
 

 

 

Title page 

Title: Tension stiffening of rebar-reinforced coarse aggregate ultra-high performance concrete 

(R-CA-UHPC): Tension capacity prediction and crack width calculation 

Author names: Zhanchong Shia,b,c, Chen Linb,d, Qingtian Sua,e,*, Terje Kanstadb, Liberato 

Ferrarac 

Affiliations: aDepartment of Bridge Engineering, Tongji University, Shanghai 200092, China; 

bDepartment of Structural Engineering, Norwegian University of Science and Technology, 

Richard Birkelandsvei 1A, 7034 Trondheim, Norway; 

cDepartment of Civil and Environmental Engineering, Politecnico di Milano, Piazza Leonardo 

DaVinci 32, 20133 Milan, Italy; 

dDepartment of Civil Engineering and Smart Cities, Shantou University, Shantou 515063, 

China; 

eShanghai Engineering Research Center of High Performance Composite Bridges, Shanghai 

200092, China. 

 

Corresponding author: Qingtian Su (E-mail: sqt@tongji.edu.cn) 

Address: 1239 Siping Road, Tongji University, Shanghai 200092, China.



 

1 

 

Tension stiffening of rebar-reinforced coarse aggregate ultra-high 1 

performance concrete (R-CA-UHPC): Tension capacity prediction and 2 

crack width calculation 3 

Zhanchong Shia,b,c, Chen Linb,d, Qingtian Sua,e,*, Terje Kanstadb, Liberato Ferrarac 4 

aDepartment of Bridge Engineering, Tongji University, Shanghai 200092, China 5 

bDepartment of Structural Engineering, Norwegian University of Science and Technology, Richard 6 

Birkelandsvei 1A, 7034 Trondheim, Norway 7 

cDepartment of Civil and Environmental Engineering, Politecnico di Milano, Piazza Leonardo DaVinci 32, 8 

20133 Milan, Italy 9 

dDepartment of Civil Engineering and Smart Cities, Shantou University, Shantou 515063, China 10 

eShanghai Engineering Research Center of High Performance Composite Bridges, Shanghai 200092, China 11 

ABSTRACT 12 

Coarse aggregate ultra-high performance concrete (CA-UHPC) requires characteristic 13 

tensile properties for structural design practices both in the serviceability and ultimate limit 14 

states (SLS and ULS). Through uniaxial tension testing, this study aims to identify the 15 

post-cracking performance of rebar-reinforced CA-UHPC (R-CA-UHPC), including cracking, 16 

tension stiffening, and tension capacity. Utilizing experimental data derived from average 17 

tensile responses, a tension-stiffening model of cracked CA-UHPC was developed, 18 

considering scenarios with and without the shrinkage effect. The findings demonstrate that the 19 

restrained shrinkage effect significantly influences the tension-stiffening of cracked 20 

CA-UHPC in the pre-yielding phase, while becoming negligible for the post-yielding 21 

behavior. The shrinkage-corrected model exhibits reinforcement ratio independence. 22 

Furthermore, the non-shrinkage-corrected model demonstrates superior predictive accuracy of 23 
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R-CA-UHPC's global tensile response compared to the CA-UHPC tensile constitutive model. 24 

Subsequently, a tension-stiffening-based approach was derived and validated to calculate 25 

crack widths in rebar-reinforced UHPC members. 26 

Keywords: CA-UHPC, tension stiffening, cracking, restrained shrinkage effect, crack width 27 

calculation. 28 

1. Introduction 29 

Tension stiffening represents the ability of concrete to carry tension between cracks in a 30 

rebar-reinforced concrete (RC) member, which helps control member stiffness, deformation, 31 

and crack widths related to satisfying serviceability requirements [1]. While plain concrete is 32 

assumed to carry tension between the cracks only, fiber-reinforced concrete (FRC) is able to 33 

carry significant tensile stresses across a crack in addition to between the cracks [2–5]. 34 

Additionally, rebar-reinforced FRC (R-FRC) members exhibit tension stiffening both in the 35 

pre- and post-yielding range, contrast to normal rebar-reinforced concrete (R-NC) members 36 

where tension stiffening disappears after rebar yielding[3]. Understanding the tension 37 

stiffening effects enables the development of average tensile stress-strain relationships and 38 

models that can predict RC member post-cracking response using smeared-crack finite 39 

element and layered beam section models [6–8]. 40 

Ultra-high performance concrete (UHPC), as a new generation of FRC, is mainly 41 

characterized by(1) a compressive strength greater than 120 MPa; (2) a disconnected pore 42 

structure that significantly reduces permeability and thus enhances durability; and (3) 43 

sufficient fiber reinforcement to allow for sustained post-cracking tensile resistance that 44 

exceeds a minimum cracking strength of 5 MPa [9]. However, a low water-to-binder ratio 45 

(less than 0.2) and high dosage of binders result into high autogenous shrinkage at early 46 

ages[10], increasing the cracking risk for UHPC structures. Addressing this issue, coarse 47 

aggregate ultra-high performance concrete (CA-UHPC) was proposed by adding coarse 48 
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aggregates to partially replace the fine fractions in UHPC[11]. One consequence is higher 49 

compressive strength and elastic modulus compared with conventional UHPC[12]. Due to 50 

these advantages, CA-UHPC has been widely used in large structural applications, including 51 

e.g., the concrete bridge deck in the Fifth Nanjing Yangtze River Bridge in China [12], a 52 

2×600 m cable-stayed bridge. 53 

Research on tension stiffening in rebar-reinforced UHPC (R-UHPC) members remains 54 

limited [13–20], with previous studies focusing solely on UHPC without coarse aggregates. 55 

While Yuan [13] and Hung et al [15] have developed tension-stiffening models for cracked 56 

UHPC, the addition of coarse aggregate in CA-UHPC potentially reduces tensile performance 57 

compared to conventional UHPC. This necessitates developing and validating a specific 58 

tension-stiffening model for predicting mechanical behavior in cracked rebar-reinforced 59 

coarse aggregate UHPC (R-CA-UHPC) elements. Additionally, proper assessment of 60 

shrinkage effects is crucial, as studies by Fields et al.[21] and Yuan[13] show that UHPC's 61 

significant shrinkage can reduce tension stiffening in cracked elements, with higher 62 

reinforcement ratios leading to greater performance reduction. 63 

Cracking might critically affect RC structures by reducing cross-sectional and structural 64 

stiffness, leading to increased deformation and compromised serviceability[22]. Additionally, 65 

excessive cracking may induce reinforcement corrosion under aggressive environmental 66 

conditions, reducing the load-bearing capacity and service life. Thus, cracking control and 67 

accurate crack width prediction are essential for both serviceability and ultimate limit state 68 

verification. Current design codes inadequately address crack width calculation for R-UHPC 69 

structures. While the French code NF P 18-710[23] exempts significant strain hardening 70 

