage plasticity
model

The CDPM can generally simulate concrete and other qua-
sibrittle materials that exhibit characteristics of continuum
plasticity damage, which is based on the mechanisms of
isotropic damaged elasticity in combination with isotropic
tensile and compressive plasticity to represent the inelastic
behavior of concrete. In Abaqus, yield surface, flow potential,
and viscosity parameters are input to simulate the CDPM.
The yield criteria used in the CDPM follow the Lubliner et
al.!? yield function, which is employed in conjunction with
modifications proposed by Lee and Fenves?! to account for
different evolution of strengths under tension and compres-
sion. Two constitutive parameters, K _and o, /o, are required
to define the yield function f. K_(with a default value of 73)
is the ratio of the compressive concrete strength under equal
biaxial compression to triaxial compression and o, /o (with
a default value of 1.16) is the ratio of the initial biaxial com-
pressive yield stress to the initial uniaxial compressive yield
stress. The parameter K _is used to determine the shape of the
yield surface in the deviatoric plane based on the full triaxial
tests of concrete, while a biaxial laboratory test is necessary
to define the value of o, /. The yield function is defined in
Eq. (1), and the related parameters «, i, and y are defined in
Eq. (2), (3), and (4), respectively.
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where
o = dimensionless constant
q = Mises equivalent effective stress
p = effective hydrostatic stress
Y = dilation angle
& = equivalent plastic strain
0, = maximum principle effective stress
0% = dimensionless constant
o, = effective compressive cohesion stress
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3(1_ K ) where
"=k 1 @
e o = tensile stress
1_
p= —50' x 1 5 4 = tensile damage variable

where E, = initial (undamaged) elastic stiffness of material
o = effective stress tensor g, = tensile strain
1 = first invariant of stress &’ ' = tensile plastic strain

— 358 i T = = _ ~pl

7= 5(S><S)W1thS-0’+p><I (6) o, =(1-d )E, (e -&") )
where where
S = deviatoric part of the effective stress tensor & o, = compressive stress

G= \/(e X0, X tam//)2 +g° — ptany (N d, = compressive damage variable
where &, = compressive strain
G = flow potential & = compressive plastic strain
e = eccentricity of the plastic potential surface Figure 1 shows the yield surface in the CDPM. o, /o is used

to calculate the parameter « based on Kupfer’s curve,” which
o, = initial uniaxial tensile failure stress is shown in Fig. 1 right. The p-q plane is used to define the flow
potential surface and the dilation angle i is measured in the p-g
o,= (l— a’t)E0 (st - éfl) (8)  plane at high confining pressure. G, (E‘f’) and G, (Ef’l) repre-

sent the effective tensile cohesion stress and compressive cohe-
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Figure 1. Yield surfaces in the deviatoric plane and yield surface in-plane stress. Note: K = ratio of compressive concrete
strength under equal biaxial compression to triaxial compression; p = effective hydrostatic stress; g = Mises equivalent effective
stress; a = dimensionless constant; 8 = dimensionless constant; o, = initial biaxial compressive yield stress; o_, = initial uniaxial
compressive yield stress.
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sion stress, respectively.”'*? S , S and S, are the yield surfaces
on the deviatoric plane. &, and G, represent the orthogonal
uniaxial tensions. &, and &, are effective uniaxial tensions.

The CDPM assumes nonassociated potential plastic flow.
Thus, the flow potential G can be given in the form of Eq. (7),
where e is the eccentricity of the plastic potential surface with
a default value of 0.1. The eccentricity e defines the rate at
which the function approaches the asymptote, which indicates
that increasing e can provide more curvature to the flow po-
tential. If the confining pressure decreases, the dilation angle
will increase. The default value of e ensures that the dilation
angle changes only slightly or not at all in a broad range of
confining pressure stress. The viscosity parameter w is used
for the viscoplastic regularization of the concrete constitutive
equations in Abaqus/standard analyses. This parameter is
ignored in Abaqus/explicit, as rate-dependent analysis is not
carried out (default value is 0).

