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Abstract: This manuscript delivers a comprehensive evaluation of five different ultra-
high-performance concrete (UHPC) shear resistance models: FHWA-HRT-23-077 (2023),
ePCI report (2021), French Standard NF-P-18-710 (2016), Canadian Standards A23.3-04
(2004), and Modified Eurocode2/German DAfStb (2023). The models differ in accounting
for the steel fiber and shear reinforcement contribution and determining the angle of
inclination of the diagonal compression strut. The evaluation was carried out using an
experimental database of 198 UHPC specimens and focused on accuracy, conservatism, and
ease of use for each considered model. The database included beams with prestressed and
steel reinforcement, different shear reinforcement ratios, and a wide range of geometrical
and material properties. In order to apply the FHWA method, a utilization tensile stress
(fi 1oc) prediction equation was developed. Generally, the FHWA method showed superior
performance to the other models in terms of statistical measures and consistent prediction
conservatism across variable ranges. Although the ePCI methods yielded the highest
conservatism, it can be said that the ePCI, AFGC, and CSA methods showed similar
behavior with different degrees of conservatism. The DAfStb method showed the lowest
prediction accuracy and the greatest scatter of data. Except for the FHWA method, all
methods showed a reduction in conservatism at a high transverse reinforcement ratio.

Keywords: ultra-high-performance concrete; model comparison; shear strength; prediction
models; steel fiber; utilization tensile stress; FHWA

1. Introduction

Ultra-high-performance concrete (UHPC) has been a research subject for over two
decades [1]. UHPC is a dense concrete mixture of a high amount of cement, fine aggregate,
steel fibers, and reactive powder additives such as pozzolana, fly ash, superplasticizer, and
silica fume [2,3]. The water—cement ratio usually ranges between 0.15 and 0.25 [4]. This
mixture results in improved properties comprising high post-cracking tensile strength [1],
high compressive strength, high ductility, and less wide cracks [3]. The UHPC mixture
can be designed to achieve strain-hardening performance under tension [5]. The tensile
behavior primarily depends on the fibers” volume fraction, geometry, distribution, and
orientation [6,7].

Recently, UHPC has garnered significant attention in bridge construction, which
caused it to be called a “Game Changer” in this field due to the ability to design smaller
cross-sectional members and longer spans, with less reinforcement and less cost [8], and
the ability to design I-girders with very thin webs [5].
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Although significant enthusiasm exists for incorporating ultra-high-performance con-
crete (UHPC) into bridge superstructures, as highlighted in recent research, its application
has primarily been confined to smaller projects. This limitation stems from the absence of
structural design models validated through extensive experimental testing, particularly
regarding shear resistance. Numerous researchers have concentrated on examining the
shear behavior of UHPC via experimental methods [9-19]. These studies have investigated
various factors, including cross-sectional geometry, prestressing effects, fiber content, shear
span-to-depth ratio, the inclusion of shear reinforcement, and reinforcement ratio.

The results of these studies revealed that the primary factors affecting shear failure
were the post-cracking tensile strength and strain capacity of UHPC, rather than the
compression strut’s crushing. Failure typically initiates when a major crack extends through
the girder’s depth, subsequently leading to fiber pull-out along the principal diagonal
crack [15]. An adequate amount of steel fibers within the UHPC matrix contributes to
a tensile-strain-hardening behavior after initial cracking, which helps to prevent brittle
failure. This property allows for the development of multiple closely spaced cracks even
without transverse reinforcement. Furthermore, test results showed that steel fibers can
replace or be combined with conventional shear reinforcement [16]. The combined presence
of shear reinforcement, prestressing, and steel fibers enhances shear resistance, with their
contributions being additive. That study also concluded that the contribution of transverse
reinforcement is influenced by the strain capacity of UHPC, where higher strain capacity
will enable the transverse reinforcement to exhibit more tensile stress up to yielding [5].
It has also been shown that higher axial stress due to prestressing will increase the shear
capacity and reduce the cracking angle.

As shear theories for conventional concrete are not suitable for UHPC [20], several
proposed shear models were proposed specifically for UHPC in Europe and North America.
The main differences among the proposed models lie in how to account for the tensile
strength of UHPC [13].

Previous attempts were made to evaluate the shear capacity and the behavior of UHPC,
or composite materials generally, using statistical methods. Kodsy et al. [21] evaluated
different UHPC shear prediction models on the basis of standard deviation, average
strength ratio (experimental-to-predicted), and plotting ratio versus other variables. On the
other hand, machine learning algorithms have also been utilized by Hematibahar et al. [22]
and Haruna et al. [23] to generate prediction models for the mechanical properties of UHPC
and to evaluate their reliability, respectively. It should be noted that, regardless of the
method used in developing a prediction model for shear strength, adopting an extensive
and reliable experimental database is very important.

