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ABSTRACT

Coarse aggregate ultra-high performance concrete (CA-UHPC) requires characteristic
tensile properties for structural design practices both in the serviceability and ultimate limit
states (SLS and ULS). Through uniaxial tension testing, this study aims to identify the
post-cracking performance of rebar-reinforced CA-UHPC (R-CA-UHPC), including cracking,
tension stiffening, and tension capacity. Utilizing experimental data derived from average
tensile responses, a tension-stiffening model of cracked CA-UHPC was developed,
considering scenarios with and without the shrinkage effect. The findings demonstrate that the
restrained shrinkage effect significantly influences the tension-stiffening of cracked
CA-UHPC in the pre-yielding phase, while becoming negligible for the post-yielding
behavior. The shrinkage-corrected model exhibits reinforcement ratio independence.

Furthermore, the non-shrinkage-corrected model demonstrates superior predictive accuracy of
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R-CA-UHPC's global tensile response compared to the CA-UHPC tensile constitutive model.
Subsequently, a tension-stiffening-based approach was derived and validated to calculate

crack widths in rebar-reinforced UHPC members.

Keywords: CA-UHPC, tension stiffening, cracking, restrained shrinkage effect, crack width

calculation.

1. Introduction

Tension stiffening represents the ability of concrete to carry tension between cracks in a
rebar-reinforced concrete (RC) member, which helps control member stiffness, deformation,
and crack widths related to satisfying serviceability requirements [1]. While plain concrete is
assumed to carry tension between the cracks only, fiber-reinforced concrete (FRC) is able to
carry significant tensile stresses across a crack in addition to between the cracks [2-5].
Additionally, rebar-reinforced FRC (R-FRC) members exhibit tension stiffening both in the
pre- and post-yielding range, contrast to normal rebar-reinforced concrete (R-NC) members
where tension stiffening disappears after rebar yielding[3]. Understanding the tension
stiffening effects enables the development of average tensile stress-strain relationships and
models that can predict RC member post-cracking response using smeared-crack finite
element and layered beam section models [6—8].

Ultra-high performance concrete (UHPC), as a new generation of FRC, is mainly
characterized by(1) a compressive strength greater than 120 MPa; (2) a disconnected pore
structure that significantly reduces permeability and thus enhances durability; and (3)
sufficient fiber reinforcement to allow for sustained post-cracking tensile resistance that
exceeds a minimum cracking strength of 5 MPa [9]. However, a low water-to-binder ratio
(less than 0.2) and high dosage of binders result into high autogenous shrinkage at early
ages[10], increasing the cracking risk for UHPC structures. Addressing this issue, coarse

aggregate ultra-high performance concrete (CA-UHPC) was proposed by adding coarse
2
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aggregates to partially replace the fine fractions in UHPC[11]. One consequence is higher
compressive strength and elastic modulus compared with conventional UHPC[12]. Due to
these advantages, CA-UHPC has been widely used in large structural applications, including
e.g., the concrete bridge deck in the Fifth Nanjing Yangtze River Bridge in China [12], a
2x600 m cable-stayed bridge.

Research on tension stiffening in rebar-reinforced UHPC (R-UHPC) members remains
limited [13-20], with previous studies focusing solely on UHPC without coarse aggregates.
While Yuan [13] and Hung et al [15] have developed tension-stiffening models for cracked
UHPC, the addition of coarse aggregate in CA-UHPC potentially reduces tensile performance
compared to conventional UHPC. This necessitates developing and validating a specific
tension-stiffening model for predicting mechanical behavior in cracked rebar-reinforced
coarse aggregate UHPC (R-CA-UHPC) elements. Additionally, proper assessment of
shrinkage effects is crucial, as studies by Fields et al.[21] and Yuan[13] show that UHPC's
significant shrinkage can reduce tension stiffening in cracked elements, with higher
reinforcement ratios leading to greater performance reduction.

Cracking might critically affect RC structures by reducing cross-sectional and structural
stiffness, leading to increased deformation and compromised serviceability[22]. Additionally,
excessive cracking may induce reinforcement corrosion under aggressive environmental
conditions, reducing the load-bearing capacity and service life. Thus, cracking control and
accurate crack width prediction are essential for both serviceability and ultimate limit state
verification. Current design codes inadequately address crack width calculation for R-UHPC
structures. While the French code NF P 18-710[23] exempts significant strain hardening
UHPC (class T3) structures from crack control and provides calculation methods for strain
softening (class T1) and limited strain hardening UHPC (class T2), the Japanese
recommendation[24] conservatively limits UHPC tensile stress to first cracking strength,
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potentially underutilizing UHPC's exceptional tensile performance.

Leutbecher et al.[25] proposed a crack width calculation method for R-UHPC structures
incorporating steel fiber contribution, though it requires experimental determination or
literature-based assumptions of fiber/matrix bond strength. While Luo et al.[26] and Qiu[27]
proposed calculation methods for crack widths in R-UHPC and steel-UHPC composite
flexural members, their iterative neutral axis calculations seem too complex for practical
design applications. Currently, research on R-UHPC crack width calculation remains
insufficient, necessitating development of a method that both accounts for UHPC's superior
tensile strength and rebar/UHPC interface bond properties while maintaining practical
simplicity.

Based on the research gaps described above, this study aims to identify tension stiffening
in R-CA-UHPC to establish methods for post-cracking tension capacity prediction and crack
width calculation, encompassing both ultimate and serviceability limit states. Through
uniaxial tension tests on R-CA-UHPC specimens previously reported in [28], tension
stiffening models were developed. Also, the influence of the restrained shrinkage effect on
tension stiffening was quantified. Subsequently, the tension capacity was analytically
determined, and a novel tension-stiffening-based methodology for crack width calculation in

R-UHPC structural members was developed and validated.