UHPC (class T3) structures from crack control and provides calculation methods for strain 71 

softening (class T1) and limited strain hardening UHPC (class T2), the Japanese 72 

recommendation[24] conservatively limits UHPC tensile stress to first cracking strength, 73 
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potentially underutilizing UHPC's exceptional tensile performance. 74 

Leutbecher et al.[25] proposed a crack width calculation method for R-UHPC structures 75 

incorporating steel fiber contribution, though it requires experimental determination or 76 

literature-based assumptions of fiber/matrix bond strength. While Luo et al.[26] and Qiu[27] 77 

proposed calculation methods for crack widths in R-UHPC and steel-UHPC composite 78 

flexural members, their iterative neutral axis calculations seem too complex for practical 79 

design applications. Currently, research on R-UHPC crack width calculation remains 80 

insufficient, necessitating development of a method that both accounts for UHPC's superior 81 

tensile strength and rebar/UHPC interface bond properties while maintaining practical 82 

simplicity. 83 

Based on the research gaps described above, this study aims to identify tension stiffening 84 

in R-CA-UHPC to establish methods for post-cracking tension capacity prediction and crack 85 

width calculation, encompassing both ultimate and serviceability limit states. Through 86 

uniaxial tension tests on R-CA-UHPC specimens previously reported in [28], tension 87 

stiffening models were developed. Also, the influence of the restrained shrinkage effect on 88 

tension stiffening was quantified. Subsequently, the tension capacity was analytically 89 

determined, and a novel tension-stiffening-based methodology for crack width calculation in 90 

R-UHPC structural members was developed and validated.  91 

2. Tension stiffening 92 

2.1 Uniaxial tension test 93 

2.1.1 Materials and methods 94 

To identify the tension stiffening of R-CA-UHPC, the uniaxial tension test data obtained 95 

by Shi et al.[28] was used. In these experiments, dog-bone-shaped specimens, with a length of 96 

560 mm, a central cross section of 50 mm×100 mm, and an end section of 100 mm×100 97 

mm, were designed, as shown in Fig.1. The investigated rebar configurations were: (1) rebar 98 
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diameters ds, equal to 10 mm, 12 mm, 14 mm, and 16mm (section with single rebar); (2) rebar 99 

quantities with one, two and three 10-mm-diameter rebars. The specimens are summarized in 100 

Table 1, and each set had four identical samples. Fig.1(f) presents the uniaxial tension test 101 

setup, where two extensometers with gauge length 200 mm were attached to the central part 102 

of the specimens to capture the extension. It is noted that the R-CA-UHPC specimens were 103 

placed in a curing room with a temperature of 20±2°C and relative humidity of 95% for 28 104 

days before tension testing. 105 
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Fig. 1. Samples and test setup (unit: mm) [28]: (a) sample size; (b) one-rebar section; (c) 107 

two-rebars section; (d) three-rebars section; (e) casting mold; (f) uniaxial tension test setup for 108 

R-CA-UHPC; and (g) uniaxial tension test setup for rebar. 109 

Table 1. R-CA-UHPC specimen details. 110 

No. 
Rebar 

configuration 

Reinforcement ratio 

ρs 

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% 

 111 

The CA-UHPC [28] adopted was made of 1173 kg/m3 reactive powder, 616 kg/m3 sand, 112 

472 kg/m3 basalt aggregate, 198 kg/m3 steel fibers, 25.7 kg/m3 superplasticizer, and 138 kg/m3 113 
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water. Fig.2(a) shows the applied tensile constitutive model，while the characteristic 114 

parameters are listed in Table 2. The material exhibits strain softening after the first crack [29]. 115 

Steel rebars of quality HRB400 were used [28]. Uniaxial tensile tests，as shown in Fig.1(g)， 116 

were conducted to determine the complete tensile stress-strain responses for the rebars as well 117 

as the simplified tensile constitutive law presented in Fig.2(b) with mechanical properties 118 

summarized in Table 3. 119 

Table 2. Basic mechanical properties of concrete [28]. 120 

Concrete 
Ec 

[MPa] 

fc 

[MPa] 

fct 

[MPa] 

fctr 

[MPa] 

εctr 

[×10-6] 

εct,max 

[×10-6] 

CA-UHPC 52000±6538 128±10 7.83±0.78 6.47±0.84 2500 32500 
Notes: Ec and fc denote elastic modulus and compressive strength, respectively. fct, fctr, εctr, and εct,max are the 121 

tensile strength, post-peak residual tensile strength, post-peak residual tensile strain, and maximum tensile 122 

strain, respectively. 123 
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Fig. 2. Axial tensile constitutive models: (a) of CA-UHPC [29]; (b) tensile stress-strain 125 

response of rebar; and (c) simplified tension constitutive model of rebar (based on and 126 

adapted from [28]). 127 

Table 3. Mechanical properties of the bilinear constitutive model of the steel rebar [28]. 128 

ds 

[mm] 

fsy 

[MPa] 

fsu 

[MPa] 

εsy  

[×10-6] 
εsu  

[×10-6] 
Es 

[MPa] 

Ep 

[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, fsu, εsy, εsu, Es, and Ep denote the yielding strength, tensile strength, yielding strain, tensile strain 129 

at the tensile strength, elastic modulus, and plastic modulus, respectively. 130 
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2.1.2 Test results 131 

Fig.3 shows the axial load versus the average member strain of the test specimens. The 132 

tension response is composed of three distinct stages [28]: Phase I, the elastic uncracked stage. 133 

Phase II, cracking stage, from first cracking to yielding of the steel rebar. Phase III, 134 

post-yielding stage. The specimens were exposed to shrinkage occurring before the load test. 135 

