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Ultra-high-performance fiber-reinforced concrete (UHPFRC) is
a material attracting increased use to solve practical engineering
problems. Although significant research has been undertaken to
develop constitutive models for finite element modeling of steel
fiber-reinforced concrete (SFRC), the reliability of these models
in characterizing UHPFRC remains unassessed. Specifically, only
limited research is available on rational models for describing post-
cracking tension and shear-related mechanisms in UHPFRC under
various loading conditions. To address these modeling deficiencies,
this study investigates existing SFRC material models for their suit-
ability in finite element analysis of UHPFRC. Localized behavior
at cracks is investigated, leading to improvements in crack-related
formulations through the inclusion of effective aggregate size. An
embedded steel reinforcement rupture formulation for elements
subjected to tension is also implemented to better capture rupture
strains in specimens containing conventional reinforcement. Vali-
dation studies are provided to demonstrate the effectiveness of the
proposed model improvements.

Keywords: finite element modeling; reinforcement rupture; shear; steel
fiber-reinforced concrete (SFRC); ultra-high-performance fiber-reinforced
concrete (UHPFRC).

INTRODUCTION

Developed in the 1990s,! ultra-high-performance fiber-
reinforced concrete (UHPFRC) is a cementitious composite
with superior mechanical properties. With compressive
strengths of more than 200 MPa (29 ksi) achievable and
advanced durability characteristics,>® this material lends
itself to innovative and efficient solutions to many practical
design problems. For example, its low permeability char-
acteristic results in the ability to resist aggressive environ-
ments, an essential property for the rehabilitation of dete-
riorating structures and providing significant environmental
benefits.* Although the great potential of UHPFRC for
structural applications has been successfully demonstrated,
widespread use remains limited. Several obstacles remain,
including an incomplete understanding of its mechanical
properties and the absence of proven analysis methods and
unified design procedures. In particular, there has been
limited advancement in the development of rational consti-
tutive models and a lack of easily employed finite element
models for calculating the flexural and shear behavior of
UHPFRC structural components.

Much research has been undertaken in the development
of numerical models for steel fiber-reinforced concrete
(SFRC); nevertheless, large levels of uncertainty persist in
current finite element analysis methods, producing exces-
sively large scatter in results. For example, in 2020, the
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CEB-FIP fib Working Group WG 2.4.2, Modeling of Fiber
Reinforced Concrete Structures, held a blind modeling
competition to predict the behavior of an SFRC T-beam
tested under shear.’ Highly detailed descriptions of the
material properties, structural details, and loading criteria
were provided to all participants. The resulting 37 entries
submitted by participants showed significant variability
in the performance of typical numerical models used for
simulating the behavior of fiber-reinforced concrete. In the
related study by Barros et al.,? the uncertainties within these
models are made apparent by the large spreads seen in both
the load-deflection and strain-deflection responses shown in
Fig. 1. The ratio of the predicted to actual failure load ranged
from 0.28 to 2.37, with the predicted deflection at failure
showing even greater scatter. The corresponding predicted
strain at failure demonstrated a variability upwards of 600%.
These dramatically varying results indicate the need for a
deeper understanding of the modeling tools, constitutive
relationships, and assumptions used for modeling fiber-
reinforced concrete.

To address the uncertainty in modeling methods and the
general lack of analytical work on UHPFRC in shear, this
study investigates the appropriateness of existing finite
element-based constitutive models developed principally for
conventional SFRC—specifically, in their ability to provide
reliable simulations of the response of UHPFRC structures.
For this study, VecTor2, a nonlinear finite element analysis
program developed at the University of Toronto to analyze
two-dimensional membrane structures was used.® For rein-
forced concrete elements subjected to in-plane stresses,
VecTor2 calculates the response using a smeared, rotating
crack formulation based on the Modified Compression Field
Theory (MCFT)’ and the Disturbed Stress Field Model
(DSFM).® The program uses a total load iterative procedure
based on a secant stiffness formulation, giving a numeri-
cally robust and stable performance with good convergence
characteristics.

Data from five large-scale UHPFRC pure shear tests previ-
ously conducted at the University of Toronto® were used to
examine the suitability of current models for determining
the load-deformation response, ultimate strength, and
failure mode of UHPFRC shear-critical elements. Localized

ACI Structural Journal, V. 119, No. 1, January 2022.

MS No. S-2021-088.R1, doi: 10.14359/51733012, received June 6, 2021, and
reviewed under Institute publication policies. Copyright © 2022, American Concrete
Institute. All rights reserved, including the making of copies unless permission is
obtained from the copyright proprietors. Pertinent discussion including author’s
closure, if any, will be published ten months from this journal’s date if the discussion
is received within four months of the paper’s print publication.

295



1000 : , .
| —e— Experimental average
800 |- ————
~ 600 | :
Z
ﬁ 13
=)
e ! _ o .
- 400 | / . -
200 L/ |
0 t Il 1 i | o e |
0 5 10 15 20 25 30 35
Deflection (mm)
(a) Load-deformation response.
o 01 T T TT T (]
| [ —eo— Experimental average
0.008 |- 4
0006 - / ]
= r
i
0004 | | ]
0.002 | | s ]
0 ris e L e e |

0 5 10 15 20 25 30 35
Deflection (mm)

(b) Strain-deformation response.