Figure 2 shows the tensile and compressive behavior of con-
crete based on the CDPM. The tensile behavior of concrete

is linear elastic until the stresses in concrete reach the failure
limit o, . The compressive behavior of concrete is nonlin-

ear with gradual softening after its initial yield at o . In the
plastic range, the concrete exhibits compression strain hard-
ening followed by strain softening beyond the ultimate stress
o, . The constitutive relationships under uniaxial tension

and compression can be expressed by Eq. (8) and (9). The
unloading behavior of the concrete specimen exhibits stiffness
and strength degradation.” The degradation of the elastic stiff-
ness on the strain softening branch of the stress-strain curve is
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characterized by two damage variables, d, and d_ (Eq. [8] and
[9]), which are assumed to vary from zero to one. Zero rep-
resents that the material is undamaged, while one represents
that the material has a total loss of strength.’ 65’ and 6f’ are
elastic tensile and compressive strains.

Experimental test

Although volumes of research exist on the material properties
of UHPC, design standards and specifications for the flexur-
al behavior and moment capacity of UHPC and prestressed
UHPC members are not fully developed. To further inves-
tigate, improve, and understand the mechanical capability
and durability of UHPC, a research program was conducted
by Weldon et al.?® to develop UHPC using local materials.
Another study proposed an economical UHPC that achieved
enhanced material properties and durability by modifying
previously developed nonproprietary UHPC mixture pro-
portions.”” In addition, Visage et al.”® and Manglekar et al.”®
presented both an experimental and analytical study on the
flexural characteristics of small-scale beams using a locally
developed UHPC. A series of large-scale experimental studies
were then conducted on UHPC beams and girders, and DIC
techniques were employed and performed by Giesler* and
Manning et al.*! Based on the previous research performed
by Weldon et al.,? three prestressed UHPC beams using
local materials were fabricated and tested under four-point
uniaxial loading by Giesler et al.,'™'® and these beams were
used for the numerical analysis in this paper. The results of
the numerical analysis were compared with the experimental
results from the previous studies. The mechanical properties

O¢

806|

Compressive stress

Figure 2. Concrete damage plasticity model for concrete under axial tensile and compressive stresses. Note: d, = tensile damage
variable; £, = initial (undamaged) elastic stiffness of the material; . = compressive strain; gf’ = compressive elastic strain; éf’ =

compressive plastic strain; g, = tensile strain; gf’ = tensile elastic strain; Ef’ = plastic strain; o, = compressive stress; o _, = initial uni-
axial compressive yield stress; o_, = the ultimate compressive stress; o, = tensile stress; o, = initial uniaxial tensile failure stress.
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of the materials, such as the reinforcing steel and UHPC, used
in this analysis are based on Giesler et al.'”'8

Materials

In this study, most of the constituents of the mixture pro-
portions used for the nonproprietary UHPC were locally
available materials, except the steel fibers and high-range
water-reducing admixture (HRWRA), which were obtained
from a national distributor. To obtain the required design
compressive strength of 22.0 ksi (152 MPa) for the UHPC, a
water—cementitious material ratio (w/cm) of 0.145 and 1.5%
steel fiber by volume were used. The monofilament, straight
fibers were 0.008 in. (0.20 mm) in diameter and 0.50 in.

(13 mm) in length, which resulted in a length-to-diameter
aspect ratio of 65. The fibers had a 285 ksi (1965 MPa)
minimum tensile strength with a modulus of elasticity of
29,000 ksi (200 GPa). The mixture proportions can be found
in Giesler.*” The modulus of elasticity E_ of the UHPC was
6065 ksi (41.82 GPa), which was proposed by Guaderrama
and Weldon* based on experimental tests.

No. 3 (10M) mild steel bars were used for the compression
reinforcement and stirrups in beam specimens. Tension tests
were performed on four samples of the reinforcing bars.

An average yield stress of 63.7 ksi (439 MPa), an average
maximum stress of 97.6 ksi (673 MPa), and an average
modulus of elasticity of 26,600 ksi (183 GPa) were obtained.

The prestressing strands used in the beam specimens were
0.6 in. (15.2 mm) diameter Grade 270 (1860 MPa) low-relax-

Half-span layout of Beam 1
(beam is symmetric about centerline &) x

) 3-0.60in.
15in. J_ low-relaxation strands \

2in. |

15in.