In this study, a statistical evaluation of the shear resistance models proposed for UHPC
was conducted. The evaluated models were FHWA-HRT-23-077, 2023 [24], ePCI report,
2022 [25], French Standard NF P 18-710, 2016 [26], Canadian model A23.3-04, 2004 [27], and
Modification Eurocode 2/German DAfStb method, 2023 [28]. The statistical evaluation was
performed to assess the prediction accuracy, conservatism, and ease of use for each of the
design codes in predicting the capacity of 198 specimens compiled from the literature. The
experimental database included specimens with and without prestressing reinforcement,
and with and without shear reinforcement, and different cross-sectional geometries with a
wide range of variables.

2. Shear Resistance According to Various Prediction Models

In the last two decades, worldwide standards have adopted different shear resistance
models for UHPC. Despite the fact that most models are based on a modification of the
modified compression field theory (MCFT), different assumptions were made in them and
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they were calibrated using limited and different experimental databases. These methods
include FHWA-HRT-23-077 [24], ePCI report [25], French Standard NF P 18-710 [26], Cana-
dian model A23.3-04 [27], and Modification Eurocode 2/German DAfStb method [28]. This
section discusses each of the mentioned methods in detail.

2.1. FHWA-HRT-23-077, 2023

In 2023, the Federal Highway Administration (FHWA) published the FHWA-HRT-
23-077 document “Structural Design with Ultra-High Performance Concrete” [24]. The shear
model adopted in the document is based on the MCFT principles, with a modification to
the material constitutive models to apply to UHPC behavior. The model was originally
based on a Garybel and El-Helo study [5] in 2022 and was recently adopted also by the
AASHTO in 2024 [29]. This method will be referred to as the FHWA method in this study.

The nominal shear resistance of a UHPC member (V) according to the FHWA is given
in Equation (1), representing the combined contributions of the UHPC tensile strength
(Vunpc) as in Equation (2), shear reinforcement (Vs) as in Equation (3), and the vertical
component of prestressing force resisting vertical shear (V).

Vurpc = Yuftjocbodocoto 2)
Vs — Ava,,x;ivcotG 3)

where by, is the effective web width (mm), d; is the effective depth in resisting shear forces
(mm), vy is a reduction factor that takes into consideration the variability in tensile capacity
of UHPC (less than or equal to 1.0), f; jo, fo.« are the localization tensile strength (MPa)
and uniaxial stress in the transverse steel reinforcement at nominal shear resistance (MPa),
respectively, A, is the area of transverse reinforcement (mm?), § is the angle of inclination
of diagonal strut (degree), and s is the spacing of shear (mm).

If the beam girder has no shear reinforcement, the angle of the compression strut 6 can
be determined directly by solving Equation (4) with one unknown. However, if the girder
has shear reinforcement, § and the stress in shear reinforcement f,,, are determined itera-
tively by solving Equations (4)—(7) (see Figure Al). The f; j,. and ¢ j,. should be evaluated
using direct tension testing according to AASHTO T-397 [30]. &, in Equations (4) and (6),
is the longitudinal strain at the level of reinforcement and is calculated according to Equa-
tion (8). If the value of & calculated from Equation (8) is negative or is positive and less than
the elastic tensile strain, ¢+, the value should be determined again following Equation (9).

2 2
Yubtloc = %S(l + cot? 0) + fEt’loc cot* 6 + 7pvgfv’“ cot? 8(1 + cot? §) (4)
c c
2 2
£ = _ ko cot2 g — Poalon vafou (1 + cot?6) (5)
Ec Ec
€0 = Yu€tjoc — 0.565 + €2 (6)
Ece
v, — Sij‘l:)]é < fy (7)

% +0.5Ny + |V“ - VP| - APSfPU - 7uft,locAct
E:As + EpAps

&g =

M,
L Pl + 05Ny + | Vi — V| — Apsfpo
s EsAs + EpAps + EcAct
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where | M, | is the absolute value of the factored moment at the critical section (N.mm), N,
is the factored axial force at the design section (N), V,, is the design shear load at the critical
section (kN), and Aps, As, and At are the area of prestressing reinforcement, non-prestressed
steel reinforcement, and UHPC in the flexural-tension side (mm?), respectively. fy, is taken
as the modulus of elasticity of prestressing steel multiplied by the locked-in difference
in strain between the prestressing reinforcement and the surrounding concrete and can
be taken as 0.7 of the ultimate tensile strength of the prestressing reinforcement (MPa),
and E; and E, are the moduli of elasticity of non-prestressed and prestressing steel (MPa),
respectively. €, is the diagonal compressive strain in the section, and ¢, is the vertical strain
in transverse reinforcement at the design section. It is noteworthy that the elastic modulus
of the concrete (E.) is calculated according to the FHWA report [24].