Fig. I—Comparison between experimental results and finite
element predictions.”

behavior at cracks was specifically considered, resulting
in improvements to current crack width formulations. In
addition, a steel reinforcement rupture model was formu-
lated to capture the potential for reinforcement rupture in
highly ductile members, a characteristic of UHPFRC struc-
tures. Finally, validation studies were conducted to verify
the models using experimental results found in the literature.

RESEARCH SIGNIFICANCE
A significant obstacle to applying UHPFRC is the limited
work undertaken to date, both experimentally and numer-
ically, to investigate its post-cracking tension and shear-
related behavior under various loading conditions. This
study addresses this insufficiency by identifying weaknesses
in current finite element models developed principally for
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SFRC when analyzing UHPFRC. These investigations will
facilitate the development of improved models for more
accurate numerical simulations. A robust finite element
model is crucial to the safe design of UHPFRC by providing
valuable insight into UHPFRC behavior when full-scale
experimental tests are too costly and time-consuming.

OVERVIEW OF STATE OF ART

Ultra-high-performance fiber-reinforced concrete

In the 1990s, ultra-high-performance concrete, originally
known as reactive powder concrete, was first developed as a
result of the quest to further improve the mechanical prop-
erties of concrete. This highly homogeneous cementitious
composite is characterized by high portland cement content,
small aggregate sizes, silica fume, and low water-cement
ratios (w/c). These constituents produce a dense, smooth
matrix, resulting in a material with enhanced performance,
durability, strength, and toughness compared with normal-
and high-strength concrete. It was well established that the
use of small, discrete fibers as reinforcement significantly
improves the ductility and tensile strength of concrete. Thus,
ultra-high-performance concrete generally contains a high
dosage of steel fibers to achieve ductile behavior.

Experimental investigations

It has been shown that the mechanical properties of
UHPFRC are influenced by a wide range of parameters such
as curing conditions, packing density, and the characteris-
tics of the added steel fibers. For example, in investigating
the effect of steel fiber properties and reinforcement ratio
on flexural response, Yoo and Yoon'® found that deformed
fibers, such as hooked-end and twisted steel fibers, generally
increase the tensile strength, strain strength, and the strength
of UHPFRC members.

To date, research programs have investigated UHPFRC
under a variety of loading conditions including static, impact,
and blast. Yang et al.!! first studied the effect of longitudinal
reinforcement ratio on flexural behavior and found that
UHPFRC can redistribute stresses through multiple cracks
forming before fiber pullout. The effect of reinforcement
ratio on UHPFRC flexural behavior was also studied by Yoo
et al.,'? who found that the reinforcement ratio significantly
affected its cracking behavior. In investigating the efficacy of
numerical models developed for reinforced concrete beams
in analyzing UHPFRC, Singh et al.!* tested four full-scale
beams with varied spans and cross sections. Finally, Kodur
et al.'* analyzed the failure characteristics of UHPFRC
beams containing large aggregates under flexural and shear
loading.

Most recently, Yap’ tested five large-scale UHPFRC
panel elements under monotonic pure shear to investigate
the effect of reinforcement conditions on shear strength. All
five panels had a nominal dimension of 1625 x 1625 mm
(64 x 64 in.) and a thickness of 200 mm (7.9 in.). All panels
contained 1.0% in volume of hooked-end steel fibers and
1.0% straight fibers. Three panels contained conventional
reinforcement in only one direction to investigate the effect
of the shear demand at the crack on shear strength. One panel
also contained no conventional reinforcement to investigate
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the shear capacity of the matrix. The panels were loaded
using the shell element tester at the University of Toronto;
refer to Appendix A." Additional information on the details
and results of these tests can be found elsewhere.’

Finite element investigations

Limited research is available in the literature on finite
element (FE) modeling of UHPFRC. Foster et al.!> and
Voo et al.'® report achieving good results using the variable
engagement model when modeling UHPFRC beams failing
in shear. Foster et al.'> used a nonlocal approach to eliminate
mesh size effects, demonstrating a good correlation for the
test specimen SB7 reported in Voo et al.!” Chen and Gray-
beal'® investigated the applicability of using the concrete
damage plasticity (CDP) model available in FE software to
simulate the load-deflection responses of UHPFRC girders
subjected to shear and flexure. Singh et al.!* validated the
applicability of the CDP model for simulating the behavior
of large-scale UHPFRC beams. Franssen et al.!” investigated
anew modeling approach in VecTor2 for UHPFRC-strength-
ened concrete members. Although some of these FE inves-
tigations produced promising results, many of them consid-
ered limited test data and relied upon extensive material
testing to calibrate the models.

CONSTITUTIVE MODELING

Variable Engagement Model

The Variable Engagement Model (VEM), developed by
Voo and Foster,?® describes the peak and post-peak behavior
of SFRC composites subjected to uniaxial tension. This
model’s primary assumption is that the tensile behavior can
be expressed as a sum of the concrete and fiber contribu-
tions. The effect of individual, randomly orientated, and
discontinuous fibers can then be summed over three-dimen-
sional (3-D) space to describe the overall behavior of the
composite.