Crack localization appears after rebar yielding, and no or negligible amount of splitting cracks 136 

develop. The tensile capacity of R-CA-UHPC is significantly larger than that of the bare rebar 137 

even after yielding, differing from R-NC, for which the tensile capacity is approximately the 138 

same as the bare rebar[21]. Fig.4 illustrates the crack development process and the final rebar 139 

fracture (denoted as phase IV) for R-CA-UHPC members under direct tension.  140 
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Fig. 3. Axial load-average member strain response of R-CA-UHPC: (a) ds10; (b) 2ds10; (c) 142 

3ds10; (d) ds12; (e) ds14; and (f) ds16 (based on and adapted from [28]). 143 

P

P

Multi-
cracking

P

P

(a) Phase I (b) Phase II

P

P

First
cracking

P

P

(c) Phase III

Crack 
localization

Rebar 
yielding

(d) Phase IV

P

P

Rebar 
fracture

 144 

Fig. 4. Crack development of R-CA-UHPC. 145 

2.2 Tension stiffening modelling   146 

2.2.1 Tension stiffening 147 

Fig.5 shows the typical uniaxial tension response of RC members, including R-NC and 148 

R-CA-UHPC, where tension stiffening is assumed to be the difference between the member 149 

response and the bare rebar response[21]. The member response can be divided into three 150 

distinct phases defined by the first cracking point A (εcr, Pcr) and the yielding point B (εy, Py): 151 

the linear-elastic, the crack development, and the post-yielding stages. More precisely, tension 152 

stiffening is defined to represent the concrete contribution to the tension capacity of the RC 153 

member after first cracking. 154 
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Fig. 5. Schematic axial tension response of RC members: (a) R-NC; (b) R-CA-UHPC; and (c) 156 

tension-stiffening model of cracked concrete. 157 

When normal concrete cracks, the concrete at the crack fails to carry tension, but the 158 

tensile force is still transferred to the neighboring solid concrete from the rebar through the 159 

interface bond[21]. Hence, the stresses in the concrete vary between the cracks along the 160 

member length, resulting in an average concrete tensile stress lower than the tensile strength 161 

fcr, shown in Fig.5(c). For R-CA-UHPC, apart from the bond-transferring mechanism, 162 

concrete at the crack continues to carry tension due to the post-cracking strength resulting 163 

from the fiber-bridging. More cracks appear with increasing external load, while the average 164 

tensile stress in concrete continues to decrease.  165 

When crack spacing has stabilized, and no more transverse cracks develop, the observed 166 

decrease in average concrete stress and tension stiffening continues but at a slower rate, 167 

mainly due to the loss of bond from internal cracking and slip between the two materials [30]. 168 
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Tension stiffening drops to zero at yielding because the rebar is not able to transfer tensile 169 

forces larger than the yield force across cracks, as shown in Fig.5(a). By comparison, the 170 

tension stiffening of R-CA-UHPC continues even after yielding of the rebars, as shown in 171 

Fig.5(b), due to the fiber-bridging effect and the enhanced interface bond properties, as 172 

demonstrated from the cracking patterns with no obvious splitting cracks observed.  173 

There are two methods for characterizing the tensile stiffness[21], one is the 174 

tension-stiffening strain approach, and the other one is the load-sharing approach. According 175 

to the strain approach, as shown in Fig.5, for any given external load P, the average member 176 

strain after concrete cracking is εm, which is the same as the average strain of the rebar εsm. 177 

The strain of the bare rebar under the same load P is marked as εs. The tension-stiffening strain 178 

Δεs is thus the difference between εsm and εs. Accordingly, εsm can be expressed as: 179 

  
sm s s s s,max

s

s,max

     






= − = − 


=


                            (1) 180 

where β is termed the bond factor; Δεs,max is the tension-stiffening strain at first cracking, 181 

Δεs,max=εsr-εcr; εsr and εcr are the strain of the bare rebar and the member at first cracking, 182 

respectively.  183 

According to the load-sharing approach[1], the axial member load P is shared by the 184 

rebar Psm and the concrete Pcm, with Pcm is given as： 185 

  
cm smP P P= −

                            (2) 186 

The average concrete stress can be expressed by: 187 

  cm
ct

c

P

A
 =                             (3) 188 

where Ac is the effective area of concrete in tension. 189 

The tensile load shared by rebar and concrete at first cracking can be marked as Psm,cr and 190 

Pcm,cr, respectively. Consequently, the first cracking strength of concrete is given as: 191 
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  cm,cr

cr

c

P
f

A
=

                            (4) 192 

The load-sharing-approach-based tension-stiffening bond factor β is expressed as:  193 

  cm ct

cm,cr cr

P

P f


 = =                             (5) 194 

The bond factors β obtained according to Eq.(1) and Eq.(5) are identical. The relation 195 

between the tension-stiffening strain of the rebar Δεs and the tension-stiffening stress of the 196 

concrete βfcr is plotted in Fig.5(a), and is given as: 197 

  
s s s c crE A A f  =

                            (6) 198 

The average tensile stress-strain curve of the cracked structural member obtained by the 199 

load-sharing approach is named as the tension-stiffening model (TSM). The bond factor β 200 

obtained is regarded as a normalized material characteristic of cracked concrete[21].  201 

2.2.2 Restrained shrinkage effect 202 

In RC members the free shrinkage of concrete is restrained by rebars, thus inducing 203 

tensile strains and stresses in concrete and corresponding compressive strains and stresses in 204 

the rebars. The schematic diagram [31]of this restrained shrinkage effect is shown in Fig.6(a), 205 

in which εcs is the free shrinkage strain of concrete; εcs,re is the restrained shrinkage strain, i.e., 206 

the developed shrinkage of concrete under the constraint of the rebar; εct,re is the induced 207 

restrained tensile strain in concrete, corresponding to the restrained tensile stress σct,re. 208 

Relevant studies [13,21] have revealed that neglecting the restrained shrinkage effect can lead 209 

to incorrect estimation of the stresses in rebars and concrete, thus underestimating the tension 210 

stiffening, and that the impact increases with the increase of reinforcement ratio as well as 211 

free shrinkage of concrete. 212 
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Fig. 6. Restrained shrinkage effect: (a) schematic diagram [31]; and (b) influence on tension 214 

stiffening. 215 

As plotted in Fig.6(b), the member response compensated for the restrained shrinkage 216 

effect (curve IABC) was obtained by shifting the experimental member response (curve 217 