The FHWA report specifies a minimum UHPC compressive strength of 120.6 MPa,
minimum effective cracking strength of 5.2 MPa, and minimum crack utilization strain
of 0.0025.

2.2. ePCI-UHPC, 2021

In 2021, a research and development program for utilizing UHPC in bridges by
Tadros et al. [25] proposed a shear model that is an adaptation of the current AASHTO
provisions. This method will be referred to as the ePCI method in this study. The shear
strength of the UHPC beam consists of shear resistance provided by tensile stresses in UHPC
(V) in Equation (10), shear resistance proved by shear reinforcement (V) in Equation (11),
and the vertical component of prestressing force opposite to the direction of the applied
shear force (V). Consequently, the shear capacity of the UHPC beam (V) is given in
Equation (12). Despite the procedure including the contribution of shear reinforcement with
the assumption of yielding stress, the authors discouraged the use of shear reinforcement
due to the potential fiber disruption.

4
ch - 5 frr bv dv COtG (10)
Vi = L’f; Y0 oo (11)
Ve = Vg + Vs + V, (12)

where f;, is the residual tensile strength of UHPC and preferably taken as 5.2 (MPa) for
UHPC to meet minimum PCI-UHPC tensile properties requirements. The crack angle is
estimated according to Equation (13). The longitudinal strain ¢ is calculated according
to Equations (14) (for positive values) and (15) (for negative values) and is bounded by
—0.40 x 1073 in compression and 6.0 x 1073 in tension, and other parameters are similar
to what was described before. The ePCI method specifies a minimum compressive strength
of 124 MPa, and a 10 MPA minimum tensile strength.

6 =29° + 35006, (13)

(A;TM) + (Vu = V) — Aps fpo
(EsAs) + (EpAps) B

(Aff) + (Vu = Vp) = Apsfro
(EsAs) + (EpAps) + (EcAct) ~

£g = (14)

g6 = 0.0 (15)
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2.3. French Standard, NF P 18-710, 2016

The UHPC shear model French Standard model (AFGC) is similar to a simplified
version of the MCFT. This method will be referred to as the AFGC method in this study.
According to the French Standard model [26], the shear resistance of a UHPC member (V)
is the combined resistance of three terms: concrete (Vg ), steel fibers (Vg4,5), and shear
reinforcement (Vy,s), as shown in Equations (16)—(21).

VRd = VRd,C + VRd,f + VRd,S (16)

0.24
VRie = yefyE K \/ﬂ by z, for prestressed a7

g v(c]flﬂéE K \/fe bo h, for non-prestressed
K=1+32 a8)
f ck
0'cp = I:gEd S 0-4fck (19)
c

VRd,f = Aﬁ) ORdf cot 0 (20)
VRd,S = % 4 fy COt 9 (21)

where the comprehensive safety factor v yg shall be 1.5 at the design stage. f., represents
the compressive strength of UHPC (MPa). The term z represents the lever arm of the
internal forces and is taken as z = 0.9 d (mm). The prestressing improvement factor k is
determined by the external load or prestressing Ng4. 0r4 is the mean value of the post-
cracking strength along the shear crack. Ay, is the cross-section of the inclined area on
which the fibers act. The inclination of the shear crack 6 is fixed as the minimum value of
30°. The minimum compressive and tensile strengths are 150 and 5 MPa, respectively.

2.4. Canadian Standard CSA A23.3-04

The Canadian Highway Bridge Design Code also adopts a modification of the MCFT
for the shear design of UHPC. This method will be referred to as the CSA method in
this study. According to the Canadian code [27], the shear strength of a member (V;) in
Equation (22) is taken as the combination of the concrete component (V) in Equation (23),
the shear reinforcement component (V) as in Equation (24), and the vertical component of
prestressing force (V).

Vi=Ve+ VstV (22)
Ve = ¢, A BV flbody (23)
A d
Ve = %fyvcotﬁ (24)
0.4 1300
p— 2

1+ 1500¢, <1ooo+sze> 25)

6 = (29° + 7000¢,) (26)

where ¢ is the resistance factor for concrete take = 1.0, A is a factor to account for low-
density concrete = 1.0, f is a factor representing the strain and the size effect and determined
according to Equation (25), f'c is the concrete cylinder strength (MPa), ¢; is the resistance
factor for reinforcing steel take = 1.0, f, is the yield strength of the reinforcement (MPa), s
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is the influence of aggregate size, and 0 is the angle of average principal compression in
the beam with respect to the longitudinal axis (degree), determined by Equation (26). To
determine 6, the longitudinal strain at mid-depth of the member due to factored loads, s,
is required (Equation (27)).