In the VEM, the tensile stress attained by the fibers is eval-
uated as

l,
Iy =Kk, dLV./‘Tb (1

!
where K; is the global orientation factor; and Ky is a damage
factor that accounts for the loss in bond efficiency due to
the pullout of adjacent fibers. In general, K4 can be taken as
1.0 for concrete containing a conventional volume of fibers.
The variables d, I, and V; are the fiber diameter, length, and
volume fraction, respectively, and 1, is the interfacial shear
stress between the fibers and the matrix. In lieu of shear
stress data, Voo and Foster?® suggested using the following

equation for 1,

2.5, for concrete with hooked-end fibers
2.0 f for concrete with straight fibers )
1.2 f for mortar with hooked-end fibers
1.0/ for mortar with straight fibers

Tb

"The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACT headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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The global orientation factor, Ky, accounts for fiber orien-
tation and engagement. Where fracture of the fibers is
possible, Ky is determined by numerical integration

K, = nilrz (?"""[max (la,m.t -w, ,0)]20’6 3)
f
o, =min(l, /2+w,,1, /2) (4)
_d x
I = e (%)
0, =tan™ (w, /(o,/,)) (6)

where |, ¢t is the critical embedment length for fiber frac-
ture; W, is the average crack width; | is the critical length
of the fiber; f is the tensile strength of the concrete; O is
the critical angle of orientation from the normal direction to
the crack surface; and o, is an engagement constant taken as
o = 1/(3.5|f/df).l6

Where fiber fracture is not possible, the critical embed-
ment length for fracture is assumed to equal to 1y/2 and the
orientation factor equation reduces to the following

2
,1 2
K, = tan” (w, /o) (1_ WWJ %

e [,

DIVERSE EMBEDMENT MODEL AND SIMPLIFIED
DIVERSE EMBEDMENT MODEL

The Diverse Embedment Model (DEM),?! and later
the Simplified Diverse Embedment Model (SDEM),?
were proposed for capturing the tensile behavior of SFRC
members with both straight and hooked-end steel fibers.
Similar to the VEM, these models consider the randomness
in fiber inclination angle and fiber embedment lengths. In
contrast to the VEM, these models also consider the effect
of unsymmetrical anchorage of hooked-end steel fibers on
the constitutive relationship. Both the DEM and SDEM
separately evaluate the tensile stress due to frictional bond
behavior and the mechanical anchorage effects from the
pullout of a single straight or hooked-end fiber.

In the SDEM, the tensile stress attained by the steel fibers,
f;, for the two different types of steel fibers is taken as

/= f., for straight fibers
I /., + 1., for hooked-end fibers
For both hooked-end and straight fibers, the fiber tensile

stress attained by the frictional bond between the embedded
fibers and the concrete, fy, is calculated as

®)

2
/, 2w,
f;r = afI/sttTf,max d_f[l - / = ] (9)
f /
B—/& forw, <s,
3 s,
K, = (10)
S . S .
1- /—’+B—/ /—/ forw, >s,
WC}" 3 WC}“ )
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T, e = 0396,/ 1 an

where of = 0.5 for a 3-D infinite element; S is the slip corre-
sponding to the full bond strength taken as 0.01; B;=0.6; and
W is the average crack width. t¢may and f;" are in MPa.

For hooked-end fibers, additional stress is attained through
the mechanical anchorage of the hooked ends. This addi-
tional stress, fep, is calculated as

— VK 2(l; ~2w,) (12)
f;h - af f ehreh,max d—
p
2w, 1w, )
w, w,
B |:3s;_5[ s, J :| forw, <s,

2w, —+/S,, 1 -1
K, =d1e[ Py o ( ) for s, < w, <-<—
15 w, -1 2
2

- / ;

l‘ 2w” eh,i for : ‘ - "er < L

20—, 2
(13)
Topmax = 0.429,/ 17 (14)

where l; is the distance between mechanical anchorages for
hooked-end fibers, Kenj is Ken at Wer = (I — 1))/2; Ben = 0.8;
and Sgr, = 0.1.

A variation of the SDEM was developed and implemented
by Franssen et al.'’; refer to Appendix B for details.

The VEM, the SDEM, and the Franssen models differ
substantially in fiber bond stresses used in their formu-
lations; Appendix C provides a comparison. In Table C.1,
note, in particular, the large discrepancies in bond stress
for straight fiber in concrete. Compared with the other two
models, the SDEM assumes a much lower fiber bond stress.

Parametric study

A parametric study was undertaken to investigate the
influence of key parameters on the behavior of UHPFRC as
obtained from nonlinear FE analysis. The specimen modeled
in this study was Panel YS1, one from the series of UHPFRC
panels tested in pure shear by Yap.” The parameters investi-
gated included concrete tensile strength, maximum aggre-
gate size, crack spacing, element size and thickness, and
randomness in material strengths.

Panel YS1 was a 1625 x 1625 mm (64 x 64 in.) and
200 mm (7.9 in.) thick element subjected to monotoni-
cally increasing pure membrane shear loading. The panel’s
reinforcement consisted of conventional in-plane orthog-
onal reinforcement (0.86%) in each direction, hooked-end
fibers (1.0%), and short straight fibers (1.0%). The concrete
compressive strength was 171 MPa (24.8 ksi). Refer to Yap’
for additional details and properties. For simplicity, Panel
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YS1 was modeled as a single four-noded plane stress rect-
angular element. Both the fiber reinforcement and conven-
tional reinforcement were modeled as smeared, and the
SDEM was used for the post-cracking tension constitutive
model for UHPFRC. Analyses were done under force-con-
trolled loading.