2. Tension stiffening
2.1 Uniaxial tension test

2.1.1 Materials and methods
To identify the tension stiffening of R-CA-UHPC, the uniaxial tension test data obtained

by Shi et al.[28] was used. In these experiments, dog-bone-shaped specimens, with a length of

560 mm, a central cross section of 50 mm X100 mm, and an end section of 100 mm X 100

mm, were designed, as shown in Fig.1. The investigated rebar configurations were: (1) rebar
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diameters ds, equal to 10 mm, 12 mm, 14 mm, and 16mm (section with single rebar); (2) rebar
quantities with one, two and three 10-mm-diameter rebars. The specimens are summarized in
Table 1, and each set had four identical samples. Fig.1(f) presents the uniaxial tension test
setup, where two extensometers with gauge length 200 mm were attached to the central part
of the specimens to capture the extension. It is noted that the R-CA-UHPC specimens were
placed in a curing room with a temperature of 20+2°C and relative humidity of 95% for 28

days before tension testing.

{ ‘ :
{1
o

5 | l=—No.1——
No.2 ;
No.3

Nod gal |
No.5 a6 i
No.6

No.7-—=

A

\

Strain
gauges

™ 100

100 } } 100 }
(a) (e) (H (€]

Fig. 1. Samples and test setup (unit: mm) [28]: (a) sample size; (b) one-rebar section; (c)
two-rebars section; (d) three-rebars section; (e) casting mold; (f) uniaxial tension test setup for

R-CA-UHPC; and (g) uniaxial tension test setup for rebar.

Table 1. R-CA-UHPC specimen details.

No Rebar Reinforcement ratio
) configuration Ds
SN-1~SN-4 ds10 1.6%
SN-1~SN-4 2ds10 3.2%
SN-1~SN-4 3ds10 5.0%
SN-1~SN-4 ds12 2.3%
SN-1~SN-4 ds14 3.2%
SN-1~SN-4 ds16 4.2%

The CA-UHPC [28] adopted was made of 1173 kg/m? reactive powder, 616 kg/m® sand,

472 kg/m? basalt aggregate, 198 kg/m? steel fibers, 25.7 kg/m? superplasticizer, and 138 kg/m?
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water. Fig.2(a) shows the applied tensile constitutive model, while the characteristic
parameters are listed in Table 2. The material exhibits strain softening after the first crack [29].

Steel rebars of quality HRB400 were used [28]. Uniaxial tensile tests, as shown in Fig.1(g),

were conducted to determine the complete tensile stress-strain responses for the rebars as well
as the simplified tensile constitutive law presented in Fig.2(b) with mechanical properties

summarized in Table 3.

Table 2. Basic mechanical properties of concrete [28].

Ec ﬁ ﬁ:t ﬁ:tr Ectr Ect,max
[MPa] [MPa] | [MPa] [MPa] | [x10°] | [x10°]
CA-UHPC | 52000+6538 | 128+10 | 7.83+0.78 | 6.47+0.84 | 2500 | 32500

Notes: E¢ and f: denote elastic modulus and compressive strength, respectively. fe, ferr, Ectr, and cimax are the

Concrete

tensile strength, post-peak residual tensile strength, post-peak residual tensile strain, and maximum tensile
strain, respectively.
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Fig. 2. Axial tensile constitutive models: (a) of CA-UHPC [29]; (b) tensile stress-strain
response of rebar; and (c) simplified tension constitutive model of rebar (based on and

adapted from [28]).

Table 3. Mechanical properties of the bilinear constitutive model of the steel rebar [28].

ds fsy f;u Esy Esu E Ep
[mm] [MPa] [MPa] [x10°] [x10°] [MPa] [MPa]
10 488 577 2438 90042 200187 1010
12 470 554 2382 77811 197439 1103
14 406 587 2104 116164 192978 1587
16 407 566 1958 124925 207880 1296

Notes: fsy, fou, Esy, €sus Es, and E, denote the yielding strength, tensile strength, yielding strain, tensile strain
at the tensile strength, elastic modulus, and plastic modulus, respectively.




131
132

133

134

135

136

137

138

139

140

141

2.1.2 Test results
Fig.3 shows the axial load versus the average member strain of the test specimens. The

tension response is composed of three distinct stages [28]: Phase I, the elastic uncracked stage.

Phase II, cracking stage, from first cracking to yielding of the steel rebar. Phase III,

post-yielding stage. The specimens were exposed to shrinkage occurring before the load test.

Crack localization appears after rebar yielding, and no or negligible amount of splitting cracks

develop. The tensile capacity of R-CA-UHPC is significantly larger than that of the bare rebar

even after yielding, differing from R-NC, for which the tensile capacity is approximately the

same as the bare rebar[21]. Fig.4 illustrates the crack development process and the final rebar

fracture (denoted as phase IV) for R-CA-UHPC members under direct tension.
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Fig. 3. Axial load-average member strain response of R-CA-UHPC: (a) ds10; (b) 2ds10; (c)

3ds10; (d) ds12; (e) ds14; and (f) ds16 (based on and adapted from [28]).
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Fig. 4. Crack development of R-CA-UHPC.

2.2 Tension stiffening modelling

2.2.1 Tension stiffening
Fig.5 shows the typical uniaxial tension response of RC members, including R-NC and

R-CA-UHPC, where tension stiffening is assumed to be the difference between the member
response and the bare rebar response[21]. The member response can be divided into three
distinct phases defined by the first cracking point A (ecr, Per) and the yielding point B (gy, Py):
the linear-elastic, the crack development, and the post-yielding stages. More precisely, tension
stiffening is defined to represent the concrete contribution to the tension capacity of the RC

member after first cracking.