3-0.6in.
low-relaxation strands

(beam is symmetric about centerline ¢)

ation strands. The yield strength of the strands f} was taken
as 245.0 ksi (1689 MPa), which is 90% of the ultlmate strand
tensile strength fpu (f =0. 90f ) in accordance with the
AASHTO LRFD Brldge Design Specifications.> The modulus
of elasticity of the strand was provided in the supplier’s speci-
fications as 28,800 ksi (199 GPa).

For the composite (T section) beam described in the following
section, the deck was a cast-in-place composite high-strength
concrete (HSC) deck. The HSC compressive strain at crush-
ing was assumed to be 0.003, which followed the AASHTO
recommendations.* The ultimate compressive strength of

the HSC was measured to be 8.0 ksi (55 MPa). Welded-wire
reinforcement with grid dimensions of 4.0 x 4.0 in. (100 x
100 mm) was placed at midheight in the deck. The diameter
of the wires was 0.22 in. (5.6 mm). Based on the experimental
tests, an average yield stress of 65 ksi (448 MPa), a tensile
strength of 75 ksi (517 MPa), and a modulus of elasticity of
29,000 ksi (200 GPa) were measured for the wire mesh.

Description of the beam specimens

In the experimental program, three 16 ft (4.9 m) nonpropri-
etary UHPC beams with similar cross sections were designed
to investigate their flexural performance. The reinforcement
in the beams varied and one beam specimen included a
composite deck. Beam 1 was a prestressed UHPC rectangular
cross section without shear stirrups (Fig. 3). Beam 2 was a
prestressed UHPC rectangular cross section with shear stir-
rups meeting AASHTO requirements (Fig. 3). Beam 3 was a
prestressed UHPC rectangular cross section with a composite

Half-span layout of Beam 2

2in.
3-0.60in. 11 - no.3 stirrups at 7 in.
low-relaxation strands ~ \ |_—_| I__
\ 1.5in
\ B
4
T 2in
q‘| ! 61t |
I 8 R 1
7in.
(SR [
2-no.3
bars 15in.
2-no.3 —L
stirrups { —
L 2in.
- 1.5in.
3-06in. 4in.

low-relaxation strands

Beam 2

Figure 3. Half-span profile view and cross-section of beam 1 and beam 2. Source: Giesler et al., 2014. Note: Not to scale.

Tin. =25.4 mm; 1 ft = 0.305 m; no. 3 = 10M.
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4 x 4in.x 0.22 in. diameter
welded wire mesh
3 - no.3 U-stirrups at 12iin. |11 - no.3 stirrups at 7.0 in.

|l-— 2in.
5in.  HSC cast-in-place i
_L deck \ — B — A ’— 2.5in.
ARY
- |
15in.
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Section A-A
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4 x 4 in. x 0.22 in. diameter ! ! I__.l
welded wire mesh . .
1.5in. 5in.

.

1 - 9in.
2-n0.3
bars 2in. 11.5in. 15 in.
no. 3 o0 —|——
/

stirrups 1
M —~—1.51in.
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Section B-B

Figure 4. Beam 3 profile view and cross-section views. Source: Giesler, 2014. Note: Not to scale. HSC = high-strength concrete;

UHPC = ultra-high-performance concrete. 1in. = 25.4 mm; 1 ft = 0.305 m; no. 3 = 10M.
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HSC deck, and shear stirrups, U stirrups, and a wire mesh*
all designed according to AASHTO requirements (Fig. 4).
The rectangular cross sections of the beams had a width of
7.0 in. (178 mm) and a height of 15.0 in. (381 mm). Beams
1, 2, and 3 had one layer of prestressing strands, consisting
of three 0.6 in. (15.2 mm) diameter low-relaxation strands
placed 2.0 in. (50 mm) from the bottom face of the beam.
The reinforcement details of beam 3 were similar to beam

2; however, a composite cast-in-place HSC deck was placed
and attached to the beam through the composite action of the
reinforcement. The depth of the deck was 5.0 in. (127 mm),
and welded-wire reinforcement with grid dimensions of 4.0
x 4.0 in. (100 x 100 mm) was placed in the deck. In addition,
three U-shaped stirrups were placed near the midspan to
prevent any separation of the deck within the pure moment
region.