The inclusion of steel fibers in concrete is known to
improve resistance to cracking when compared to conven-
tional reinforced concrete. Current research has shown that
the cracking strength of a UHPFRC member is dependent on
many factors, such as fiber type, shape, and volume content.'
As such, a UHPFRC element such as Panel YS1 is expected
to have a larger experimental cracking strength than the
default cracking stress of 0.33\f." (MPa) (4.0Nf. [psi]) used.
In addition to the default value, three other tensile strengths
were investigated, ranging up to 0.6Vf.,’ (MPa) (7.3f, [psi]).
The analysis results showed that as the concrete tensile
strength increases, the applied shear stress at first cracking
increases proportionally, but the post-cracking response
remains unaffected; refer to Fig. D.1 in Appendix D. Thus,
concrete tensile strength has little influence on the element’s
calculated ultimate shear strength or post-cracking deforma-
tion response.

It is commonly assumed that stress is transferred across a
crack through aggregate interlock mechanisms, significantly
influencing the post-cracking behavior of concrete subjected
to shear-critical conditions. The maximum shear stress that
can be transmitted across the crack is dependent, in part, on
the concrete aggregate size. Analyses were conducted for
aggregate sizes ranging from 1 to 20 mm (0.04 to 0.80 in.).
The influence on the computed responses was significant
with, as expected, larger aggregate sizes resulting in stiffer
and stronger responses; refer to Fig. D.2. Because UHPFRC
composition generally does not contain coarse aggregate,
it would be appropriate to assume smaller aggregate sizes
in the FE modeling, typically less than 2 mm (0.08 in.).
However, despite UHPFRC'’s lack of coarse aggregate, the
crack surface is considerably rough due to the presence and
action of steel fibers. Thus, the use of a larger “effective
aggregate size” may be warranted.

The addition of fibers in SFRC allows for the formation
of more closely spaced cracks, thereby affecting tension-
stiffening and aggregate interlock behaviors. Software
allows for either user input crack spacings or program-cal-
culated values according to the crack spacing formulation
developed by Deluce et al.?* for SFRC. From the analyses
conducted (refer to Fig. D.3), it is evident that reduced
crack spacings (and thus reduced crack widths) have signif-
icant and counteracting consequences. Initially, decreasing
the crack spacing results in a stiffer and stronger element
shear response due to improved aggregate interlock. After
a certain point, however, the reduced crack widths result
in less engagement of the fibers, and the shear response
degrades. Note that in the actual test of YSI1, the observed
crack spacing was approximately 50 mm (2.0 in.), whereas
the Deluce model gives a calculated spacing of 20 mm
(0.8 in.). Hence, this model, developed for tension-softening
SFRC, appears not directly applicable to UHPFRC.
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In VecTor2, mesh size effects, as they relate to slip on
cracks, are eliminated by modifying the slip calculations to
assume the same maximum crack width regardless of the
element size. To confirm this, Panel YS1 was reanalyzed
using a 10 x 10 element grid. The results were unchanged
relative to the one-element model (refer to Fig. D.4).
In addition, the effect of element thickness on the one-
element model was also investigated, and the results are
shown in Fig. D.5. Decreasing the element thickness appears
to slightly improve the post-cracking capacity and the shear
deformation capacity of the element. This is because, in the
SDEM, the fiber efficiency factor is affected by the element
thickness. As the element thickness decreases, fibers are
more likely to be orientated parallel to the loading direc-
tion, increasing fiber bridging action’s effectiveness and
improving the ultimate strength capacity.

Finally, parametric stochastic analyses were performed to
account for uncertainties in material properties and inves-
tigate the influence of the variability of properties within
the specimen. Stochastic simulations using both the Monte
Carlo sampling and Monte Carlo sampling with random
field spatial variation options available in VecTor2** were
performed to consider uncertainties in the concrete and steel
material properties. The primary variables were the concrete
compressive strength (also affecting the concrete tensile
strength and elastic modulus) and the reinforcement and
fiber strengths. The Bartlett and MacGregor model was used
for concrete strength variation, and the Nowak and Szerszen
model was used for reinforcement yield strength distribution.
Shown in Fig. D.6 is the result of the Monte Carlo sampling
with random field spatial variation. The analyses suggest
that the behavior of a shear-critical UHPFRC element is
highly sensitive to material variability, including significant
influences on the calculated strength, deformation capacity,
and failure mode.

ENHANCEMENTS TO CONSTITUTIVE MODELING
Reinforcement rupture

In UHPFRC containing conventional steel reinforcement,
the embedded reinforcement can rupture at lower average
strain values than would a bare bar due to the concrete
cracking behavior and high bond strength. UHPFRC pure
shear panels YS1 and YS5,” exhibited a highly ductile
response ending in reinforcement rupture. As such, to
accurately predict the deformation capacity of UHPFRC
members through nonlinear FE analysis, it is necessary to
account for the possibility of reinforcement rupture. One
effective formulation is the tension-stiffening model by Lee
et al.,” developed based on a series of analytical parametric
studies investigating factors that influence average concrete
tensile stresses after reinforcement yielding. In this model,
the post-yielding reinforcement stresses at crack locations
are calculated from force equilibrium and are used to deter-
mine the average strain conditions resulting in reinforce-
ment rupture.