155
156

157

158

159

160

161

162

163

164

165

166

167

168

a) & b) &
(a) 3 4 (b) 3 4
8= ] B C
s Concrete contribution s
% 7 X
< <
—— Member response Pl g
P —— Rebar response ! o
Tension stiffening i Rebar contribution
P ebar contribution A (e, P,): first cracking Pl
B (e, P,) :rebar yielding
D (&, Py,): rebar yielding
O B Exfm& Average member strain & O %« % %m & Average member strain &
©a 4 ﬂP
fcr E 0 ]
& e
2 B B B v
g o.ctipcm/AciﬁPcm,cl/Aciﬂft‘:r
E %
&
(o]
=
0 b =
Average member strain & ﬂP

Fig. 5. Schematic axial tension response of RC members: (a) R-NC; (b) R-CA-UHPC; and (c)

tension-stiffening model of cracked concrete.

When normal concrete cracks, the concrete at the crack fails to carry tension, but the
tensile force is still transferred to the neighboring solid concrete from the rebar through the
interface bond[21]. Hence, the stresses in the concrete vary between the cracks along the
member length, resulting in an average concrete tensile stress lower than the tensile strength
fer, shown in Fig.5(c). For R-CA-UHPC, apart from the bond-transferring mechanism,
concrete at the crack continues to carry tension due to the post-cracking strength resulting
from the fiber-bridging. More cracks appear with increasing external load, while the average
tensile stress in concrete continues to decrease.

When crack spacing has stabilized, and no more transverse cracks develop, the observed
decrease in average concrete stress and tension stiffening continues but at a slower rate,

mainly due to the loss of bond from internal cracking and slip between the two materials [30].
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Tension stiffening drops to zero at yielding because the rebar is not able to transfer tensile
forces larger than the yield force across cracks, as shown in Fig.5(a). By comparison, the
tension stiffening of R-CA-UHPC continues even after yielding of the rebars, as shown in
Fig.5(b), due to the fiber-bridging effect and the enhanced interface bond properties, as
demonstrated from the cracking patterns with no obvious splitting cracks observed.

There are two methods for characterizing the tensile stiffness[21], one is the
tension-stiffening strain approach, and the other one is the load-sharing approach. According
to the strain approach, as shown in Fig.5, for any given external load P, the average member
strain after concrete cracking is &m, which is the same as the average strain of the rebar ggm.
The strain of the bare rebar under the same load P is marked as ;. The tension-stiffening strain

Ag; is thus the difference between esm and &s. Accordingly, esm can be expressed as:

&g, =& —Ae, =¢,— PAe

s,max

As (1

where £ is termed the bond factor; Aesmax 1s the tension-stiffening strain at first cracking,
Ags max=¢€s-€cr; €sr and ecr are the strain of the bare rebar and the member at first cracking,
respectively.

According to the load-sharing approach[1], the axial member load P is shared by the
rebar Psm and the concrete Pem, with Pem 1S given as:

R,=P-P, @
The average concrete stress can be expressed by:

o, =L (3)
¢4

C

where A. is the effective area of concrete in tension.
The tensile load shared by rebar and concrete at first cracking can be marked as Pgm,crand

Pem,er, respectively. Consequently, the first cracking strength of concrete is given as:

10
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The load-sharing-approach-based tension-stiffening bond factor £ is expressed as:

p=tm O (5)
Rzm,cr f;:r
The bond factors f obtained according to Eq.(1) and Eq.(5) are identical. The relation

between the tension-stiffening strain of the rebar Aes and the tension-stiffening stress of the
concrete ffcr is plotted in Fig.5(a), and is given as:

ESASAgS = ﬂch;r (6)

The average tensile stress-strain curve of the cracked structural member obtained by the

load-sharing approach is named as the tension-stiffening model (TSM). The bond factor S

obtained is regarded as a normalized material characteristic of cracked concrete[21].

2.2.2 Restrained shrinkage effect
In RC members the free shrinkage of concrete is restrained by rebars, thus inducing

tensile strains and stresses in concrete and corresponding compressive strains and stresses in
the rebars. The schematic diagram [31]of this restrained shrinkage effect is shown in Fig.6(a),
in which &g is the free shrinkage strain of concrete; ecs e is the restrained shrinkage strain, i.e.,
the developed shrinkage of concrete under the constraint of the rebar; ecre is the induced
restrained tensile strain in concrete, corresponding to the restrained tensile stress octre.
Relevant studies [13,21] have revealed that neglecting the restrained shrinkage effect can lead
to incorrect estimation of the stresses in rebars and concrete, thus underestimating the tension
stiffening, and that the impact increases with the increase of reinforcement ratio as well as

free shrinkage of concrete.

11
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Fig. 6. Restrained shrinkage effect: (a) schematic diagram [31]; and (b) influence on tension

stiffening.

As plotted in Fig.6(b), the member response compensated for the restrained shrinkage
effect (curve IA'B’C’) was obtained by shifting the experimental member response (curve
OABOQC) to the left by the initial member shortening &csr. For convenience, the two member
responses before and after shifting were marked as without/with shrinkage correction. From
the member response with shrinkage correction, it is obvious that only concrete sustains
tension when the average member strain is lower than the restrained shrinkage strain &csre. The
difference between the corrected member response and the bare rebar response is the actual
tensile contribution of concrete. It shows that ignoring the restrained shrinkage effect in the
experiment will underestimate the tensile contribution of concrete to the member.

In addition, the difference in the vertical coordinates between point O’ and point I is the
difference between the theoretical first cracking load Perimeo (corresponding to the tensile
strength of concrete f.¢) and the experimental first cracking load Pc: (corresponding to the first
cracking stress f.r). The difference in the horizontal coordinates is the restrained tensile strain
getre In concrete. Considering that the point O’ is obtained by two elastic curves, where the
elastic modulus of concrete is a constant, &cire=0cte/Ec and ec0=AP/EsAs=&ctretecsre May be

obtained. It should be noted that e obtained through this elastic method is not equal to the

12
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free shrinkage of concrete &cs.

The measured axial load-average member strain response of R-CA-UHPC after
shrinkage correction is shown in Fig.7, where the restrained shrinkage strain &cs e is calculated
according to the first author’s previous work [28], as expressed in Eq.(7).