M 4+ Vi =V + 05N, — Aps fro
2(AsEs + APEP)

£ = < 0.003 27)

If the value of €5 calculated from Equation (27) is negative, the value shall be recal-
culated with the denominator replaced by 2(EsAs + EyAp + EcAct). €5 shall not be taken
as less than—0.2 x 107. It should be noted that f, shall not exceed 500 MPa except for
prestressing reinforcement and the minimum compressive strength is 120 MPa.

2.5. Eurocode 2 and German DAfStb Guideline, 2022

A modified procedure to determine the shear capacity of UHPC following the Eu-
rocode 2 and the German DAfStb Guideline was presented in a Metje and Leutbecher
study [28]. This method will be referred to as the DAfStb method in this study. Similar to
previous concepts, the shear design resistance in this method is determined by combining
contributions from three components, the shear resistance of a UHPC member (V) as in
Equations (28)—(31), shear resistance provided by the fibers (V4 ), and shear resistance pro-
vided by the shear reinforcement (Vg ), as shown in Table 1 and Equations (32) and (33).
The minimum compressive and tensile strengths are 150 and 8.5 MPa, respectively.

0.15 1
Vide = [(7)k(100p1 fa)3 +0.120¢p | body (28)
[
k=1++/200/d <20 (29)
As
et < .
o= <006 (30)
N
Oep = Aid < 02fu (31)
Cc
fefti=ace feie/ YeE (32)
fetk = ke fefto (33)

where f and f,; are the characteristics and the design value of the compressive cylinder
strength, respectively; yc and ycr are the partial factors for concrete and post-cracking
tensile strength, respectively; h is the height of the cross-section; and #r is a coefficient
considering the shape of the shear crack (g = 1.0 for members with I-shaped cross-section
and 1 = 0.7 for members with compact cross-section). acr is a coefficient taking account of
long-term effects on the post-cracking strength, «r is a factor considering the orientation of
the fibers (xr = 1.0 for I-shape cross-sections and kg = 0.5 for compact cross-sections), and
fefo is the reference value of the post-cracking tensile strength evaluated by testing.

Table 1. Contributions of fibers and shear reinforcement according to the DAfStb method.

Shear Span

ald > 2 05<ald<2

Fiber contribution

VRa,f = bohiyg (fcftd)

Stirrup contribution

VRas = 222 fgcot VRaf + Vras = (min0.75a, 1) botifefua + Ao fyua

cotf=12+24 ;—P > 1.0
cd
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As shown in Table 1, the fiber contribution is considered to correspond to a 6 = 45°
(cot 8 = 1.0) when the shear span-to-depth ratio a/d is greater than or equal to 2 and the
stirrup contribution with 0 calculated according to Table 1. For members with short shear
spans (a/d less than 2.0), the fiber contribution is considered effective over the minimum of
hor 0.75 a, and only stirrups within 0.75 a are considered.

2.6. Summary of the Prediction Models

The differences and similarities between the mentioned UHPC shear models can be
summarized in the following points:

- Generally, the mentioned models agree that the shear resistance is composed of
contributions from the tensile resistance of concrete, fibers, shear reinforcement, and
prestressing. However, the FHWA, ePCI, and CSA methods have one term for the
tensile resistance of concrete and steel fibers combined, while the AFGC and the
DAfStb methods have separate terms for each.

- It is worth mentioning that the FHWA method adopts the concept of localization
tensile stress for the tensile resistance of concrete, which should be evaluated experi-
mentally. The ePCI method adopts a fixed minimum residual tensile stress for UHPC
(frr = 5.2 MPa). In the other codes, the tensile stress is related to the compressive
strength of UHPC.

- Regarding the inclination angle of the compression strut 6, the FHWA method adopts
an iterative solution to determine it, while the ePCI and the CSA method adopt a
similar equation form. In the three methods, the angle depends on the strain of the
longitudinal reinforcement, ¢s. The AFGC method adopts a fixed minimum angle of
30 degrees. However, the DAfStb method includes the effect of the shear span-to-depth
ratio on the inclination angle 0.

- In the shear reinforcement contributions, all methods assume yielding stress in the
shear reinforcement except for the FHWA method, where an iterative solution is
required to determine the stress in the shear reinforcement.

- In the FHWA, ePCI, and CSA methods, the effect of the prestressing level on the
shear capacity of UHPC is included in determining the strain of the longitudinal
reinforcement, &5, and as a vertical component resisting vertical shear, Vp. In the
AFGC and the DAfStb methods, the prestressing level is included in the concrete
contribution equation (o¢p).