Although the Lee model can reasonably predict reinforce-
ment rupture in most situations, it requires additional calcu-
lations that are typically not performed when using other
tension-stiffening models. Thus, using the Lee model as the
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basis, a simplified model for reinforcement rupture using
regression analysis was developed. It can be combined with
the Bentz?® formulation (the default model in VecTor2) and
other simple tension-stiffening models.

Mayer and Eligehausen,?” Moreno et al.,® Kang et a
and Nguyen et al.*° tested a total of seven normal-strength
reinforced concrete members under direct uniaxial tension
until rupture of the reinforcement was achieved. The regres-
sion analysis used these experimental specimens to obtain a
simplified numerical model for reinforcement rupture.

Multiple variables and combinations of variables were
investigated to identify which material properties affect
the reinforcement rupture strain. These included concrete
compressive strength, f. (MPa); reinforcement yield
strength, f, (MPa); reinforcement ratio, ps; reinforcement
diameter, dy, (mm); reinforcement ultimate strength, f, (MPa);
and concrete tensile strength, f’ (MPa). The dependent vari-
able to be predicted was the ratio between the embedded
reinforcement rupture strain and the bare bar rupture strain,
Eruptembed/ Eruptpar- 1he regression analysis determined that
using a combination of individual variables as the indepen-
dent variable worked best with dy(f, — f,)/fi’ producing the
tightest fit. Based on this, the following simplified equation
for predicting the reinforcement strain at rupture was derived

1_,29

€ru 1 ,embe 7 — u - )
”'—’”’zy:—+213-106-dbf f} (15)
Srupt,bar 5 t
1
—<y<1.0 (16)
3
Empt,embed = grupt,bar ' Y (17)

where &rypremred 1 the calculated rupture strain of the
embedded reinforcement, and &qyppar is the rupture strain of
the bare reinforcement, both in millistrain; and vy is the ratio
between rupture strain of the embedded reinforcement and
the rupture strain of the bare bar, &nptembed/Eruptbar, assumed
to be limited to between 0.33 and 1.0. The lower limit of 0.33
was chosen based on the regression line of fit, and the upper
limit of 1.0 was chosen because the embedded rupture strain
is assumed to not exceed the bare bar reinforcement rupture
strain. This simplified reinforcement rupture formulation
was then combined with the Bentz tension-stiffening model
as an additional step to predicting reinforcement rupture for
both smeared and discrete reinforcements.

To verify the proposed reinforcement rupture model,
the seven uniaxial tension members used in the regres-
sion analysis were modeled. All FE analysis results using
the proposed model matched experimental results reason-
ably well. Figure 2 gives a summary comparison between
experimental member rupture strain and VecTor2-calculated
rupture strain using both the Lee model and the proposed
formulation; refer to Table E.1 in Appendix E. For this data
set, the Lee model underestimates the rupture strain with a
mean of 0.72, while the proposed formulation has a mean
of 1.00. The Lee model also has a larger coefficient of vari-
ation (CoV) compared with the proposed formulation (17%
compared with 13%).
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Fig. 2—Embedded reinforcement rupture strains.

Average and maximum crack widths

When loaded under uniaxial tension, SFRC typically
displays a strain-softening behavior, where the response is
controlled by the localization of a single dominant crack.
After cracking, the specimen’s residual tensile stress never
reaches the tensile strength and instead gradually reduces to
zero. Because structural members will typically fail at the
location of the largest crack, a maximum crack width calcu-
lation is presumed necessary to determine the resistance of
a section. In conventional reinforced concrete, a charac-
teristic crack width exists as Wy, which describes the crack
width that only 5% of the cracks will exceed. The CEB-FIP
estimates this characteristic crack width as 1.7 times the
average crack width.3! Deluce et al.?* concluded, however,
that due to crack localization, the ratio of maximum
crack width to average crack width (Wermax/Wer) for fiber-
reinforced concrete is larger than that of conventional rein-
forced concrete. In addition, for a given strain, the fiber
volume fraction, Vy, and the fiber aspect ratio, l¢/d;, also influ-
enced the maximum crack width; as fiber volume fraction
or aspect ratio increases, the ratio of maximum to average
crack width also increases. Thus, as per Deluce et al., the
maximum crack width, Wer max (mm), for fibrous concrete is
calculated in VecTor2 as

ey
Womae =| 1.7 +3.4——= |w, (18)
d,

However, UHPFRC and some SFRC with high fiber
content typically display strain-hardening behavior under
uniaxial tension. In contrast to strain-softening materials,
where crack localization occurs immediately after cracking,
the tensile stress in strain-hardening materials continues to
increase after cracking through the formation of multiple
closely spaced narrow cracks.’> The softening behavior
associated with crack localization and fiber pullout occurs
only after significant tensile straining. Because there is less
tendency for cracks to localize in strain-hardening materials,

300

the maximum crack limit introduced by Deluce et al. may
unnecessarily limit the tensile stress attained by the fibers,
and consequently, limit the tensile stress of the member.
Thus, for strain-hardening materials such as UHPFRC,
it is proposed that the maximum crack width reverts to
1.7 times the average crack width (Wermax = 1.7W¢) until
further research can provide a more definitive model. Thus,
VecTor2 was modified such that the maximum crack width
for fiber-reinforced concrete is calculated as

1.7w for strain-hardening material

cr

Wer.max [1 T+34-LL ] W
d

. for strain-softening material
.,

19)