£ =£,(0.973-191a,p)) )
where: & is the free shrinkage of CA-UHPC, equal to 673 ue [28]; ak is the elastic modulus
ratio of rebar to CA-UHPC; while ps is the reinforcement ratio.

According to the load-sharing approach, the average tensile stress-strain responses for
cracked CA-UHPC with and without shrinkage correction are compared in Fig.8. As shown,
there are two pronounced features for the average tensile stress-strain curve without shrinkage
correction. One is that the first cracking strength, which is significantly lower than the
measured tensile strength of CA-UHPC (7.83 MPa), and this effect increases with the increase
of reinforcement ratio. Secondly, the softening branch exhibits a sharp rise after reaching the
yielding strain (approximately 0.2%), indicating an increase in the tensile contribution of
CA-UHPC, which is inconsistent with the crack localization in CA-UHPC. These phenomena

can be explained by the restrained shrinkage effect.

13
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Fig. 7. Axial load-average member strain response with shrinkage correction for

R-CA-UHPC.

By comparison, the first cracking stress of the average tensile stress-strain curve with
shrinkage correction is close to the tensile strength of CA-UHPC. And the softening branch
presents a smoother and continuous downward trend, which is similar to the softening branch
of the tensile constitutive model of CA-UHPC. It indicates that considering the shrinkage
correction can provide a more accurate evaluation of the tensile contribution of concrete to the
member. Moreover, the difference between the average tensile stress-strain curves with and
without shrinkage correction is more significant from the first cracking point to the yielding
point, while the difference after yielding can be neglected. This is because the fiber/matrix
interface debonding at the localized crack is the main contribution to tension stiffening at the

post-yielding stage.
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Fig. 8. Average tensile stress-strain response for cracked CA-UHPC: (a) ds10; (b) 2d;10;

(c) 3ds10; (d) ds12; (e) ds14; and (f) ds16.

A comparison of the average tensile stress-strain responses for cracked CA-UHPC
corresponding to different reinforcement ratios is shown in Fig.9. As shown, the curves with
shrinkage correction show better mutual agreement than those without. The consequence is
that the average tensile stress-strain relation for cracked CA-UHPC is independent of
reinforcement ratios as long as the restrained shrinkage is included in the analysis of the

member response.
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Fig. 9. Comparison of average tensile stress-strain responses for cracked CA-UHPC: (a)
without shrinkage correction; and (b) with shrinkage correction.
2.2.3 Tension stiffening model
Fig.10 presents the tension-stiffening stress-strain curves with and without shrinkage
correction for the R-CA-UHPC, and the normalized tension stiffening model (TSM) is fitted
to the experiments using the exponential function below:

3 E—E&,
ot~ Cer
& & b

ct cr Eetymax ~Eer
aqa—————— e

ﬂ:&: 1+ (8)

fcr gct,max - gcr

where: f is the bond factor; f.r and & are the first cracking strength and strain, respectively; &
is any tensile strain, representing the average member strain; &c,max 1S the maximum average
member strain, taken as 3.25% (corresponding to an elongation of 6.5 mm over the gauge

length of 200 mm); while a and b are model parameters to be fitted.

(a) 1.2 . . (b) 1.2 : : : :
% <& Test data < Test data
o RS Fitted curve Fitted curve
1.0 % < 95% Confidence band 1.0 95% Confidence band]|
95% Prediction band Koy, 95% Prediction band
0.8 R 0.8 < 1
5 5 o y :a-ct/fcr’ X :(sct_gcr)/ (gct,max_gcr)
\'\\g 0.6 b \\?; 0.6+ \ N % y:[1+(ax)3]e-bx
© 3R © R
04+F y_o-ct/fcr I 04+
x:(ect_scr)/ (sct,max_gcr RIS
0.2 F y=[1+(ax)’le™ 02} a=1987,b=357
R’=0.89
0.0 L L L 1 0.0 L 1 | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

(Ect'gcr)/ (Sct,max'acr) (Ect'gcr)/ (Sct,max'ecr)

Fig. 10. Normalized tension-stiffness stress-strain fitting curve: (a) without shrinkage

correction; and (b) with shrinkage correction.
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The fitted results are shown in Fig.10, while the model parameters are listed in Table 4.
The goodness-of-fit R* with shrinkage correction is 0.890, far superior to that without
shrinkage correction which is 0.684. This is because the normalized fitting method is based on
the first cracking strength, which is substantially influenced by the restrained shrinkage effect.
It is noted that the formulated model is suitable for CA-UHPC with a steel fiber volume

fraction of 2.5%, and R-CA-UHPC with a reinforcement ratio within 5%.

Table 4. Fitted parameters of normalized tension-stiffening stress-strain curve.

Types a b R?
without shrinkage correction 0.884 | 1.383 | 0.684
with shrinkage correction 1.987 | 3.571 | 0.890

A comparison of bond factor § based on the tension constitutive model (TCM) and the
tension-stiffening model (TSM) is shown in Fig.11(a). It is clear that the TSM curve lies
above the TCM. As f of TCM drops to zero, the f of TSM is still greater than 0.25. Although
both curves present a softening response, the underlying mechanisms are fundamentally
different. The softening branch of the tension constitutive model is essentially a
strain-softening behavior, reflecting the development of stress-strain after the occurrence of
crack localization in plain concrete. Tension stiffening only develops in RC and originates
predominately from the tensile capacity of concrete between cracks[1], being affected by the
transfer of tensile force from rebar to concrete through the interface bond. For fiber-reinforced
concrete, such as CA-UHPC, tension stiffening as considered in this research also includes the

residual tensile bearing capacity contributed by the fiber-bridging effect at cracks[3,5].
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305 Fig. 11. Comparison of bond factor £: (a) different models; and (b) different concretes.
306 The bond factors f of CA-UHPC and NC are compared in Fig.11(b), where bond factors

307  were developed by considering shrinkage correction. It is observed that the bond factor of
308 CA-UHPC is significantly greater than that of NC. The bond factor of CA-UHPC is 0.81,
309  which is 4 times the NC one, at the yielding strain (approximately 0.2%). When the bond
310  factor of NC falls to zero, the corresponding item of CA-UHPC remains greater than 0.2. The
311  mechanism behind this phenomenon is the improved tensile strength, the enhanced interface
312 bond properties, and the bridging effect for CA-UHPC, which will be further quantified in the
313 following section.