OABC) to the left by the initial member shortening εcs,re. For convenience, the two member 218 

responses before and after shifting were marked as without/with shrinkage correction. From 219 

the member response with shrinkage correction, it is obvious that only concrete sustains 220 

tension when the average member strain is lower than the restrained shrinkage strain εcs,re. The 221 

difference between the corrected member response and the bare rebar response is the actual 222 

tensile contribution of concrete. It shows that ignoring the restrained shrinkage effect in the 223 

experiment will underestimate the tensile contribution of concrete to the member.  224 

In addition, the difference in the vertical coordinates between point O and point I is the 225 

difference between the theoretical first cracking load Pcr,theo (corresponding to the tensile 226 

strength of concrete fct) and the experimental first cracking load Pcr (corresponding to the first 227 

cracking stress fcr). The difference in the horizontal coordinates is the restrained tensile strain 228 

εct,re in concrete. Considering that the point O is obtained by two elastic curves, where the 229 

elastic modulus of concrete is a constant, εct,re=σct,re/Ec and εc0=ΔP/EsAs=εct,re+εcs,re may be 230 

obtained. It should be noted that εc0 obtained through this elastic method is not equal to the 231 
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free shrinkage of concrete εcs. 232 

The measured axial load-average member strain response of R-CA-UHPC after 233 

shrinkage correction is shown in Fig.7, where the restrained shrinkage strain εcs,re is calculated 234 

according to the first author’s previous work [28], as expressed in Eq.(7). 235 

  ( )cs,re cs E s0.973 1.91   = −
                            (7) 236 

where: εcs is the free shrinkage of CA-UHPC, equal to 673 με [28]; αE is the elastic modulus 237 

ratio of rebar to CA-UHPC; while ρs is the reinforcement ratio.  238 

According to the load-sharing approach, the average tensile stress-strain responses for 239 

cracked CA-UHPC with and without shrinkage correction are compared in Fig.8. As shown, 240 

there are two pronounced features for the average tensile stress-strain curve without shrinkage 241 

correction. One is that the first cracking strength, which is significantly lower than the 242 

measured tensile strength of CA-UHPC (7.83 MPa), and this effect increases with the increase 243 

of reinforcement ratio. Secondly, the softening branch exhibits a sharp rise after reaching the 244 

yielding strain (approximately 0.2%), indicating an increase in the tensile contribution of 245 

CA-UHPC, which is inconsistent with the crack localization in CA-UHPC. These phenomena 246 

can be explained by the restrained shrinkage effect. 247 
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Fig. 7. Axial load-average member strain response with shrinkage correction for 249 

R-CA-UHPC. 250 

By comparison, the first cracking stress of the average tensile stress-strain curve with 251 

shrinkage correction is close to the tensile strength of CA-UHPC. And the softening branch 252 

presents a smoother and continuous downward trend, which is similar to the softening branch 253 

of the tensile constitutive model of CA-UHPC. It indicates that considering the shrinkage 254 

correction can provide a more accurate evaluation of the tensile contribution of concrete to the 255 

member. Moreover, the difference between the average tensile stress-strain curves with and 256 

without shrinkage correction is more significant from the first cracking point to the yielding 257 

point, while the difference after yielding can be neglected. This is because the fiber/matrix 258 

interface debonding at the localized crack is the main contribution to tension stiffening at the 259 

post-yielding stage. 260 

 261 

 262 
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Fig. 8. Average tensile stress-strain response for cracked CA-UHPC: (a) ds10; (b) 2ds10; 264 

(c) 3ds10; (d) ds12; (e) ds14; and (f) ds16. 265 

A comparison of the average tensile stress-strain responses for cracked CA-UHPC 266 

corresponding to different reinforcement ratios is shown in Fig.9. As shown, the curves with 267 

shrinkage correction show better mutual agreement than those without. The consequence is 268 

that the average tensile stress-strain relation for cracked CA-UHPC is independent of 269 

reinforcement ratios as long as the restrained shrinkage is included in the analysis of the 270 

member response.  271 
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Fig. 9. Comparison of average tensile stress-strain responses for cracked CA-UHPC: (a) 273 

without shrinkage correction; and (b) with shrinkage correction. 274 

2.2.3 Tension stiffening model 275 

Fig.10 presents the tension-stiffening stress-strain curves with and without shrinkage 276 

correction for the R-CA-UHPC, and the normalized tension stiffening model (TSM) is fitted 277 

to the experiments using the exponential function below: 278 

  
ct cr
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  −
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                            (8) 279 

where: β is the bond factor; fcr and εcr are the first cracking strength and strain, respectively; εct 280 

is any tensile strain, representing the average member strain; εct,max is the maximum average 281 

member strain, taken as 3.25% (corresponding to an elongation of 6.5 mm over the gauge 282 

length of 200 mm); while a and b are model parameters to be fitted.  283 
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Fig. 10. Normalized tension-stiffness stress-strain fitting curve: (a) without shrinkage 284 

correction; and (b) with shrinkage correction. 285 
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The fitted results are shown in Fig.10, while the model parameters are listed in Table 4. 286 

The goodness-of-fit R2 with shrinkage correction is 0.890, far superior to that without 287 

shrinkage correction which is 0.684. This is because the normalized fitting method is based on 288 

the first cracking strength, which is substantially influenced by the restrained shrinkage effect. 289 

It is noted that the formulated model is suitable for CA-UHPC with a steel fiber volume 290 

fraction of 2.5%, and R-CA-UHPC with a reinforcement ratio within 5%. 291 

Table 4. Fitted parameters of normalized tension-stiffening stress-strain curve.  292 

Types a b R2 

without shrinkage correction 0.884 1.383 0.684 

with shrinkage correction 1.987 3.571 0.890 

A comparison of bond factor β based on the tension constitutive model (TCM) and the 293 

tension-stiffening model (TSM) is shown in Fig.11(a). It is clear that the TSM curve lies 294 

above the TCM. As β of TCM drops to zero, the β of TSM is still greater than 0.25. Although 295 

both curves present a softening response, the underlying mechanisms are fundamentally 296 

different. The softening branch of the tension constitutive model is essentially a 297 

strain-softening behavior, reflecting the development of stress-strain after the occurrence of 298 

crack localization in plain concrete. Tension stiffening only develops in RC and originates 299 

predominately from the tensile capacity of concrete between cracks[1], being affected by the 300 

transfer of tensile force from rebar to concrete through the interface bond. For fiber-reinforced 301 

concrete, such as CA-UHPC, tension stiffening as considered in this research also includes the 302 

residual tensile bearing capacity contributed by the fiber-bridging effect at cracks[3,5]. 303 
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Fig. 11. Comparison of bond factor β: (a) different models; and (b) different concretes. 305 