3. Database Analysis

To evaluate the effectiveness of the UHPC shear design models discussed earlier, a
comprehensive review of the existing literature was carried out to assemble a database
of experimental tests of UHPC beams subjected to shear. Only those specimens that
failed in shear loading with dominant shear crack were considered. The database was
further refined to include beams with a shear span-to-depth ratio (a/d) of 1.5 or higher,
while excluding any specimens that incorporated coarse aggregate in their mix design.
In addition, only specimens with steel fiber were included as the FHWA and the ePCI
methods define UHPC as a mixture that exhibits strain-hardening and they do not have a
separate term for steel fibers’ contribution. The literature included a total of 198 specimens
from 28 references [5,9-13,18,25,27,31-50] (Table 2). It should be noted that only specimens
with complete information were included. In addition, the reason for excluding specimens
with coarse aggregate is that UHPC usually does not contain coarse aggregate, to reduce
the friction in the mix and to achieve a dense, compact, and more flowable mix.
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Table 2. UHPC beam database.

Reference  # of Tests Section f’c (MPa) Vi Ll dy ald h (mm) by (mm) A, (mm?)
[11] 9 I-shaped 203-205 130-167 2.5 380 65 900
[31] 8 I-shaped 125-140 75-150 3.2 650 50 840
[32] 6 I-shaped 150-170 82-163 33 650 50 1680
[13] 3 I-shaped 103-105 48.8 2 400 70 280
[10] 8 I-shaped 168-189 65-130 2.5-34 700 40, 50 1680
[33] 3 I-shaped 193.0 130.0 25,28 910 152 2230
[12] 6 I-shaped 125-127 120.00 1.1,2,3 300 50 420

[5] 6 I-shaped 137-160 130.0 3.1-3.9 889,1092 76.2,101.6 4560
[25] 13 I-shaped 126-155 1251”93)59’ 1.2-3.4 863.6 50-101 3640
[9] 5 I-shaped 195-212 97-100 2.5-8.5 380 65 840
[34] 3 Rectangle 108.2 75 1.5-2.5 340 160 140
I, box- 130, 160,
[35] 15 shaped 118-155 190 2.5-4 800-1500 50-152 1680
[44] 7 I-shaped 128-145 40, 17 (;50’ 65, 1.60 500 65 372
[37] 2 I-shaped 126.0 130 1.1-3.3 600 70 280
[38] 10 I-shaped 152-189 77,147 3.0-3.5 600-1000 40 1115
[39] 1 I-shaped 173.2 163 2.50 1067 114 6580
[40] 1 Rectangle 166.9 131.25 3 290 150 0
[41] 13 I-shaped 160-188 75,150 3.25 350 60
[42] 2 Rectangle 100, 200 80 2 350 200
T-shaped, 65, 130,
[43] 31 Rectangle 115-125 195 1.5-3.0 250 150 0
[44] 8 I-shaped 144-152 65'01’ 9153 00, 4-8.0 380, 460 50 0
[27] 2 I-shaped 147.69 52,130 1.6-3 220, 400 50 0
[18] 3 Rectangle 140 200 1.23 300 200 0
[46] 8 Rectangle 130-152 172.25 1.5-3.0 350 250 0
65, 130,
[47] 11 Rectangle 127,131 195, 260 1.5-2.3 250 150 0
[48] 9 I-shaped 160-170 97.5 25,35 520, 700 40 0
[49] 2 I-shaped 150 195 2.8 200 20 0
[50] 3 I-shaped 198-211 37.1,74.2 4 330 30 0
Average - - 149.58 130.2 2.8 517.1 91.1 1709.6
Max. - - 212 260 8 1422.4 250 6580
Min. - - 100 37.1 1.5 200 20 140
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Non-Prestress
97 (49%)

=
s

In the compiled database, 101 specimens were prestressed, and the remainder were
non-prestressed. All shear-tested prestressed specimens in the literature had a straight
prestressing profile because UHPC members tend to have thin webs where inclined strands
are difficult to achieve. In terms of shear reinforcement, 82 specimens included shear
reinforcement, while the remainder did not. Specimens in the database included I-shaped
(72%), rectangular (25%), T-shaped (2%), and box (1%) sections. Figure 1 is a graphical
illustration of the content of the experimental database.

Prestress Without Shear :
101 (51%) Reinforcement With Shear
132 (66%) |/ Relég‘tzg%;n)ent

Box-shaped Member
2 (1%)

T-shaped Member

Rectangular Member

3 (2%) w r

I-shaped Member

51 (25%)

), (1w

(c)

Figure 1. Experimental database according to: (a) reinforcement, (b) shear reinforcement, and
(c) cross-section type.