Aggregate modeling

In conventional reinforced concrete, it is commonly
observed that concrete mixtures containing coarser aggre-
gates have higher shear resistance due to increases in aggre-
gate interlock. However, due to the differences in thermal and
mechanical properties between aggregates and cement paste,
shear and tensile stresses may develop and result in micro-
cracking at the interface zone. In the initial development of
ultra-high-performance concrete, Richard and Cheyrezy!
found that using fine quartz sand instead of coarse aggregates
significantly reduced microcracking from external loads and
autogenous shrinkage. Decreasing the aggregate size also
enhanced the homogeneity in the cementitious matrix and
produced better workability. In addition, smaller aggregate
sizes caused less-frequent disturbances to the bond between
fibers and the concrete matrix, improving the effective fiber
bridging effect. As such, the coarsest aggregate size used in
current UHPFRC mixtures generally lies between 0.5 and
4 mm (0.02 and 0.16 in.), with most being fine sand with a
maximum diameter of less than 1 mm (0.04 in.).

As seen in the parametric study, the calculated shear
behavior of UHPFRC is highly influenced by the assumed
maximum aggregate size. The current models do not
adequately consider the enhanced mechanical behavior
of UHPFRC due to smaller aggregate sizes, such as the
improved fiber bridging effect. In addition, the presence of
fibers also provides the crack surface with sufficient rough-
ness to compensate for the reduction in aggregate size.
Accordingly, a preliminary model for effective aggregate
size dependent on fiber properties was implemented. The
proposed effective aggregate size, 8, .5 (mm), as a function
of V; and |;, is formulated as follows

WV, L,
EE

=y L 20

e = 5002 2 20

where Vi and Iy are the volume fraction and length in mm of
the i-th fiber reinforcement, respectively. Total Vi is limited
to 0.02.

To prevent this proposed aggregate size formulation from
overestimating the improved effects of fibers on UHPFRC
mechanical behavior, there also exists a maximum limit
on the effective aggregate size, aggmax (Mm), taken as the
minimum of half the fiber length or 10 mm (0.4 in.)
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/
ag’eﬂ < ag,tﬂ,max = min [Ef;lo mm] (21)

The aggregate size, a (mm), to be used in the MCFT
and DSFM, is then taken as the maximum of the effective
aggregate size calculated from Eq. (20) and (21) and the
user-specified maximum aggregate size

a =max (agweﬁ»,input) (22)

In the MCFT and DSFM, the aggregate size affects the
constitutive relationships and the overall predicted behavior
of a member through its influence on a variety of different
mechanisms, such as in computing the crack spacing and
crack width, maximum local shear stress at the crack, as
well as fracture energy and the tension-softening response.
However, fiber bond stresses, as shown in Appendix C, are
calculated using the actual maximum aggregate size.

VERIFICATION STUDIES

The efficacy of the revised constitutive models imple-
mented in VecTor2 is first examined using the UHPFRC
pure shear panels tested by Yap,® then further studied with
experimental data from UHPFRC beam tests found in the
literature.

VecTor2 contains a comprehensive selection of analysis
models for various behavior mechanisms, with default selec-
tions available for each.3® All the analysis models selected
for the analyses reported herein were the default models
except for the compression pre-peak and FRC tension
responses. The Hoshikuma model, an exponential func-
tion, was taken as the ascending branch of the compression
pre-peak response as this model is known to respond well
to concrete with high compressive strengths. Both the VEM
and the SDEM were considered in the verification study to
account for the contribution of steel fiber reinforcement to
concrete post-cracking tensile response. All material prop-
erties not provided by the experimental program were also
assumed to be the VecTor2 default values.

In addition to the large-scale panel element tests, Yap®
conducted flexural bending tests on prisms and uniaxial
direct tension tests on dog-bone specimens for each panel
using the same batch of UHPFRC. These were also modeled
using SDEM and VEM. Model details and analysis results
are provided in Appendix G.

Modeling of shear panels

The UHPFRC shear panels tested by Yap® were modeled
as a single four-node plane stress rectangular element with a
dimension of 1000 x 1000 mm (39.4 x 39.4 in.) with thick-
nesses matching each panel’s as-built thickness. The conven-
tional and fiber reinforcement were modeled as smeared
reinforcement embedded in the concrete. The lower-left
corner of the element was restrained in both the x- and
y-directions, while the lower-right corner was restrained in
the y-direction only. The FE models were load-controlled
with loads applied at the four nodes to create pure shear
loading conditions. Monotonically increasing stress was
applied, in 0.05 MPa (7.25 psi) increments, until failure.
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Fig. 3—Single element model for Panel YS1.

Figure 3 shows an example of the support and loading condi-
tion used for Panel YS1, which had a thickness of 215 mm
(8.5 in.). (Recall from the parametric study that using a 10 x
10 element mesh produced identical results.)

All material properties available from the testing program
were used in the FE models; refer to Appendix F. The input
material parameters for the concrete and smeared reinforce-
ment are given in Tables F.1 and F.2, respectively. The steel
fiber properties are given in Table F.3. The maximum crack
spacing in both the x- and y-directions was taken as the
experimental value of 50 mm (2.0 in.).