The bond factors β of CA-UHPC and NC are compared in Fig.11(b), where bond factors 306 

were developed by considering shrinkage correction. It is observed that the bond factor of 307 

CA-UHPC is significantly greater than that of NC. The bond factor of CA-UHPC is 0.81, 308 

which is 4 times the NC one, at the yielding strain (approximately 0.2%). When the bond 309 

factor of NC falls to zero, the corresponding item of CA-UHPC remains greater than 0.2. The 310 

mechanism behind this phenomenon is the improved tensile strength, the enhanced interface 311 

bond properties, and the bridging effect for CA-UHPC, which will be further quantified in the 312 

following section. 313 

The exponential tension-stiffening model was further simplified into the bilinear form for 314 

the convenience of application, as shown in Fig.12. Considering the elastic-linear ascending 315 

branch simultaneously, the simplified tension-stiffening model of cracked CA-UHPC can be 316 

expressed as: 317 
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Fig. 12. Tension-stiffening model of cracked CA-UHPC: (a) ascending branch; and (b) 319 

softening branch. 320 
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                            (9) 321 

The parameters shown in Fig.12 and Eq.(9) are summarized in Table 5, where β1 and β2 322 

are characteristic coefficients, Ec1=(fcr-β1fcr)/(εct1-εcr), Ec2=(β1fcr-β2fcr)/(εct,max-εct1). The first 323 

cracking strength fcr with shrinkage correction corresponds to the tensile strength fct of 324 

CA-UHPC. While the first cracking strength fcr without shrinkage correction, is calculated 325 

according to the first author’s previous work [28], as expressed in Eq.(10). 326 

  
cr ct (1 )f f = −

                            (10) 327 

where: ζ is the restrained degree, reflecting the restrained shrinkage effect, and is predicted 328 

according to Eq.(11)[28]. 329 

  
E s0.045 2.83  = +

                            (11) 330 

where αE is the elastic modulus ratio of rebar to CA-UHPC, ρs is the reinforcement ratio. 331 

Table 5. Parameters of the simplified tension-stiffening model of CA-UHPC.  332 

Types 

Point A Point B Point C 

fcr εcr β1 
εct1  

[×10-6] 
β2 

εct,max 

[×10-6] 

without shrinkage correction fct(1-ζ) fcr/Ec 0.47 1.27% 0.42 3.25% 

with shrinkage correction fct fcr/Ec 0.37 0.61% 0.25 3.25% 

2.2.4 Tension stiffening mechanism 333 

The exceptional excellent tension stiffening of CA-UHPC compared to NC is attributed 334 

to the enhanced post-cracking tensile strength of CA-UHPC as well as the improved interface 335 

bond properties between rebar and concrete. On the other hand, the tensile strength of NC 336 

suddenly falls to zero the moment reaching the tensile strength fct due to the brittle fracture 337 

under tension. By comparison, the post-cracking residual tensile strength of CA-UHPC only 338 

drops from 7.83 MPa to 6.47 MPa [see Fig.2(a) and Table 2] corresponding to the first 339 
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cracking to the tensile strain of 0.25%, which is due to the addition of fine steel fibers as well 340 

as the improved density by adding fine reactive fillers.  341 

The interface bond properties, which results from chemical adhesion, friction, and 342 

mechanical interlocking, shown in Fig.13, ensure the collaborative work of concrete and rebar. 343 

Comparison of ultimate bond strength τbm between different concretes is summarized in Table 344 

6. fib Model Code 2010 [32] makes a detailed classification of the bond strength according to 345 

the lateral constraint conditions, bond conditions, and failure modes of the pull-out test. 346 

Marchand et al.[33] have developed the prediction formula τbm=3.9fcm
1/2 for calculating the 347 

ultimate bond strength between rebar and UHPC. Zhao et al.[34] have obtained the ultimate 348 

bond strength of 22~33 MPa by conducting pull-out tests for rebars and CA-UHPC, and this 349 

study established a similar empirical model τbm=2fcm
1/2 for CA-UHPC based on the test data of 350 

Zhao et al[34].  351 
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 352 

Fig. 13. Interface bond interaction between rebar and concrete. 353 

The most common NC has compressive strength ranging from 38 MPa to 58 MPa, 354 

yielding ultimate interface bond strengths of 7.8 MPa to 8.6 MPa according to τbm=7(fcm/25)1/4 355 

as given in Table 6. The mean compressive strength of CA-UHPC in this study reaches 128 356 

MPa, resulting in ultimate interface bond strength of 22.6 MPa based on τbm=2fcm
1/2. The 357 

ultimate bond strength of CA-UHPC is then approximately 3 times higher than NC, which is 358 

demonstrating significantly enhanced interface bond properties. 359 

Table 6. Comparison of ultimate bond strength. 360 

Reference Concrete Vf Failure Bond τbm 
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modes condition 

fib MC 2010[32] NC 0 

stirrups，
pull-out 

Good 2.5fcm
1/2 

Other 1.25fcm
1/2 

stirrups，
splitting 

Good 8(fcm/25)1/4 

Other 5.5(fcm/25)1/4 

unconfined，
splitting 

Good 7(fcm/25)1/4 

Other 5(fcm/25)1/4 

Marchand et 

al.[33]  
UHPC 2.5% pull-out Good 3.9fcm

1/2 

Zhao et al.[34]  CA-UHPC 2.6% pull-out Good 
22~33MPa，

approximately 2fcm
1/2 

Note: Vf denotes fiber volume fraction, fcm is the mean compressive cylinder strength. 361 

3. Tension capacity prediction 362 

The axial tension response of RC members is usually predicted based on the tensile 363 

constitutive models of rebar and concrete. Therefore, it is essential to compare the influence 364 

of different constitutive models of CA-UHPC, i.e., the tension constitutive model and the 365 

tension-stiffening model, on the experimental tensile behavior of R-CA-UHPC. Besides, the 366 

restrained shrinkage effect should also be considered in these constitutive models to make a 367 

more accurate prediction.  368 

For the convenience of the application, the tension constitutive model of CA-UHPC was 369 

further simplified into a tri-linear model based on the energy equivalence principle, shown in 370 