For every specimen included in the database, the collected data encompassed sec-
tional information and reported the compressive strength of the concrete, details of non-
prestressed and prestressed reinforcement, volume and aspect ratios of steel fibers, shear
reinforcement information (where applicable), shear span-to-depth ratio (a/d), and the ex-
perimentally measured shear capacity (Vexp). Figure 2 illustrates the distribution of selected
variables within the compiled database. The database encompassed a broad spectrum of
variables, which is essential for thorough model assessment. It is worth noting that the
majority of specimens featured a fiber volume ranging between 1.5% and 2.5%, and none
contained coarse aggregate. From Figure 2 it can be seen that 26 specimens had a very thin
web with 20 to 40 mm thicknesses. As shown in Figure 2, specimens with shear span-to-
depth ratios less than 1.5 were excluded to avoid deep beam behavior. In addition, most of
the specimens had a compressive strength greater than 125 MPa. The elastic modulus for
all specimens in the database was calculated using the empirical equations proposed in the
FHWA report [24] (Equation (34)).

E. = 9100 f/°%

[MPa] (34)
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(150, 162] (175, 187] (200, 212] [37,62] (87, 111] (136, 161] (186, 210] (235, 260] [200, 353]

Frequency
Frequency
»
&

353, 50

(111,136 (161, 186] (210, 235) 506] (658,
(506, 658]

. 811] (964, 1117] (1270, 1422]
(811.964] (1117, 1270]

Compressive strength (f'c), MPa Fiber characteristic ratio (p;L,/d;), % Beam height (h), mm

(89, 112]

(66, 89] (112,135)

(135,158] (19,2.3] (26,3 (34,3
(158, 181] (204,227 [00,57]  (57,114] (114,17.1] (17.,22.8] (228,285] (28.5,34.2] [15,1.9] (23,26] (30,34 (3.8,4.1] >45

Frequency
Frequency

(181, 204] (227, 250] (4.1,4.5]

Beam width (b,), mm Prestressing stress (P,/b,, h), MPa Shear span-to-depth ratio (a/d)

Figure 2. Material and geometric properties of UHPC girders in the compiled database.

4. Localization Tensile Stress and Strain for the FHWA Method

Determining the nominal capacities for beams in the database according to the FHWA
requires experimentally obtaining the crack localization strength (f; ;,.) and strain (g o)
through direct tension testing. According to the FHWA, the definition of crack localization
strength f; 1, is “the tensile stress value at which the tensile stress continuously decreases
with increasing strain” (Figure 3). These values are associated with shear failure that is
triggered by a localized and dominant crack developing from existing closely spaced cracks.
However, these parameters were not provided in most of the surveyed database.

§ Crack localization (f, . >f; ..)

~
S
& i
S :
3 P
g H
%} .
Q First crack i ' Crack localization
g 4.0 E i fl,/()(,‘ :fl,w‘
S 8
2.0 B
€4 loc : :E‘
0.0 ! 1 loc
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Uniaxial strain

Figure 3. Stress—strain behavior of UHPC under direct tension [5].

Therefore, the authors aimed to develop a prediction equation for the localization
strength. Consequently, a secondary database for the direct tension test of UHPC was
surveyed. It contained 76 tests from eight different studies [5,51-57] with different variables,
including concrete and fiber characteristics. The secondary database is shown in Table 3.
Correlation analysis revealed that the localization strength exhibits a predominantly linear
relationship with both the compressive strength (f'c) and the fiber characteristic ratio (V;
li/ds). Based on this finding, a linear equation was developed to predict the localization
strength, as presented in Equation (35). The developed model demonstrated a coefficient of
variation (CoV) of 16.1% and a root mean square error (RMSE) of 1.49 MPa, indicating a
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reasonable level of accuracy. It is important to highlight that Equation (35) is valid only
within the variable ranges specified in Table 2. Additionally, the term V [7/dy is expressed
in its original form and not converted into a percentage.

fi. loc = 0279 + 0.085f ¢ + 3.40V I/ (35)

The localization strength for the 198 shear specimens in the database was determined
according to Equation (35). Regarding the utilization strain, a fixed value of ¢ j,. = 0.004
was assumed for all specimens, as all specimens in Table 3 had ¢ j,. close to 0.004.

Table 3. UHPC direct tension database for the proposed Equation (35).

Reference Spf;;qgns Vi Idd; (%) f'c (MPa) fitoc (MPa)
[51] 31 86.70-260.0 84.8-170.3 6.4-12.5
5] 6 130.0 137.0-160.0 8.6-11.5
[52] 8 54.5-121.9 129.0-140.0 5.0-9.4
[53] 12 62.5 171.0-195.0 6.9-11.9
[54] 5 86.7-130.0 93.8-148.0 6.4-12.5
[55] 4 130.0 126.0 11.9
[56] 6 130.0-290.0 150.0 15.1-15.7
[57] 4 130.0 196.5 12.2

5. Performance and Comparison of Prediction Models

To evaluate the performance of the prediction models discussed in the previous
sections, the nominal shear capacities of the UHPC girders in the experimental database
were determined according to each of them (see Appendix A for FHWA method and ePCI
method calculation flowcharts). In all models, all partial safety factors were set to 1.0 for
the purpose of comparative analysis.