314 The exponential tension-stiffening model was further simplified into the bilinear form for
315  the convenience of application, as shown in Fig.12. Considering the elastic-linear ascending
316  branch simultaneously, the simplified tension-stiffening model of cracked CA-UHPC can be

317  expressed as:

@ (®)
A 04 7 A e Complete model
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Fig. 12. Tension-stiffening model of cracked CA-UHPC: (a) ascending branch; and (b)

softening branch.

E¢, 0<eg,<eg,

ct —

9
O-ct = ﬂr _Ecl (gct _gcr) 8cr <é < gctl ( )

ct —

ﬂlf;:r - EcZ (gct - gctl) gctl < gct S gct,max

The parameters shown in Fig.12 and Eq.(9) are summarized in Table 5, where f1 and f»
are characteristic coefficients, Eci=(for-f1fer)/(ecti-€cr), Ec2=(L1fer-Pofer)/(Ectmax-€ct1). The first
cracking strength f.. with shrinkage correction corresponds to the tensile strength fi; of
CA-UHPC. While the first cracking strength fo without shrinkage correction, is calculated

according to the first author’s previous work [28], as expressed in Eq.(10).

fo=fu1=0) (10)

where: ( is the restrained degree, reflecting the restrained shrinkage effect, and is predicted

according to Eq.(11)[28].

¢ =0.045+2.83a, p, (1)
where ak 1s the elastic modulus ratio of rebar to CA-UHPC, ps is the reinforcement ratio.

Table 5. Parameters of the simplified tension-stiffening model of CA-UHPC.
Point A Point B Point C

Ectl Ect,max

_ﬁ:r Eer 151 [Xlo-é] ﬁZ [><]()'6]

without shrinkage correction | fel(1-) | fe/Ec | 0.47 | 1.27% | 042 | 3.25%
with shrinkage correction fet fo/Ec | 0.37 | 0.61% | 0.25| 3.25%

Types

2.2.4 Tension stiffening mechanism
The exceptional excellent tension stiffening of CA-UHPC compared to NC is attributed

to the enhanced post-cracking tensile strength of CA-UHPC as well as the improved interface
bond properties between rebar and concrete. On the other hand, the tensile strength of NC
suddenly falls to zero the moment reaching the tensile strength fc; due to the brittle fracture
under tension. By comparison, the post-cracking residual tensile strength of CA-UHPC only

drops from 7.83 MPa to 6.47 MPa [see Fig.2(a) and Table 2] corresponding to the first
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cracking to the tensile strain of 0.25%, which is due to the addition of fine steel fibers as well
as the improved density by adding fine reactive fillers.

The interface bond properties, which results from chemical adhesion, friction, and
mechanical interlocking, shown in Fig.13, ensure the collaborative work of concrete and rebar.
Comparison of ultimate bond strength zom between different concretes is summarized in Table
6. fib Model Code 2010 [32] makes a detailed classification of the bond strength according to
the lateral constraint conditions, bond conditions, and failure modes of the pull-out test.
Marchand et al.[33] have developed the prediction formula zbm=3.9fcm'? for calculating the
ultimate bond strength between rebar and UHPC. Zhao et al.[34] have obtained the ultimate
bond strength of 22~33 MPa by conducting pull-out tests for rebars and CA-UHPC, and this

study established a similar empirical model zom=2fem'”> for CA-UHPC based on the test data of

Zhao et al[34].
Circumferential
tensile stress
Mechanical ]
B \nterlocking
—— —— =
Chemical adhesion v Radial
<:| |:> Compressive stress
O-S+ AO-S — — —— —> —> O-S :
Concrete éé_Concretc

Fig. 13. Interface bond interaction between rebar and concrete.

The most common NC has compressive strength ranging from 38 MPa to 58 MPa,
yielding ultimate interface bond strengths of 7.8 MPa to 8.6 MPa according to zom="7(fem/25)"*
as given in Table 6. The mean compressive strength of CA-UHPC in this study reaches 128
MPa, resulting in ultimate interface bond strength of 22.6 MPa based on 7om=2fem'’>. The
ultimate bond strength of CA-UHPC is then approximately 3 times higher than NC, which is

demonstrating significantly enhanced interface bond properties.

Table 6. Comparison of ultimate bond strength.

Reference \ Concrete \ Ve \ Failure \ Bond \ Tbm
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modes condition

stirrups, Good 2.5fem!”?

pull-out Other 1.25fem!"?
stirrups Good 8(fem/25)4

Jib MC 2010(32] NC 0 splitting Other 5.5(fem/25)

unconfined, Good 7(fem/25) "
splitting Other 5(fem/25)

Marchand et o 12

al [33] UHPC | 2.5% pull-out Good 3.9fcm
22~33MPa,
- 0 -
Zhao et al.[34] | CA-UHPC | 2.6% pull-out Good approximately 2fun!?

Note: Vrdenotes fiber volume fraction, fin is the mean compressive cylinder strength.

3. Tension capacity prediction

The axial tension response of RC members is usually predicted based on the tensile
constitutive models of rebar and concrete. Therefore, it is essential to compare the influence
of different constitutive models of CA-UHPC, i.e., the tension constitutive model and the
tension-stiffening model, on the experimental tensile behavior of R-CA-UHPC. Besides, the
restrained shrinkage effect should also be considered in these constitutive models to make a
more accurate prediction.