Fig.14(b). Moreover, a tensile constitutive model considering the restrained shrinkage effect 371 

was also proposed, plotted in Fig.14(c), and denoted as the reduced tri-linear model.  372 
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Fig. 14. Tensile constitutive model of CA-UHPC: (a) original model [29]; (b) tri-linear model; 374 

and (c) reduced tri-linear model (considering restrained shrinkage effect). 375 
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The tri-linear tensile constitutive model of CA-UHPC is expressed as: 376 

 377 
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 379 

where: fct1=0.166fct, εcte=fct/Ec, εct,max=3.25%, εct1=0.34εct,max, Ec1=(fct-fct1)/(εct1-εcte), Ec2= 380 

fct1/(εct,max-εct1). 381 

The reduced tri-linear tensile constitutive model of CA-UHPC is expressed as: 382 
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(13) 384 

where: fct1=0.166fct, εcte =(1-ζ) fct /Ec, εct,max=3.25%, εct1=0.34εct,max, Ec1=(1-ζ)(fct- 385 

fct1)/(εct1-εcte)；Ec2=(1-ζ)fct1/(εct,max-εct1), ζ is the restrained degree and is calculated according to 386 

Eq.(11).  387 

The bilinear constitutive model was adopted for the rebar, is shown in Fig.2(c) and 388 

expressed as: 389 

  

( )
s s s sy

s

sy p s sy sy s su

0E

f E
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                            (14) 390 

where the characteristic values are listed in Table 3. 391 

According to the load-sharing approach, the theoretical prediction model for the axial 392 

tensile response of R-CA-UHPC during the entire process is given: 393 

  
cm sm c ct s sP P P A A = + = +

                            (15) 394 

Comparisons between the experimental and the theoretical tensile responses based on the 395 

three constitutive models of CA-UHPC, i.e. the tension-stiffening model (TSM), the tension 396 

constitutive model (TCM), and the reduced tensile constitutive model (reduced TCM), are 397 

shown in Fig.15. Considering that the restrained tensile stress has developed in CA-UHPC 398 
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before enforcement of external loading, the tension-stiffening model without shrinkage 399 

correction was used herein accordingly. 400 

It can be observed that the theoretical curves correlate well with the experimental curves 401 

on the whole, proving the fine rationality and effectiveness of the three constitutive models of 402 

CA-UHPC and the theoretical prediction model for axial tensile response. Specifically, a 403 

comparison between the experimental and the theoretical axial loads at four characteristic 404 

points, including the first cracking, the yielding, the peak, and one residual points, was 405 

conducted, as shown in Fig.16. The first cracking point is related to the service performance, 406 

the yielding point corresponds to the ultimate limit state, while the peak point represents the 407 

capacity reserve above the yielding. The yielding point is determined by the average member 408 

strain reaching the yielding strain of the rebar. Moreover, the distinguished feature of 409 

CA-UHPC compared with NC is the excellent toughness owing to the fiber/matrix debonding 410 

at the tension softening stage. Therefore, the design of CA-UHPC structures should be 411 

distinguished from the conventional RC structures, especially for structures under accidental 412 

actions, including earthquakes, impacts and explosions, to fully utilize the high 413 

energy-dissipating capacity. Hence, the residual point, which is captured by the achievement 414 

of 10 times the yielding strain (close to the end of the yielding platform of rebar), has been 415 

also chosen for the analysis.  416 
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Fig. 15. Comparisons between theoretical and experimental member responses: (a) ds10; (b) 418 

2ds10; (c) 3ds10; (d) ds12; (e) ds14; and (f) ds16. 419 

As compared, for the first cracking load Pcr, the prediction values of the 420 

tension-stiffening model and the reduced tension constitutive model are 1.03 times the 421 

experimental value with a coefficient of variation of 14%, which exhibits higher estimating 422 

accuracy than the tensile constitutive model. For the yielding load Py, the tension-stiffening 423 

model and the reduced tension constitutive model present a deviation between the predicted 424 

value and the experimental value within 5%, while that of the tension constitutive model 425 

exceeds 15%. The tension constitutive model substantially overestimates both Pcr and Py. 426 
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Fig. 16. Comparison between theoretical and experimental characterized loads: (a) first 428 

cracking load Pcr; (b) yielding load Py; (c) peak load Pm; and (d) residual load Pre. 429 

For the peak load Pm, the tension-stiffening model and the reduced tension constitutive 430 

model underestimate the value while the tension constitutive model overestimates, but the 431 

prediction accuracies are all within 10% a coefficient of variation of 9%. For the residual load 432 

Pre, the two tensile constitutive models underestimate the value with deviations of 11% and 433 

13%, while the tension-stiffening model makes the best prediction with an accuracy up to 434 

98%. This is caused by the difference in constitutive mechanism between strain softening and 435 

tension stiffening.  436 

To sum up, for the prediction of Pcr and Py it is suggested using the tension-stiffening 437 

model or the reduced tension constitutive model, whereas for the prediction of Pm each one of 438 

the three constitutive models can be adopted, and the prediction of Pre is recommended to be 439 

performed through the tension-stiffening model. Moreover, the proposed tension-stiffening 440 

model of CA-UHPC has been demonstrated to provide accurate estimations for all the 441 
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characteristic loads for R-CA-UHPC under axial tension. 442 

4. Crack width calculation  443 

4.1 Calculation principles 444 

The cracking stage of R-CA-UHPC or R-UHPC members is similar to that of normal RC 445 

members, which is often divided into the crack formation stage and stabilized cracking stage. 446 

Tan et al. [35] and Terjesen et al. [36] proposed analytical models for crack width calculation 447 

for normal RC members, including separate solutions for the two stages. While most 448 

regulations and guidelines do not clearly differentiate between the two stages. For 449 

R-CA-UHPC, there is a smooth transition between the uncracked and cracked stages as 450 

shown in Fig.7, and it is therefore unnecessary to distinguish between the two stages. This 451 

research applies three different approaches for normal RC structures [37–39] to R-UHPC 452 

structural members, considering only the stabilized cracking stage, including also the tension 453 

stiffening effect. 454 

For the uniaxial tension RC member shown in Fig.17, assuming that the average crack 455 

spacing lm (for the stabilized cracking stage) is known, the average crack width wm 456 

continuously develops with the increase of external load after the first cracking. Neglecting 457 

the change in tension stiffening, the elongation of concrete within lm is mainly due to the 458 

increase in the average crack width wm. In other words, the average crack width is the amount 459 

of elongation of concrete that occurs after cracking to maintain deformation compatibility 460 

with the rebar, and can be expressed as: 461 

  
m m mew l l=  −

                            (16) 462 

where Δlm is the average elongation within lm; and Δlme is the average elongation at first 463 

cracking.  464 
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Fig. 17. Principle of tension-stiffening-based crack width calculation. 466 