The experimental versus predicted capacities were plotted for each prediction model
in Figure 4. The statistical measures for each model, including the average (Avg.), standard
deviation (SD), CoV, and relative root mean square error (RRMSE) for the shear strength ra-
ti0 (Vexp/Vpreq), are summarized in Table 4. In addition, the statistics based on reinforcement
type are presented in Table 5.

Generally, all models yielded a safe average shear strength ratio Vexp/Ves. The ePCI
method resulted in the highest average shear strength ratio of 1.58, while the FHWA method
yielded the lowest average of 1.19. The ePCI method resulted in 28 specimens with a shear
strength ratio > 2.0 and no specimens falling below 0.75. This is expected due to adopting a
conservative constant shear stress of 5.2 MPa. The FHWA method resulted in the lowest
standard deviation and coefficient of variation, reflecting the data’s lowest scatter (highest
prediction accuracy), which also can be seen in Figure 4a. Table 5 also indicates a lower
CoV for prestressed members compared to non-prestressed members for both models. It
should be noted that high conservatism can lead to an uneconomical design.

The DAfStb method showed the highest standard deviation and CoV, indicating
the lowest prediction accuracy and the greatest scatter of the data. This method also
accounted for the largest number of specimens having shear strength ratios above 2.0
and below 0.75. The AFGC and CSA shear methods, on the other hand, demonstrated
similar statistical performance. Overall, methods derived from MCFT exhibited better
performance in predicting shear strength compared with models that take the effect of steel
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fiber reinforcement contribution separately, or models that do not take into account the
angle of the compression strut.
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Figure 4. Measured versus predicted shear strength according to prediction models: (a) FHWA,
(b) ePCI, (c) French, (d) Canadian, and (e) DafStb methods.
Table 4. Summary of evaluation statistics of prediction models.
Ty Vexp/ Vpred. Vexp/ Vpred. Vexp/ Vpred. Vexp/ Vpred. Vexp/ Vpred. Vexp/ Vpred.
Prediction Model Avg. SD. CoV (%)  RRMSE (%) >2 <0.75
FHWA method [24] 1.19 0.29 24.6 35.7 2 11
ePCI method [25] 1.58 0.43 27.4 55.1 28 0
AFGC method [26] 1.24 0.44 35.5 379 13 20
CSA method [27] 1.14 0.34 29.5 38.6 5 15
DAfStb method [28] 1.40 0.55 39.6 59.7 28 23
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Table 5. Evaluation statistics for prediction models based on reinforcement.

Non-Prestressed (n = 97) Prestressed (n = 101)
No A, (n =60) With A, (n =37) No A, (n=72) With A, (n =29)

Method Avg. CoV% <075 Avg. CoV% <075 Avg. CoV% <075 Avg. CoV.% <075
FHWA [24] 1.17 29.4 5 1.18 22.3 3 1.19 23.9 2 1.27 15.8 1

ePCI [25] 1.64 30.3 0 1.40 19.1 0 1.65 28.4 0 1.54 18.9 0
AFGC [26] 1.19 48.6 14 0.97 21.6 5 1.42 26.8 0 1.25 16.1 1

CSA [27] 1.20 31.7 4 0.94 22.2 3 1.15 28.9 7 1.25 22.1 1
DAfStb [28]  1.40 38.3 6 1.54 28.0 1 1.48 39.2 7 1.01 48.5 9

For a further look at the performance of the prediction models, the shear strength
ratios were drawn with respect to geometrical properties (h, by, a/d) in Figure 5, and with
respect to concrete and reinforcing properties (¢, p», P/A) in Figure 6. The slopes of the
trendlines in the figures reflect the conservatism level across the variables’ ranges.
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Figure 5. Shear strength ratios for all models with respect to geometrical properties (h, by, a/d):
(a) FHWA, (b) ePCI, (c) French, (d) Canadian, and (e) DAfStb models.



J. Compos. Sci. 2025, 9, 211

14 of 19

3 A 3
g N
=T, | = ®
) N
g1 Iy | \% 1 7)
Yy L ®
0 T T T 0 - T T T 0 - T T T r T r
50 100 150 200 250 0.000 0.010 0.020 0.030 0.040 0O 5 10 15 20 25 30 35
(a) Concrete strength f°,, MPa Shear reinforcementratio pv Prestressing stress, MPa

32
22 B
1
A
0 . . ; 0 4 . . ; 0o +——+
50 100 150 200 250  0.000 0.010 0.020 0.030 0.040 0 5 10 15 20 25 30 35