Due to the lack of design guidance or specifications, and to
ensure that failure at prestress transfer would not occur, the
beam sections shown in Fig. 3 and 4 were designed assuming
no fiber contribution to the tensile resistance. For the beams
with stirrups, the design procedure followed the AASHTO
LRFD specifications* and resulted in 11 no. 3 (10M) stirrups
at 7.0 in. (178 mm) spacing, beginning 2.0 in. (50 mm) from
each end face of the specimen. Near the midspan of the beam,
no shear reinforcement was included to limit its effect on the
flexural behavior.'”!8

Test setup and loading
Four-point loading tests were conducted on the beam spec-

imens. The test setups, instrumentation, and loading points
were kept constant for the three beams. Figure 5 shows the

composite HSC deck g

UHPC beam—_| load Wht—\.l

B

bearing piaeﬂ
N

12in. (305 rrm)|-——1

l half-span length 8 ft (244 m) !

(a)

Deck top surface

UHPC beam —_|

p p 5in.
) (127 mm)
hasiny plaex\lil ! composite HSC deck ‘
s
: T 21in.
6in
(150 mm) \A3 o)
LQ 12in (305 mm)—{ "\ 1x 1in. (25 x 25 mm) chafer ()
I half-span length 8 ft (2.44 m) 1 (b)
Front surface
5in.
P P
. (127 mm)
bearing plae\_hj 1 composite HSC deck ‘
7
T 21in.
T (533 mm)

DIC pattemns N

.........................................

I half-span length 8 ft (2.44 m)

12in. (305mm) i T 1 o N—1x 1.

~ {305mm)(305nm)

(25x 25 mm) chanfer
(0

Front surface with digital image correlation patterns

Figure 5. Test setup and loading points for Beam 3. Source: Giesler, 2014. Note: Not to scale. DIC = digital image correlation; HSC

= high-strength concrete; P = applied vertical load in four-point loading test; UHPC = ultra-high-performance concrete. 1in. =

25.4 mm; 1ft = 0.305 m.
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test setup for beam 3. The effective prestressing force of
beams 1, 2, and 3 measured by embedded vibrating wire
strain gauges was, respectively, 86.9, 94.0, and 83.0 kip
(387, 418, and 369 kN) before load was applied to the spec-
imen.*

To investigate the local behavior of the beam, two DIC
systems were applied to capture changes in strain, one with a
pixel density of 1624 x 1236 and one with a pixel density of
1280 x 1024. The regions of the DIC patterns for collecting
data applied on all beams were similar (Fig. 5).

Numerical model

Material parameters used in the
numerical model

Because the numerical model is simulated to predict the
behavior and guide the design of prestressed UHPC struc-
tures, the tensile and compressive behavior of the UHPC, the
prestressing strands, and mild steel reinforcement (reinforcing
bars and stirrups) obtained from material tests are essential
components for defining the material model. Table 1 shows
the material properties used in the numerical model of the
prestressed UHPC beams, which were based on the previous
experimental tests conducted by Giesler et al.'”'® Figure 6
shows the adopted tensile and compressive stress-strain
responses of the UHPC. In Fig. 6, the inelastic portions of
the material behaviors are assumed to be linearly decreasing
because only yield strain, ultimate strain, and crushing strain
were available from the material property tests. Therefore,
piecewise linear variations on the two curves were assumed
for the inelastic responses of the UHPC, and an analytical
stress-strain behavior for UHPC in both compression and
tension is assumed (Fig. 6).

Finite element modeling

In this research, the CDPM was used in the FE model for

simulations with Abaqus. Table 1 shows the material param-
eters (UHPC, prestressing strands, and mild steel reinforce-
ment) used for the CDPM. To study the flexural behavior of
the prestressed UHPC beams, three three-dimensional (3-D)

models were built to simulate the behavior of the experimen-
tally tested beams (Fig. 7).