According to the relationship between elongation and nominal strain, Eq.(16) can be 467 

further developed to: 468 

  ( )m m m mew l  = −
                            (17) 469 

where εm is the average member strain within lm; and εme is the elastic limit strain or the 470 

concrete strain at the first cracking.  471 

It is generally assumed that the average member strain εm equals the average rebar strain 472 

εsm to investigate the axial tension behavior of RC members, thus giving: 473 

  
m sm =

                            (18) 474 

Substituting Eq.(18) into Eq.(1), gives: 475 

  
m s s  = −

                            (19) 476 

Based on the equivalent relationship of tension stiffening, i.e., Eq.(6), the following 477 

equation is obtained: 478 

  c cr cr
s

s s s s

A f f

E A E

 



 = =                             (20) 479 

Substituting Eq.(20) into Eq.(19), gives: 480 
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  s cr cr
m s s s

s s s s s

1f f

E E E

  
   

 

 
= − = − = − 

 

                            (21) 481 

The first cracking strain εme can be expressed as: 482 

  cr
me

c

f

E
 =                             (22) 483 

Finally, the average crack width wm can be obtained by substituting Eq.(21) and Eq.(22) 484 

into Eq.(17),and is now expressed as: 485 

  cr cr
m m s

s s c

1 f f
w l

E E






  
= − −  

  

                            (23) 486 

where σs is the tensile stress of the bare rebar, without the tensile contribution of the concrete; 487 

β is the bond factor, which can be simplified as a constant and be taken as 0.8 for UHPC 488 

according to Fig.11(b); ρs is the reinforcement ratio; fcr is the first cracking strength 489 

considering the restrained shrinkage effect, which can be predicted according to Eq.(10) and 490 

(11). 491 

The proposed method of crack width prediction for R-UHPC members is based on the 492 

tension stiffening effect, and is thereby named the tension-stiffening method (TSM). 493 

4.2 Model parameters for members exposed to flexure 494 

For the crack width calculation, which is expressed in Eq.(24), the reinforcement ratio ρs 495 

should be calculated as the effective reinforcement ratio ρs,eff based on the effective tension 496 

area of concrete Ac,eff (see Fig.18). It should be noted that the average crack width obtained 497 

according to Eq.(24) is at the center of gravity of the rebar, therefore the average crack width 498 

wcm at the tensile edge of structural element should be amplified according to the geometric 499 

relationship, as expressed in Eq.(25) and shown in Fig.18: 500 

  cr cr
m m s

s s,eff c

1 f f
w l

E E






  
= − −   

   

                            (24) 501 

  
cm m

s

y
w w

y a
=

−

                            (25) 502 
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where as is the distance between the center of gravity of rebar and the tensile edge of the 503 

structural element, and y is taken as the distance between the neutral axis of the uncracked 504 

composite section and the tensile edge of the structural element considering the design safety. 505 

Effective tension area Ac,eff

cracks

as

y

bc

hc

d

hc,eff

x

as

y

Compression

Tension

εc,ten

εc,com

x

Neutral Axis

 506 

Fig. 18. Schematic diagram of effective tension area of concrete and amplification factor. 507 

Moreover, the maximum crack width wmax at the tensile edge of the structural element is 508 

developed by including the short-term amplification factor τs and the long-term amplification 509 

factor τl, as given in Eq.(26): 510 

  cr cr
max l s cm l s m s

s s s,eff c

1 f fy
w w l

y a E E


    



  
= = − −   −    

           (26) 511 

where the amplification factors according to the Chinese design code GB50010-2010 [39], are 512 

τl taken as 1.5, and τs taken as 1.9 for axial tension members and eccentric tension members, 513 

and 1.66 for flexural tension members. 514 

There are three parameters in Eq.(26) that need to be quantified for crack width 515 

prediction, the effective tension area of concrete Ac,eff (corresponding to the effective 516 

reinforcement ratio ρs,eff), the average crack spacing lm, and the tensile stress σs of the bare 517 

rebar. 518 

(I) Effective tension area Ac,eff 519 

The effective tension area of UHPC illustrated in Fig.18 was calculated using three 520 

methods, method 1 (M1), method 2 (M2), and method 3 (M3), which were referred to 521 
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GB50010-2010 [39], ACI 318-14[38], and Eurocode 2[37], respectively. The corresponding 522 

values for the effective tension zone hc,eff are listed in Table 7. 523 

Table 7. Effective tension depth hc,eff of UHPC. 524 

M1: GB50010-2010 0.5hc 

M2: ACI 318-14 2as 

M3: Eurocode 2 min{2.5(hc-d), (hc -x)/3 , hc/2} 
Note: hc is the depth of the R-UHPC beams or slabs. 525 
 526 

(II) Average crack spacing lm   527 

When the effective tension area is calculated based on M1, the average crack spacing lm 528 

is determined by the formula in GB50010-2010 [39] as:  529 

  s
m f

s,eff

1.9 0.08
d

l c


 
= +  

 

                            (27) 530 

where αf is the correction coefficient for the effect of steel fibers; c is the concrete cover to the 531 

longitudinal rebar; and ds is the rebar diameter, according to the Eurocode 2[37], where 532 

several rebar diameters are used in a section, an equivalent diameter should be used. 533 

When adopting M2 or M3, the average crack spacing lm is given by Eq.(28): 534 

  s
m 1 2

s,eff

d
l k c k


= +                             (28) 535 

where k1 and k2 are model parameters to be fitted. 536 

The measured average crack spacing for R-UHPC beams and slabs in existing 537 

literature[40,41] are summarized in Table 8 together with the geometry parameters of the 538 

specimens. The screening criteria for selecting the literature are: (1) The volume fraction of 539 

steel fibers in UHPC is in the range 1.5%~3.5%; (2) UHPC exhibits multiple cracking 540 

characteristics; (3) The specimens are reinforced with steel rebars with ribs without 541 

prestressing. Based on these test data, the fitted results of unknown parameters in Eq.(27) and 542 