Concrete strength f’c, MPa

Shear reinforcement ratio pv Prestressing stress, MPa

3
8
32
3
N
k=
0 T T T 0+ T T T 0 + T T T T T T
50 100 150 200 250 0.000 0.010 0.020 0.030 0.040 0 5 10 15 20 25 30 35
(c) Concrete strength [’c, MPa Shear reinforcement ratio pv Prestressing stress, MPa

3
=2
N
AN
S|
%
0 T T T 0+ T T T 0+ T T T T T T
50 100 150 200 250 0.000 0.010 0.020 0.030 0.040 0 5 10 15 20 25 30 35
@) Concrete strength f’c, MPa Shear reinforcement ratio pv Prestressing stress, MPa
= 3 =
aE N
1 s
K W
= 0 T T T 0+ T T T 0 - T T T T T T
50 100 150 200 250  0.000 0.010 0.020 0.030 0.040 0 5 10 15 20 25 30 35
(e) Concrete strength f"c, MPa Shear reinforcement ratio pv Prestressing stress, MPa

Figure 6. Shear strength ratios for all models with respect to concrete and reinforcing properties (f'c,
pv, P/A): (a) FHWA, (b) ePCI, (c) French, (d) Canadian, and (e) DAfStb models.

With respect to the geometrical properties (Figure 5), it can be seen that the FHWA
method yielded relatively flat trendlines, indicating more consistent predictions across
variables compared to other models. In addition, the DAfStb method showed a reduction
in conservatism at high values of i and a/d. The ePCI, AFGC, and CSA methods showed
similar behavior across all variables.

Regarding the concrete and the reinforcing properties (Figure 6), the FHWA method
still shows consistent prediction accuracy with relatively flat trendlines compared to other
methods. Additionally, the DAfStb method still shows a reduction in conservatism at
high values of the variables. Finally, it can be seen that all methods, except for the FHWA
method, show a reduction in conservatism at a high transverse reinforcement ratio. This
can be attributed to their adopting yield stress for transverse reinforcement compared to
the FHWA method which assesses the transverse reinforcement strain and stress.

6. Conclusions

This paper aims to define and evaluate the performance of five UHPC shear design
models: the FHWA, ePCI, AFGC, CSA, and DAfStb methods. The evaluation was carried
out using a detailed experimental database from 28 different experimental programs
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published in the literature. The database included 198 specimens, from which 51% of

the specimens were prestressed and 34% of the specimens had shear reinforcement. In

addition, all specimens had steel fiber and fine aggregate in their UHPC mix. The following

conclusions can be drawn:

1.

The FHWA, ePCI, and CSA methods are based on modifications of the MCFT. On
the other hand, the AFGC and DAfStb methods were shown to have separate terms
for the concrete and steel fiber tensile contributions. The angle of inclination of the
diagonal compressive strut () in the FHWA, ePCI, and CSA methods is determined
using the strain of the longitudinal reinforcement (¢;), while the AFGC method uses a
fixed minimum angle of 30°, and the DAfStb method incorporates the span-to-depth
ratio (a/d). In addition, it was shown that all methods assume yielding stress in shear
reinforcement except for the FHWA method, which determines the strain of the shear
reinforcement.

To determine the shear capacity according to the FHWA procedure, the localization
strength and strain (fy,c, € j,c) must be determined experimentally. Conversely, f;,
and ¢ j, had not been determined for most of the specimens in the database. For that
reason, a prediction model f; ,,. was developed based on the concrete and steel fiber
properties. Regarding the localization strain, a fixed value was assumed (g j, =0.004)
for all specimens.

The FHWA method showed a superior performance compared to other models in
terms of statistical measures and consistent prediction conservatism across variables
ranges. The FHWA method resulted in an Avg. of 1.19, SD of 0.29, and RRMSE of
35.7% for the strength ratios (Vexp/Vpred.). Out of 198 specimens, only 14 had a shear
strength ratio of either more than 2.0 or below 0.75.

The ePCI method showed the highest conservatism with an Avg. of 1.58 due to
limiting the UHPC residual tensile strength to 5.2 MPa. The ePCI method resulted in
28 specimens with a shear strength ratio > 2.0 and no specimens falling below 0.75.
The DAfStb method showed the highest SD and CoV, indicating the lowest prediction
accuracy and the greatest scatter of the data. This method also accounted for the
largest number of specimens having shear strength ratios above 2.0 and below 0.75.
In addition, this method showed a reduction in conservatism at high geometrical or
material properties values, including the shear span-to-depth ratio.

It can be said that the ePCI, AFGC, and CSA methods showed similar behavior with
different degrees of conservatism; they resulted in Avg. shear strength ratios of 1.58,
1.24, and 1.14, respectively.

Except for the FHWA method, all methods showed a reduction in conservatism at a
high transverse reinforcement ratio. This can be attributed to adopting yield stress for
transverse reinforcement compared to the FHWA method which checks its strain.
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Appendix A
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