An eight-node reduced integration linear brick (C3D8R) was
used to mesh the UHPC beams and prestressing strands. For
beams 1 and 2 (Fig. 7) the mesh size of the UHPC was 8 x
1.75 x 1.56 in. (203 x 44.5 x 39.6 mm) (the beam dimen-
sions were 192 x 7 x 15 in. [4880 x 178 x 381 mm]). Eight
seeds were used to mesh the circular cross section of the
strands (0.6 in. [15.2 mm] diameter), and the mesh size for
the strands in length was 8 in. In addition, four steel plates
were used as bearing plates for applying the loads, as well
as at the supports. The plates (3 x 7 x 1 in. [76 x 178 x

25 mm]) were meshed with the eight-node reduced integra-
tion linear brick (C3D8R). The mesh size of the plates was
0.5 x 1 x0.3in. (13 x 25 x 8 mm). For beam 3 (Fig. 7),

the mesh size of the UHPC for the web was 1.92 x 1.17 x
1.56 in. (48.8 x 29.7 x 39.6 mm) (the beam web dimensions
were 192 x 7 x 15 in. [4880 x 178 x 381 mm)]. The mesh
size for the flange of the beam was 1.92 x 2.13 x 1.25 in.
(48.8 x 54.1 x 31.8 mm) (the beam flange dimensions were
192 x 24 x 5 in. [4880 x 610 x 127 mm]). The mild steel
reinforcement (reinforcing bars and stirrups) were created
through the 3-D wire elements, which were assumed to be
perfectly bonded with the UHPC (3-D solid elements). Thus,
the embedded constraint was used as the interaction between
the mild steel reinforcement and the UHPC. In addition, four
steel plates were added as bearing plates for applying the
loads, as well as for the supports.

Stages of applying prestressing force
and vertical loads

This research used a new approach to apply prestressing force
to simulate the prestressing process, which not only transfers
prestress to the concrete beam but also allows the deformation
of the beam due to the prestressing force (that is, camber) to
be simulated. The prestressing force was applied using surface
traction in Abaqus. The total prestressing force P was applied
satisfying Eq. (10):

P=0 x4 (10)

surface

Table 1. Material parameters of prestressed ultra-high-performance concrete used for the numerical model
based on experimental results

Elastic properties

Poisson’s ratio

Modulus of elasticity

6065 ksi

0.18

Plastic properties

Dilation angle ¢

0/ o-co

Viscosity

50 0.1

Eccentricity e o,

0.66

OI

Note: K_ = ratio of compressive concrete strength under equal biaxial compression to triaxial compression; o, = initial biaxial compressive yield stress;

0, = initial uniaxial compressive yield stress. 1ksi = 6.895 MPa.
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concrete compressive strength; £, = tensile strength of the crack bridging fibers; f. = concrete modu-
= limiting strain for fiber postcracking strength; o = stress.

where

= prestressing force on the prestressing strands

st

= applied surface traction on the prestressing strands

st

wface = curved surface area of the prestressing strands
Because 0, is a vector, the surface traction stresses are applied
on each half-length of the strands in opposite directions

(Fig. 8). Thus, based on Eq. (10), the applied stresses on the
strands due to the prestressing force for beams 1, 2, and 3 were
160, 173, and 153 psi (1.10, 1.19, and 1.05 MPa), respectively.
In addition, the interactions between the prestressing strands
and the UHPC were defined as tie connections to ensure that
the prestress could be effectively transferred to the UHPC. The
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surface traction was applied on the strands in increments so that
the transfer of prestressing force was captured (Fig. 9).

Numerical results of the simulation

Figure 9 shows the prestressing simulation, capturing the
camber and flexural deformation. Figure 10 shows the
load-deflection responses at midspan from the experimental
tests and numerical models. A 0.16 in. (4.0 mm) negative
deflection (Fig. 9) occurred in the rectangular beam without
stirrups due to prestress. A 0.09 in. (2.3 mm) negative deflec-
tion (Fig. 9) occurred in the rectangular beam with stirrups,
and a 0.07 in. (1.8 mm) negative deflection (Fig. 9) occurred
in the T beam. To present the actual relationship between
applied load and deflection, the camber deflection offset was
added to the flexural portion of the numerical deflection data.
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Figure 7. Three-dimensional models of prestressed ultra-high-performance concrete beams and reinforcement layout.
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The models show good accuracy in predicting the deforma-
tion due to prestress, peak vertical load, and corresponding
deflection at midspan of the beam when compared with the
experimental tests. Table 2 shows the camber deflection, peak

load, and peak deflection from experimental tests and numer-
ical simulation. Table 3 shows the captured DIC visualization
of the behavior of UHPC beams under peak load and their nu-
merical simulation. Figure 10 shows the moment-microstrain
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Table 2. Camber deflection, peak load, and peak deflection from experimental test and numerical model

Camber deflection, in. Peak load, kip | Peak deflection, in.
Experimental Numerical Experimental Numerical Experimental Numerical
test model test model test model
Beam 1 0.19 0.16 78.4 81 1.80 1.91
Beam 2 0.19 0.09 82.3 84.5 1.73 1.77
Beam 3 0.13 0.07 107 108.5 1.16 1.10

Note: 1in. = 25.4 mm; 1 kip = 4.448 kN.