Three series of analyses were conducted using, alterna-
tively, the VEM, the SDEM, and custom input models for
the tensile behavior of UHPFRC. The custom models were
defined by data from the inverse analysis of prisms or from
direct tension tests performed on material samples corre-
sponding to the panel specimens; refer to Appendix G.
That is, the peak stress-crack value, along with two other
points taken from the post-peak stress-crack width tensile

301



12.0 +YS1 12.0 +YS2
_o0 4 B 100 F _
G : = :
2 80 j}/—/ 2 80
& 6.0 g 6.0
2 40 240
7] vl
2.0 2.0
0.0 + - 0.0
0.0 10.0 200 . 300 0.0 5.0 100 . 150
Shear Strain (x10~) Shear Strain (x10~)
F 20.0
120 +YS3 LYS4
100 £ 16.0 +
g f 2
-_5;:” j €120 |
B T Z g0 {f -
3 57 1
7 7
4.0
no‘ 5.0 10.0 15=0 00 r : I
: - 100 . 0.0 50 10.0 15.0
Shear Strain (:107) Shear Strain (x10-)
10.0
YS5
80
= Experiment
%5-0 ] SDEM
:;;_40 | VEM
g% Inverse Analysis
7
20 4
00 +——v 1 : :
0.0 5.0 _ 10, 15.0
Shear Strain (x10~)

Fig. 4—Experimental and VecTor2 response of UHPFRC pure shear panels.

response in Fig. G.1 were manually entered into the tension-
softening curve in VecTor2. The default VecTor2 cracking
strength of f/ = 0.33Vf, (MPa) previously used in each
model was also replaced by the cracking stress determined
from the inverse analysis of prism tests.

The modeling results obtained from the SDEM, VEM,
and custom tension curves are compared with experimental
results in Fig. 4. In general, the SDEM post-cracking pre-peak
responses best aligned with the experimental results. Both
the SDEM and VEM captured the initial pre-cracking shear
stiffness well. The calculated cracking stress for SDEM and
VEM was approximately 4.2 MPa (0.61 ksi) for the five
panels, all lower than the reported experimental cracking
stress. This was expected because these models used the
default cracking strength available in VecTor2, which is
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commonly used for conventional reinforced concrete rather
than UHPFRC. Similar to the SDEM and VEM results, the
models using the inverse analysis and direct tension tests
captured the pre-cracking shear stiffness well. However, the
cracking stress estimated by the models that used inverse
analysis ranged from 5.66 to 8.96 MPa (0.82 to 1.30 ksi),
significantly higher than the reported panel experimental
cracking stress. The custom tension model for panel YSS,
which used the direct tension test properties, produced the
most accurate estimate of cracking stress.

All FE models captured the post-cracking stiffness for all
panels, except for YS3 and YSS5. In Panel YS3, it was specu-
lated that because this specimen did not contain any conven-
tional reinforcement, there may have been a weak plane with
fewer fibers, resulting in a strain-softening response after
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Table 1—Experimental simulated peak shear stress

V. u,5DEM Vuuyem oy ainy.
Vxy,u.exp Uxy,u,SDEM Vxy,u,VEM Uxy,u,inv v

Experiment, MPa SDEM, MPa VEM, MPa Inverse, MPa aexp ep e

Panel (O] @ 3) @ @y (3)(1) @)
YS1 9.90 9.68 9.73 11.59 0.98 0.98 1.17
YS2 8.03 7.28 7.35 10.17 0.91 0.92 1.27
YS3 4.99 5.41 5.44 12.5 1.08 1.09 2.51
YS4 7.91 9.09 9.55 17.24 1.15 1.21 2.18
YS5 8.04 6.38 6.47 8.03 0.79 0.80 1.00*
Mean 0.98 1.00 1.62
CoV 14% 16% 41%

Note: 1 MPa = 145 psi.

“Tensile properties from direct tension tests.

cracking. All models, however, showed strain-hardening
responses. Although Panel YS5 showed a strain-hardening
response similar to the other panels, the SDEM and VEM
significantly underestimated their post-cracking stiffness,
while the inverse analysis results overestimated the post-
cracking stiffness. All models overestimated the panels’
deformation capacity.

A comparison of the experimental and VecTor2 peak
shear stresses, Vyyy, is provided in Table 1. The average
VecTor2 calculated-to-experimental ultimate capacity ratios
for SDEM and VEM were 0.98 and 1.00, respectively. In
contrast, the average calculated-to-experimental ultimate
capacity using the custom tension curves extracted from the
inverse analyses of test prism data was 1.62, a gross overes-
timation of capacity; in addition, the CoV of 41% suggests
a weak correlation of results. Because the direct tension test
results for Panel YS5 provided satisfactory results, the large
deviations from experimental results when modeling with
inverse analysis may be due to intrinsic flaws with the flex-
ural prism testing and post-analysis procedure.

Overall, the models using inverse analysis results as input
parameters in the tension-softening curve provided much
poorer response calculations when compared to SDEM and
VEM. The use of flexural prism test results in FE models
produced a gross overestimation of UHPFRC behavior and
is therefore not recommended for use in modeling in its
current form. On the other hand, direct tension test results
may aid in increasing the accuracy of FE models; further
investigations are recommended.