For the convenience of the application, the tension constitutive model of CA-UHPC was
further simplified into a tri-linear model based on the energy equivalence principle, shown in
Fig.14(b). Moreover, a tensile constitutive model considering the restrained shrinkage effect

was also proposed, plotted in Fig.14(c), and denoted as the reduced tri-linear model.

(a) (®) (©

A A _ A
;u : P~ B Jet |- (10
ctr h

Je=0.1667,
£ =039 max Eetmax=3-25%

S =0-166f;,
gc\‘l :0‘34£Cl.mdx SC\.mdx :325%
{=0.045+2.83np, (0 < p < 5%)

(0] cte ctl
O ey etr Eetmax Eete el Eetmax
Eet Eot

Fig. 14. Tensile constitutive model of CA-UHPC: (a) original model [29]; (b) tri-linear model;

and (c) reduced tri-linear model (considering restrained shrinkage effect).
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The tri-linear tensile constitutive model of CA-UHPC is expressed as:

0<eg,<e,

cct

(12)

Gct = f‘ct - Ecl (gct - 8Cte) gcte < gct S gctl
fctl - EcZ (gct - gctl ) gctl < ‘c"ct S gct,max
where: f;:tl=0~166f;:t, gcte=ﬁt/Ec, gct,max=3~25%, 3ct1=0-34gct,max, Ecl=(ﬁt'ﬁtl)/(gctl'8cte), Eo=
ﬁtl/(gct,max'gctl)-

The reduced tri-linear tensile constitutive model of CA-UHPC is expressed as:

Ecgct 0 S gct S gcte

Gct = (l_é/)f;t _Ecl (gct _gcte) gcte < gct S gctl
(1 _é/)f;tl - EcZ (gct _gctl) gctl < ‘c"ct < gct,max
(13)

where:  fc1=0.166fct, &cte =(1-0) foo /Ec, €ctmax=3.25%, &c1=0.34€ctmax, Ec1=(1-0)(fer-
fet)/ (ecti-€cte)s Eca=(1-)fet1/(ct,max-€ct1), ¢ 18 the restrained degree and is calculated according to
Eq.(11).

The bilinear constitutive model was adopted for the rebar, is shown in Fig.2(c) and

expressed as:

{Esgs 0<g<g, (14)

fSy +Ep (55 —gsy) &y <& L&,

where the characteristic values are listed in Table 3.
According to the load-sharing approach, the theoretical prediction model for the axial

tensile response of R-CA-UHPC during the entire process is given:

P=P_+P_ =Ac. +AoC. (15)

cct

Comparisons between the experimental and the theoretical tensile responses based on the
three constitutive models of CA-UHPC, i.e. the tension-stiffening model (TSM), the tension
constitutive model (TCM), and the reduced tensile constitutive model (reduced TCM), are

shown in Fig.15. Considering that the restrained tensile stress has developed in CA-UHPC
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before enforcement of external loading, the tension-stiffening model without shrinkage
correction was used herein accordingly.

It can be observed that the theoretical curves correlate well with the experimental curves
on the whole, proving the fine rationality and effectiveness of the three constitutive models of
CA-UHPC and the theoretical prediction model for axial tensile response. Specifically, a
comparison between the experimental and the theoretical axial loads at four characteristic
points, including the first cracking, the yielding, the peak, and one residual points, was
conducted, as shown in Fig.16. The first cracking point is related to the service performance,
the yielding point corresponds to the ultimate limit state, while the peak point represents the
capacity reserve above the yielding. The yielding point is determined by the average member
strain reaching the yielding strain of the rebar. Moreover, the distinguished feature of
CA-UHPC compared with NC is the excellent toughness owing to the fiber/matrix debonding
at the tension softening stage. Therefore, the design of CA-UHPC structures should be
distinguished from the conventional RC structures, especially for structures under accidental
actions, including earthquakes, impacts and explosions, to fully utilize the high
energy-dissipating capacity. Hence, the residual point, which is captured by the achievement
of 10 times the yielding strain (close to the end of the yielding platform of rebar), has been

also chosen for the analysis.
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420 As compared, for the first cracking load P, the prediction values of the
421  tension-stiffening model and the reduced tension constitutive model are 1.03 times the
422  experimental value with a coefficient of variation of 14%, which exhibits higher estimating
423 accuracy than the tensile constitutive model. For the yielding load Py, the tension-stiffening
424  model and the reduced tension constitutive model present a deviation between the predicted
425  value and the experimental value within 5%, while that of the tension constitutive model
426  exceeds 15%. The tension constitutive model substantially overestimates both Pcr and Py.
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Fig. 16. Comparison between theoretical and experimental characterized loads: (a) first

cracking load Pcr; (b) yielding load Py; (c) peak load Pm; and (d) residual load Pre.

For the peak load Pnm, the tension-stiffening model and the reduced tension constitutive
model underestimate the value while the tension constitutive model overestimates, but the
prediction accuracies are all within 10% a coefficient of variation of 9%. For the residual load
Py, the two tensile constitutive models underestimate the value with deviations of 11% and
13%, while the tension-stiffening model makes the best prediction with an accuracy up to
98%. This is caused by the difference in constitutive mechanism between strain softening and
tension stiffening.

To sum up, for the prediction of P and Py it is suggested using the tension-stiffening
model or the reduced tension constitutive model, whereas for the prediction of Pm each one of
the three constitutive models can be adopted, and the prediction of Pr. is recommended to be
performed through the tension-stiffening model. Moreover, the proposed tension-stiffening

model of CA-UHPC has been demonstrated to provide accurate estimations for all the
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characteristic loads for R-CA-UHPC under axial tension.

4. Crack width calculation
4.1 Calculation principles

The cracking stage of R-CA-UHPC or R-UHPC members is similar to that of normal RC
members, which is often divided into the crack formation stage and stabilized cracking stage.
Tan et al. [35] and Terjesen et al. [36] proposed analytical models for crack width calculation
for normal RC members, including separate solutions for the two stages. While most
regulations and guidelines do not clearly differentiate between the two stages. For
R-CA-UHPC, there is a smooth transition between the uncracked and cracked stages as
shown in Fig.7, and it is therefore unnecessary to distinguish between the two stages. This
research applies three different approaches for normal RC structures [37-39] to R-UHPC
structural members, considering only the stabilized cracking stage, including also the tension
stiffening effect.