Table 3. Digital image correlation visualization and numerical simulation of ultra-high-performance-concrete
beams at first cracking and under peak load

Beam Specimen/

i Load, kip Shear region Pure moment region
section model

Experi-
mental 5585
First specimen,

cracking

Numerical
23.8
model

Experi-
mental 78.4
Peak specimen

load
Numerical

81
model

Experi-
mental 39.5
First specimen

cracking

Numerical
35.4
model

Experi-
mental 82.3
Peak specimen

load

Numerical
84.5
model

Experi-
mental 56.2
First specimen

cracking ;
Numerical 468
model
Experi-
mental 107
Peak specimen

load

Numerical
108.5
model

Note: 1 kip = 4.448 kN.
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curves at 13.5 in. (343 mm) from the top surface of the beams
at midspan, and Figure 11 shows the depth of the neutral axis
compared with deflection at midspan. The trends of numeri-
cal simulation and DIC data are similar. In Table 3, the color
spectrum in the images represents changes in the strain in

the beams’ longitudinal surface. The location of the neutral
axis from numerical simulation was lower than shown in the
DIC data because the DIC strains captured the cracking in the
concrete in the experimental tests. The CDPM in Abaqus can
only characterize the deterioration of modulus of elasticity
using the damage parameter and plastic strain; the crack width
cannot be simulated. This resulted in the numerically simulat-
ed peak strains being slightly less than the DIC data, and the
location of the neutral axis was also lower than shown in the
DIC data.

Conclusion

The objective of this research was to numerically model the
flexural behavior of prestressed UHPC beams through FE
analysis and compare the model with the experimental data to
verify the effectiveness of the numerical model in predicting
the flexural performance of the prestressed UHPC beams. The
material parameters used in the numerical model and the data
for the flexural experimental behavior were adopted from the
tests conducted by Giesler et al.'”'® The inelastic tensile and
compressive stress-strain relationship used in the models were
piecewise linear.

The comparison of numerical and experimental results shows
that load capacity, initial stiffness, deflection at peak load,

and strain at peak load of the numerical model are in good
agreement with the experimental results. This implies the
following:

e The numerical models are validated to simulate the
flexural behavior of prestressed UHPC beams. The results
show that the force-deflection curves of the numerical
models are within 5% of the experimental data. The slight
differences observed between the experimental results
and the analytical model, particularly for beam 1, which
relied solely on the steel fibers for shear resistance, can
be attributed to the random nature of the steel fibers.

The behavior of steel fibers in UHPC beams cannot be
accurately simulated through static analysis in Abaqus.
Therefore, this is likely the reason for the small differenc-
es between the experimental and numerical force-deflec-
tion behaviors in Fig. 10, and also the slight differences
in the moment—strain relationship in Fig. 10.

*  The prestressing process for the UHPC beams and the
camber deformation was captured in the numerical
models using the surface traction method. Because the
camber deflection was less than 0.2 in. (5 mm) and
was measured in the field for the experimental studies,
measurement errors may have affected the test results,
which likely causes the difference between the experi-
mental deflections and the numerical results. In addition,
for beam 3, the camber deflection was measured before
the HSC deck was placed on the UHPC beam. However,
in the numerical simulation, the camber deflection was
determined after the HSC deck was placed on the UHPC

Midspan deflection, mm
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Figure 11. Location of neutral axis compared with midspan deflection for beam 1, beam 2, and beam 3. Note: DIC = digital image

correlation; EXP = experimental data; NUM = numerical simulation.
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beam, which caused the difference between the experi-
mental and numerical analysis results. To further validate
the prestressing process in the numerical model, the local
behavior of the moment—strain curve and the location

of neutral axis were compared. The good agreement
between the experimental and numerical analysis results
in Fig. 11 shows that the prestress is effectively and
accurately transferred to the concrete in the numerical
models. Thus, it was concluded that the simulation of the
prestressing process is effective.