UHPFRC beams under flexure and shear

The enhancements to the constitutive models were also
examined by comparing simulation results to the exper-
imental results of 22 beam tests in previously published
research programs. The details of the test specimens used
are summarized in Appendix H (Table H.1). All beams were
modeled in VecTor2 with specific dimensions according to
each test specimen. The FE mesh consisted of four-node
plane stress rectangular elements and three-node constant
strain triangular elements, both with uniform thickness;
typical meshes are shown in Fig. H.l. Two-node truss
elements were used to model the longitudinal reinforcement.
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As bond failure was not observed in any test specimens, a
perfect bond was assumed between the longitudinal rein-
forcing bar and the concrete. Fibers and shear reinforce-
ment were modeled as smeared reinforcement within the
concrete. Material properties were input as reported in the
literature, including the concrete tensile strengths typically
taken as determined from the inverse analyses of prism tests.
Loading and support boundaries were modeled to repre-
sent actual experimental conditions, with the load in the
FE models applied as a vertical displacement and increased
monotonically until failure.

Figure 5 shows a comparison between the experimental and
calculated ultimate capacities for all investigated UHPFRC
beams. The analysis results suggest that both SDEM and
VEM require additional improvements to accurately predict
the behavior of largely flexure-critical UHPFRC specimens.
Both models gave comparable results with a mean of 0.83
for the SDEM and 0.84 for the VEM. However, the VEM
showed a slightly lower CoV of 22% than the SDEM CoV
of 26%. It should be noted that all beams examined here
had cross section depths of 270 mm (10.6 in.) or less, and
that size effects may have contributed to the stronger than
calculated strengths.

One potential reason for underestimating both the strength
and ductility of flexure-critical UHPFRC beams is that
the strain-hardening behavior may be limited due to the
high input cracking strength and low fiber bond strength.
To investigate this further, the modified material parame-
ters proposed by Franssen et al.'® in modeling UHPFRC-
strengthened members were investigated for their applica-
bility in modeling UHPFRC beams. Specifically, the bond
strength increase to T¢ma = 0.75Vf,’ (MPa), and the simpli-
fied crack formulation of s¢, = 0.75l; were both adopted in
this investigation. In addition, the concrete cracking strength
input for all UHPFRC beams was reverted to the default
cracking stress of f/ = 0.33Vf,’ (MPa) to further ensure a
strain-hardening response after cracking. The UHPFRC
beams were then reanalyzed with these adjusted material
inputs using the SDEM. The results show that overall, the
modifications to the fiber bond strength and crack spacing
significantly improved the post-cracking response of the
UHPFRC beams. The average calculated-to-experimental
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ultimate capacity ratio improved to 0.97, substantially
better than the ratios previously produced by the SDEM and
VEM of 0.83 and 0.84, respectively. The SDEM/Franssen
results also showed a lower coefficient of variation of 22%
compared with the SDEM CoV of 26%. This suggests that
both higher bond stresses and lower crack spacing values
may be warranted for UHPFRC; further investigations are
required.

Finally, it should also be noted that the FE models were
unable to accurately model the behavior of UHPFRC pure
shear Panel YS3,° and UHPFRC Beams NR-1,2'' and
UH-N,'? all of which had no conventional reinforcement.
As such, recommendations for future work include further
investigations on the effect of conventional reinforcement on
modeled behavior.

SUMMARY AND CONCLUSIONS

As a material, steel fiber-reinforced concrete (SFRC) is
complex in its behavior and defies most current modeling
efforts, as the results of the fib blind prediction competition
clearly showed. Ultra-high-performance fiber-reinforced
concrete (UHPFRC) is even less understood and merits
additional experimental and numerical investigation. This
study’s main objective was to investigate, modify, and
improve existing finite element (FE) analysis models in
their capacity to represent shear-critical UHPFRC elements.
Modifications were developed and implemented in nonlinear
finite element analysis (NLFEA) program VecTor2. From
the results of the analytical work performed, the following
conclusions can be made:

1. The calculated post-cracking shear response of
UHPFRC is significantly affected by maximum aggregate
size, crack spacing and crack widths, and stochastic varia-
tions in material strengths. Thickness of the element, relative
to fiber length, has a slighter influence. On the other hand,
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concrete tensile strength has little influence on the post-
cracking response.

2. The Simplified Diverse Embedment Model (SDEM)
and the Variable Engagement Model (VEM), two alternative
constitutive models for SFRC, can be extended to capture
the response of UHPFRC pure shear panels sufficiently well.
This improvement is accomplished by including an effec-
tive aggregate size calculation and modifying the maximum
crack width formulation for UHPFRC.

3. The reinforcement rupture formulation developed from
regression analysis improves the prediction of rupture strain
in reinforced concrete specimens experiencing tension.

4. Using post-cracking tension models derived from the
inverse analysis of test prisms can lead to grossly unconser-
vative predictions of strength and ductility. In contrast, using
the results from direct tension test specimens in a custom
tension curve may increase the accuracy of the FE models.

5. Despite the modifications made through this study, the
SDEM and VEM, as currently configured and calibrated,
still lack sufficient accuracy when applied to UHPFRC.
Although the simulation results for large-scale shear-
critical UHPFRC panels were strong, the strengths and
post-cracking stiffnesses calculated for small-scale flexure-
critical UHPFRC beams were less satisfactory.

6. As per Franssen et al.,'” increasing the fiber bond stress
and modifying the crack spacing parameter can lead to
substantially improved results. Thus, the SDEM and VEM
may be potentially viable platforms for accurately modeling
UHPFRC beams provided that better models for fiber bond
stress and crack spacing are developed.

These conclusions were derived from studies based on
sparse test data. Additional experimental and analytical
research is required.
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