For the uniaxial tension RC member shown in Fig.17, assuming that the average crack
spacing /m (for the stabilized cracking stage) is known, the average crack width wm
continuously develops with the increase of external load after the first cracking. Neglecting
the change in tension stiffening, the elongation of concrete within /i is mainly due to the
increase in the average crack width wn. In other words, the average crack width is the amount
of elongation of concrete that occurs after cracking to maintain deformation compatibility
with the rebar, and can be expressed as:

w, = AL —Al (16)
where Al i1s the average elongation within /m; and Alne is the average elongation at first

cracking.
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Fig. 17. Principle of tension-stiffening-based crack width calculation.

According to the relationship between elongation and nominal strain, Eq.(16) can be

further developed to:

Wm :lm(gm_gme) (17)
where em 1s the average member strain within /m; and eme 1s the elastic limit strain or the
concrete strain at the first cracking.
It is generally assumed that the average member strain em equals the average rebar strain
&sm to investigate the axial tension behavior of RC members, thus giving:
&, =¢ (18)
Substituting Eq.(18) into Eq.(1), gives:

(19)

Based on the equivalent relationship of tension stiffening, i.e., Eq.(6), the following

g, =& —Ag,

equation is obtained:

po _BASL B o)

) ESAS ESpS
Substituting Eq.(20) into Eq.(19), gives:
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The first cracking strain eme can be expressed as:

6 =& —As _g_&zi{q_%J @1)
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)

C

Finally, the average crack width wn, can be obtained by substituting Eq.(21) and Eq.(22)

into Eq.(17),and is now expressed as:

w1, {L[q _&j_% 23)
ES pS EC

where o5 is the tensile stress of the bare rebar, without the tensile contribution of the concrete;
p is the bond factor, which can be simplified as a constant and be taken as 0.8 for UHPC
according to Fig.11(b); ps is the reinforcement ratio; for is the first cracking strength
considering the restrained shrinkage effect, which can be predicted according to Eq.(10) and
(11).

The proposed method of crack width prediction for R-UHPC members is based on the

tension stiffening effect, and is thereby named the tension-stiffening method (TSM).

4.2 Model parameters for members exposed to flexure

For the crack width calculation, which is expressed in Eq.(24), the reinforcement ratio ps
should be calculated as the effective reinforcement ratio pserr based on the effective tension
area of concrete Acefr (see Fig.18). It should be noted that the average crack width obtained
according to Eq.(24) is at the center of gravity of the rebar, therefore the average crack width
wem at the tensile edge of structural element should be amplified according to the geometric

relationship, as expressed in Eq.(25) and shown in Fig.18:

- Hq_@]_% (1)
ES ps,eff Ec

y (25)
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where as is the distance between the center of gravity of rebar and the tensile edge of the
structural element, and y is taken as the distance between the neutral axis of the uncracked

composite section and the tensile edge of the structural element considering the design safety.
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Fig. 18. Schematic diagram of effective tension area of concrete and amplification factor.

Moreover, the maximum crack width wiax at the tensile edge of the structural element is
developed by including the short-term amplification factor zs and the long-term amplification
factor 71, as given in Eq.(26):

Wmax = le-swcm = TlTs y Zm L O_s - ﬁ]rcr _& (26)
y - as E ps,eff E

where the amplification factors according to the Chinese design code GB50010-2010 [39], are

71 taken as 1.5, and 7, taken as 1.9 for axial tension members and eccentric tension members,
and 1.66 for flexural tension members.

There are three parameters in Eq.(26) that need to be quantified for crack width
prediction, the effective tension area of concrete Acerr (corresponding to the effective
reinforcement ratio psetr), the average crack spacing /m, and the tensile stress o5 of the bare
rebar.

(I) Effective tension area Acefr

The effective tension area of UHPC illustrated in Fig.18 was calculated using three

methods, method 1 (M1), method 2 (M2), and method 3 (M3), which were referred to

29



522

523

524

525
526
527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

GB50010-2010 [39], ACI 318-14[38], and Eurocode 2[37], respectively. The corresponding

values for the effective tension zone /i cfr are listed in Table 7.

Table 7. Effective tension depth /¢ s of UHPC.

M1: GB50010-2010 0.5h¢
M2: ACI 318-14 2as
M3: Eurocode 2 min{2.5(he-d), (he -x)/3 , he/2}

Note: /. is the depth of the R-UHPC beams or slabs.

(IT) Average crack spacing /m
When the effective tension area is calculated based on M1, the average crack spacing /m

is determined by the formula in GB50010-2010 [39] as:

27

ps,eff
where o is the correction coefficient for the effect of steel fibers; ¢ is the concrete cover to the

Zm:a{l.9c+0.08 . J

longitudinal rebar; and ds is the rebar diameter, according to the Eurocode 2[37], where
several rebar diameters are used in a section, an equivalent diameter should be used.

When adopting M2 or M3, the average crack spacing /n is given by Eq.(28):

l = ket k, 2 (28)

Pse
where k1 and k» are model parameters to be fitted. -

The measured average crack spacing for R-UHPC beams and slabs in existing
literature[40,41] are summarized in Table 8 together with the geometry parameters of the
specimens. The screening criteria for selecting the literature are: (1) The volume fraction of
steel fibers in UHPC is in the range 1.5%~3.5%; (2) UHPC exhibits multiple cracking
characteristics; (3) The specimens are reinforced with steel rebars with ribs without
prestressing. Based on these test data, the fitted results of unknown parameters in Eq.(27) and

Eq.(28) are listed in Table 9. The fitted ki values for M2 and M3 are 1.77 and 1.71,

respectively, both significantly lower than the value of 3.4 recommended by Eurocode 2.
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Similarly, the fitted k> values for M2 and M3 are 0.09 and 0.07, respectively, which also fall

below the recommended value of 0.17.