Surface traction was used as a new approach for applying
prestressing force in the numerical simulation. This approach
allows large prestressing forces to be applied without conver-
gence problems.

The DIC results were compared with the numerical results,
and the development of the strain on the UHPC beams was
identical. The first cracking strain of concrete in the numerical
model was close to the DIC results as well.

The practical implementation of prestressed UHPC beams
can be predicted using the proposed numerical FE analysis
method, which has been verified by comparing experimental
results with numerical simulation in both global and local be-
haviors. The results indicate that the assumed analytical pre-
diction model for the inelastic behavior of the UHPC is valid
and can be used in numerical FE analysis. Similar models can
be used to predict other related mechanical behaviors of con-
crete members for further research, such as flexural behavior
of prestressed composite members and mechanical behavior
of joints and overlays using UHPC.
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Notation

= surface area of prestressing strands

surface

d, = compressive damage variable

d, = tensile damage variable

e = eccentricity of the plastic potential surface

E, = initial (undamaged) elastic stiffness of the material
E, = modulus of elasticity of concrete

f = yield function

= concrete compressive strength

];“ = tensile strength of the crack bridging fibers

Jim = ultimate tensile strength of prestressing strand

J;y = yield strength of prestressing strand

/. = concrete modulus of rupture

G = flow potential

1 = first invariant of stress

K, = ratio of compressive concrete strength under equal

biaxial compression to triaxial compression

p = effective hydrostatic stress

P = applied vertical load in four-point loading test
P, = prestressing force on prestressing strands

q = Mises equivalent effective stress

S = deviatoric part of the effective stress tensor s
S, = the yield surface 1 on the deviatoric plane

S, = the yield surface 2 on the deviatoric plane

S, = the yield surface 3 on the deviatoric plane

w/cm = water—cementitious material ratio

o = dimensionless constant

B = dimensionless constant

0% = dimensionless constant

e = strain

& = equivalent plastic strain

&, = compressive strain

Efl = compressive elastic strain

e’ ! = compressive plastic strain

& im = limiting strain for fiber postcracking strength
g, = tensile strain

sfl = tensile elastic strain

g = tensile plastic strain

H = viscosity parameter

o = stress

T, = initial biaxial compressive yield stress
o, = compressive stress

o, = initial uniaxial compressive yield stress
g, = the ultimate stress

o, = tensile stress

o, = initial uniaxial tensile failure stress

o = effective stress tensor

o, = effective compressive stress

— ~pl . . .
o, (85 ) = effective compressive cohesion stress

Ql

= maximum principle effective stress

max

6: (Et‘” ) = effective tensile cohesion stress

|

= applied surface traction on prestressing strands

st

Q>

= uniaxial tension in one plane

Q>

f = uniaxial tension in another plane
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31 = effective uniaxial tension in one plane
3‘2 = effective uniaxial tension in another plane
Y = dilation angle
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Abstract

This paper presents finite element simulations of the
flexural behavior of three prestressed ultra-high-perfor-
mance concrete (UHPC) beams based on the concrete
damaged plasticity model (CDPM) available within
Abaqus. A novel numerical model that applies the
prestressing force through surface traction is proposed.
The flexural deformation of the prestressed UHPC
beams is simulated from the application of the pre-
stressing force through failure under flexural loading.
Material properties were measured and informed
values for CDPM input parameters. The model was
compared with four-point loading tests previously
conducted to study the flexural behavior of large-scale
prestressed UHPC beams. Digital image correlation
(DIC), supplemented with traditional sensors, was used
during the test to monitor behavior. The primary results
based on the numerical modeling are as follows:

e The model is validated to accurately simulate the
flexural behavior of prestressed UHPC beams,
both in global deflection and local strain.

e The prestressing process, including camber defor-
mations, is effectively simulated.

e The new approach to apply prestressing force in
the model can be applied in scenarios requiring
large prestressing forces.

e The numerical results are also validated through
comparison with DIC results.

The new numerical modeling approach will be effec-
tive for guiding experimental studies and design of
prestressed UHPC beam elements.

Keywords

Concrete damage plasticity model, digital image
correlation, flexural behavior, numerical modeling,
prestressing strands, surface traction, UHPC, ul-
tra-high-performance concrete.
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