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53 Experimental and Analytical Studies of Size Effects on Compressive Ductility Response of Ultra-

54 High-Performance Fiber-Reinforced Concrete

55

56 Abstract

57 Ultra-high-performance fiber-reinforced concrete (UHPFRC) has gained a great deal of increasing interest 

58 in structural engineering applications, particularly where high ductility, strength, and high impact resistance 

59 are of prime concern. This study focuses primarily on the size effects ductility characteristics of UHPFRC 

60 with varying fiber concentrations subjected to uniaxial compressive load. It shows how to process the data 

61 from compression cylinder tests to extract the size-dependent strain at peak stress to provide a generic size-

62 dependent stress-strain analytical model. Furthermore, a numerical flexural segmental moment-rotation 

63 approach is applied to incorporate an analytical model to quantify apparently disparate UHPFRC member 

64 strength and ductility. Tests have shown that it is not the enhancement in the material concrete compressive 

65 strength but the phenomenal brittle ductility nature, observed as a result of increasing the slenderness of the 

66 specimen; in contrast, a substantial increase in ductility was achieved after crushing of concrete due to the 

67 addition of fibers. A size-dependent analytical approach has estimated good fit with the experimental and 

68 other published results. Finally, numerical simulation using a segmental approach at the ultimate limit state 

69 of rotation dealing with flexural ductility is significantly influenced by the increase in slenderness factor of 

70 the specimens and fiber concentrations. 

71 Keywords: UHPFRC; Size effects; Stress-strain relationship; Fiber concentration; Ductility, Slenderness 

72 factor. 

73 1 Introduction 

74 The quick advancement of infrastructure has increased demand for concrete and consequently created 

75 opportunities for the newer generation of concrete. For this purpose, new types of concrete have been 

76 pioneered in the construction industry with high mechanical performance such as high-strength concrete 

77 (HSC) and fiber-reinforced concrete (FRC). Ultra-High-Performance Concrete (UHPC), a new type of 
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78 innovative new-generation cementitious concrete composites that was created in the past ten years. To 

79 create Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC), steel fibers are typically combined 

80 with cement matrix in UHPC. UHPFRC exhibits improved Young’s modulus, tensile strength, post-

81 cracking flexural and ductility responses [1, 2]. UHPFRC can achieve compressive strengths in the range 

82 of 120 MPa - 800 MPa by intricately blending reactive constituents and utilizing novel curing techniques 

83 [3-6]. 

84 Previously, efforts had been made to comprehend the variables that affected the compressive behaviors of 

85 UHPFRC. Even without complex mixing and exorbitant materials, it can easily achieve a compressive 

86 strength of around 160 MPa [1, 7]. The mechanical characteristics involving uniaxial compressive, tensile, 

87 and ductile responses are enumerated basic material properties for RC member design, and these behaviors 

88 of UHPFRC can be improved using various high-strength discontinuous short fibers or by blending with 

89 micro and macro fibers [8-13]. To appraise structural responses, measuring the complete stress-strain 

90 behaviors of the UHPFRC specimens under monotonic compression is required. Limited work has been 

91 attempted to evaluate the overall compressive stress-strain and ductility behaviors through the intrinsic test 

92 setup with the platen-to-platen deformation measurement under concentric loading [6, 14]. Hassan and 

93 Jones [15] utilized circular rings with LVDTs to measure elastic deformation, and two LVDTs were situated 

94 parallel to the specimen to measure softening behavior. Axial post-peak softening deformation was 

95 measured by Prabha and Dattatreya [16] using two LVDTs positioned between the platens on two different 

96 sides of the specimen. It is anticipated that the material stress-strain ductility behaviors of UHPFRC depend 

97 not only on the concrete's constituents, such as the quantity and type of fibers added to the mix, but also on 

98 the specimen's size, shape, and testing procedures [17]. Furthermore, the test has determined that the 

99 specimen strength significantly varies when the length-to-width ratio is greater than two, indicating that the 

100 strength is highly size-dependent. Consequently, the specimen under maximum stress and the 

101 corresponding softening branch decreases with length and depends on the size factor. It could be attributed 

102 to the various zones of behavior on the specimens connected to compression failure and researcher-
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103 recognized methods like energy to quantify the large deformations for compression behavior of specimens 

104 [18].  Therefore, the primary influencing factor that may regulate the overall stress-strain behaviors of 

105 UHPFRC is the size effects resulting from different sizes of specimens. Different specimen sizes and shapes 

106 have been used to determine the stress-strain response of identical materials, with different degrees 

107 parameters [19]. To quantify the effect of fibers, Kazemi and Lubell [20] found that peak strengths and 

108 softening behavior in compression, flexure, and direct shear strength also increased as the content of fibers 

109 increased. This phenomenon is explained by the ability of steel fibers to allow for more significant axial 

110 deformation while partially restricting lateral expansion. Kazemi and Lubell [21] demonstrated that the 

111 materials part of the stress-strain curve has a linear slope independent of fiber concentration. However, it 

112 has been noted in the works of other researchers that, beyond a certain point, an increased quantity of steel 

113 fibers contributes to fiber merging, creating weak spots that can lower fiber quality and, as a result, lower 

114 compressive strength [22, 23]. Compressive strength and ductility significantly decrease with increasing 

115 specimen slenderness factor (μ = Lpr/dpr, the ratio of length to diameter or width of the specimen) according 

116 to numerous studies [20, 24-26]. This suggests that the specimen's higher slenderness factor showed brittle 

117 behavior compared to its lower slenderness factor, but no clear relationship has been established, and more 

118 research is required regarding the various specimen slenderness factors, fiber concentrations, and 

119 corresponding post-peak ductility responses.