Eq.(28) are listed in Table 9. The fitted k1 values for M2 and M3 are 1.77 and 1.71, 543 

respectively, both significantly lower than the value of 3.4 recommended by Eurocode 2. 544 
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Similarly, the fitted k2 values for M2 and M3 are 0.09 and 0.07, respectively, which also fall 545 

below the recommended value of 0.17. 546 

Table 8. Experimental average crack spacing parameters for R-UHPC beams and slabs. 547 

Ref. No. 
hc 

[mm] 

bc 

[mm] 

ds 

[mm] 

As 

[mm2] 

c 

[mm] 

as 

[mm] 

lm 

[mm] 

[40] 

B-3 160 350 20 1257 20 30 58.18 

B-4 160 350 20 1257 20 30 57.26 

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 

[41] 

B20R1 300 150 16 402 26 34 105.00 

B20R3 300 150 22 1140 26 38 73.00 

B20R5 300 150 24 1742 26 60 63.00 

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 lm. 548 

M1, Eq.(27) M2, Eq.(28) M3, Eq.(28) 

αf k1 k2 k1 k2 

0.83 1.71 0.09 1.77 0.07 

(III) Rebar stress σs  549 

According to the tension-stiffening calculation principle, σs is the stress of the bare rebar 550 

under any external load P. For R-UHPC beams and slabs, the calculation method referred to 551 

GB50010-2010[39], is given in Eq.(29):  552 

  
s

s0.87

M

dA
 =                             (29) 553 

where M is the bending moment; As is the area of rebar in tension; and d is the vertical 554 

distance from the center of gravity of the tension rebars to the compressive edge of concrete, 555 

as shown in Fig.18.  556 

4.3 Calculation method validation 557 

4.3.1 Axial tension members 558 

The axial tension test results for R-CA-UHPC members were used to validate the quality 559 
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of the tension-stiffening method (TSM) for crack width calculation. Results are compared in 560 

Fig.19, where the experimental values of the crack widths were captured from the main cracks 561 

by a crack observation instrument with an accuracy of 0.01 mm, while the TSM values were 562 

developed by processing the measured axial load-elongation curves based on Eq.(16). 563 
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Fig. 19. Comparison between theoretical and test crack widths of R-CA-UHPC members: 565 

(a) ds10; (b) 2ds10; (c) 3ds10; (d) ds12; (e) ds14; and (f) ds16. 566 

It is observed that the experimental values are smaller than the TSM values before 567 

reaching the peak load (close to the yielding load). This is because the CA-UHPC presents 568 

multiple cracks at the pre-yielding stage. The TSM values are the sum of crack widths of all 569 

the cracks over the gauge length of 200 mm, while the experimental values are for one crack. 570 

The test values show good agreement with the TSM values at the post-peak stage. This could 571 

be interpreted by the emergence and development of localized cracking, and both the test 572 

values and the TSM values represent the localized cracks. Overall, the test values are in good 573 

agreement with the TSM values, verifying the rationality of the calculation principle of the 574 
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TSM. 575 

4.3.2 Flexural tension members 576 

The measured maximum crack widths of R-UHPC beams and slabs in some 577 

experimental studies [40–43] were compared with the calculated values from the proposed 578 

TSM, as shown in Fig.20, where TSM-1/2/3 denote M1, M2, and M3 for calculating the 579 

effective tension area of concrete, respectively. In general, the proposed TSM overestimates 580 

the maximum crack widths of the R-UHPC beams and slabs, except for specimen C2 in 581 

Wang’s slab tests[40].  582 

The overall comparison between the TSM and the experimental values for all specimens 583 

in each reference is shown in Fig.21. The ratios of TSM-1 to test, TSM-2 to test, and TSM-3 584 

to test, range from 1.09 to 1.68, 1.49 to 2.59, and 1.32 to 2.11, respectively. TSM-1 is 585 

demonstrated to have the best prediction accuracy. Considering the induced difficulty in 586 

determining the main cracks and the related crack widths by incorporating steel fibers for 587 

UHPC, the TSM is proven to effectively calculate the maximum crack width for R-UHPC 588 

flexural tension members. Moreover, method 1 is suggested to be applied in determining the 589 

effective tension area of UHPC elements. 590 

 591 
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Fig. 20. Comparison between the TSM and the experimental maximum crack widths of 593 

R-UHPC beams and slabs: (a) Wang [40]; (b) Feng et al.[41]; (c) Wang [42]; and (d) Li [43]. 594 
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Fig. 21. Overall comparison between the TSM and the test values.  596 
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5. Conclusions 597 

Due to the need for SLS and ULS design guidelines for CA-UHPC structures, 598 

experimental and theoretical research have been carried out. Based on the reported 599 

experimental studies on the uniaxial tension behavior of R-CA-UHPC members, this study 600 

aims to identify the tension stiffening effect. The influence of restrained shrinkage was 601 

clarified, and the tension stiffening model was developed. In addition, a 602 

tension-stiffening-based crack width calculation method was proposed and validated. Based 603 

on the above investigations, the main conclusions are:   604 

(1) CA-UHPC exhibits superior tension stiffening compared to normal concrete, with its 605 

tension-stiffening bond factor of 0.81 at rebar yielding being approximately triple 606 

that of normal concrete. 607 

(2) The restrained effect of rebars on UHPC shrinkage significantly influences tension 608 

stiffening of R-CA-UHPC before rebar yielding, but becomes negligible afterwards. 609 

This difference can be attributed to the pronounced fiber pull-out behavior across 610 

cracks at the point of rebar yielding, causing crack localization. 611 

(3) A tension-stiffening model for cracked R-CA-UHPC was developed and presented 612 

with and without shrinkage correction. The effect of shrinkage correction was proven 613 

to be independent of the reinforcement ratios. The proposed tension-stiffening model 614 

exhibited better accuracy in predicting the tensile response of R-CA-UHPC members 615 

compared to the tensile constitutive model of CA-UHPC. 616 

(4) A tension-stiffening-based approach was developed for calculating crack widths of 617 

R-UHPC members by assuming the deformation compatibility between concrete and 618 

rebar. Methods to calculate the two decisive parameters, the effective tension area 619 

and average crack spacing, were discussed and quantitatively determined. The 620 

proposed approach was proven to be effective in predicting the crack widths in 621 
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R-UHPC members under both axial and flexural loading. 622 
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