Table 8. Experimental average crack spacing parameters for R-UHPC beams and slabs.

Ref No he be ds As c ds Im
' ' [mm] | [mm] | [mm] | [mm’] | [mm] | [mm] | [mm]
B-3 160 350 20 1257 20 30 58.18
B-4 160 350 20 1257 20 30 57.26
[40] C-1 160 350 16 1206 20 28 50.48
C-4 160 350 16 1206 20 28 55.46
D-1 160 350 18 1018 20 29 62.76
E-1 160 350 22 1521 20 31 55.62
B20R1 300 150 16 402 26 34 105.00
B20R3 300 150 22 1140 26 38 73.00
B20RS5 300 150 24 1742 26 60 63.00
[41] B20R7 300 150 28 2463 26 68 66.00
B30R1 300 150 16 402 26 34 92.00
B30R3 300 150 22 1140 26 38 68.00
B30R5 300 150 24 1742 26 60 65.00
B30R7 300 150 28 2463 26 68 61.00

Table 9. Fitted parameters of mean crack spacing /.
M1, Eq.(27) M2, Eq.(28) M3, Eq.(28)
ar ki ka ki k>
0.83 1.71 0.09 1.77 0.07
(IIT) Rebar stress o5

According to the tension-stiffening calculation principle, os is the stress of the bare rebar
under any external load P. For R-UHPC beams and slabs, the calculation method referred to
GB50010-2010[39], is given in Eq.(29):

M
o, =
~ 0.87dA,
where M is the bending moment; As is the area of rebar in tension; and d is the vertical

(29)

distance from the center of gravity of the tension rebars to the compressive edge of concrete,

as shown in Fig.18.

4.3 Calculation method validation

4.3.1 Axial tension members
The axial tension test results for R-CA-UHPC members were used to validate the quality
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of the tension-stiffening method (TSM) for crack width calculation. Results are compared in

Fig.19, where the experimental values of the crack widths were captured from the main cracks

by a crack observation instrument with an accuracy of 0.01 mm, while the TSM values were

developed by processing the measured axial load-elongation curves based on Eq.(16).
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Fig. 19. Comparison between theoretical and test crack widths of R-CA-UHPC members:

(a) ds10; (b) 2ds10; (c) 3ds10; (d) ds12; (e) ds14; and (f) ds16.

It is observed that the experimental values are smaller than the TSM values before

reaching the peak load (close to the yielding load). This is because the CA-UHPC presents

multiple cracks at the pre-yielding stage. The TSM values are the sum of crack widths of all

the cracks over the gauge length of 200 mm, while the experimental values are for one crack.

The test values show good agreement with the TSM values at the post-peak stage. This could

be interpreted by the emergence and development of localized cracking, and both the test

values and the TSM values represent the localized cracks. Overall, the test values are in good

agreement with the TSM values, verifying the rationality of the calculation principle of the
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TSM.

4.3.2 Flexural tension members
The measured maximum crack widths of R-UHPC beams and slabs in some

experimental studies [40—43] were compared with the calculated values from the proposed
TSM, as shown in Fig.20, where TSM-1/2/3 denote M1, M2, and M3 for calculating the
effective tension area of concrete, respectively. In general, the proposed TSM overestimates
the maximum crack widths of the R-UHPC beams and slabs, except for specimen C2 in
Wang’s slab tests[40].

The overall comparison between the TSM and the experimental values for all specimens
in each reference is shown in Fig.21. The ratios of TSM-1 to test, TSM-2 to test, and TSM-3
to test, range from 1.09 to 1.68, 1.49 to 2.59, and 1.32 to 2.11, respectively. TSM-1 is
demonstrated to have the best prediction accuracy. Considering the induced difficulty in
determining the main cracks and the related crack widths by incorporating steel fibers for
UHPC, the TSM is proven to effectively calculate the maximum crack width for R-UHPC
flexural tension members. Moreover, method 1 is suggested to be applied in determining the

effective tension area of UHPC elements.
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Fig. 21. Overall comparison between the TSM and the test values.
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5. Conclusions

Due to the need for SLS and ULS design guidelines for CA-UHPC structures,
experimental and theoretical research have been carried out. Based on the reported
experimental studies on the uniaxial tension behavior of R-CA-UHPC members, this study
aims to identify the tension stiffening effect. The influence of restrained shrinkage was
clarified, and the tension stiffening model was developed. In addition, a
tension-stiffening-based crack width calculation method was proposed and validated. Based
on the above investigations, the main conclusions are:

(1) CA-UHPC exhibits superior tension stiffening compared to normal concrete, with its
tension-stiffening bond factor of 0.81 at rebar yielding being approximately triple
that of normal concrete.

(2) The restrained effect of rebars on UHPC shrinkage significantly influences tension
stiffening of R-CA-UHPC before rebar yielding, but becomes negligible afterwards.
This difference can be attributed to the pronounced fiber pull-out behavior across
cracks at the point of rebar yielding, causing crack localization.

(3) A tension-stiffening model for cracked R-CA-UHPC was developed and presented
with and without shrinkage correction. The effect of shrinkage correction was proven
to be independent of the reinforcement ratios. The proposed tension-stiffening model
exhibited better accuracy in predicting the tensile response of R-CA-UHPC members
compared to the tensile constitutive model of CA-UHPC.

(4) A tension-stiffening-based approach was developed for calculating crack widths of
R-UHPC members by assuming the deformation compatibility between concrete and
rebar. Methods to calculate the two decisive parameters, the effective tension area
and average crack spacing, were discussed and quantitatively determined. The

proposed approach was proven to be effective in predicting the crack widths in
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R-UHPC members under both axial and flexural loading.
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