120 Although UHPFRC test results show superior strength and ductility for material and structural members, 

121 the costly and complex production processes prevent them from having the desired effect [27]. 

122 Additionally, the repetitions of the testing for each new material need high-capacity machinery setups, large 

123 space, time, and high cost, which poses a significant obstacle to the development of new materials. To 

124 tackle this issue of analyzing the stress-strain characteristics of normal strength concrete (NSC) and HSC, 

125 many researchers have proposed numerical models with an empirical basis [28-30]. These numerical 

126 models mostly work accurately until the peak stress or the ascending branch while showing limited 

127 reasonable agreements in the softening branch. Although numerical models for the stress-strain response 
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128 of NSC and HSC are available, analytical models incorporating size-effect of total stress-strain behavior 

129 for UHPFRC are still largely unavailable in the literature. The numerical model that predicts the stress-

130 strain behavior of UHPFRC and takes size dependence characteristics into account will hasten our 

131 understanding of UHPFRC and allow us to use it in large-scale simulation using simulation software.

132

133 Ductility is crucial in allowing the member to attain its ultimate strength by absorbing higher energy. It is 

134 important to resist both seismic and blast loads and to simulate the collapse mechanism of RC structures 

135 [24, 31]. Although it is recognized that the structural behaviors and failure are anticipated to be size-

136 dependent, concrete members are designed following the strength of standard specimen size. For instance, 

137 the capacity of a plastic hinge to rotate is size-dependent owing to concrete softening [32]. Carpinteri, and 

138 Corrado [33] proposed a size effect model incorporating the strain localization concept to predict the 

139 cracking behaviors of RC beams at the loading condition. However, their research expressed ductility as a 

140 function of reinforcement ratio and beam depth which is a progressive common phenomenon in RC 

141 members. On contrary, Hillerborg [34] suggested that the size effect is based on the localization length that 

142 can be determined from the experimental data with the best-fitting approach. Previous finding has revealed 

143 that the inclusion of fibers in UHPFRC can enhance its material ductility behavior [15] and flexural ductility 

144 capacity to rotate at the hinges region [35]. A numerical flexural segmental moment-rotation approach is 

145 appropriate to quantify the deformation-based hinge rotation of RC members incorporating the size effects 

146 phenomenon. It allows the formation of wedges at concrete softening into the analysis [36].  Significant 

147 research has been done on the rotational strength of structures made of conventional concrete, but generally 

148 speaking, the majority of the advice in the codes of practice is empirical and exhibits a sizable amount of 

149 scattered results. [37]. It is surmised that producing a conceptual mechanics-based numerical approach that 

150 well predicts the test response of the member can help to adjust and build up design rules for structural 

151 members. To quantify the size-effect response of a reinforced UHPFRC member at the hinge region,  the 

152 development of a simple and efficient approach that ultimately relies on the material properties for any size 
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153 of RC members with the size-dependent stress-strain material behavior will have a wide range of 

154 applications.

155 The key output of this paper is to study the size-dependent compressive stress-strain response of UHPFRC 

156 with varying fiber concentrations. This paper first illustrates the approach to quantifying the stress-strain 

157 response of UHPFRC and combines a large body of existing published test data to produce an analytical 

158 model that encompasses a range of UHPFRC sample sizes and fiber concentrations. The compressive stress-

159 strain relationships are determined as a size-dependent parameter based on the test data, capturing the full 

160 softening response suitable for each RC beam size. These properties are then used in a numerical segment 

161 analysis of flexure to show how to quantify moment-rotation at the extreme limit, along with changes in 

162 bending and bending stiffness. Further, the moment-rotation section discusses the influence of fiber 

163 concentration and a sample size range encompassing all the structural mechanisms needed to fully simulate 

164 rotation along with wedge formations of the UHPFRC beam.   

165 2 Experimental program 

166 An experimental laboratory program was conducted at the University of Adelaide, South Australia. The 

167 experimentation was mainly conducted on UHPFRC cylindrical specimens with three different fiber 

168 concentrations (FC) that were included 1%, 2%, and 3% by weight of cement. It was comprised of 144 

169 cylindrical specimens that had a fixed diameter of 100 mm, but with varying heights of 200 mm, 300 mm, 

170 and 400 mm. The concrete test specimens were designated the symbol as “Exp. D × H – F” by the following 

171 process: the first word “Exp.” indicates to experimental specimen; the second set of lettering “D × H” 

172 indicates each specimen dimension with the diameter (D) and height (H), for example, the dimension of the 

173 specimen size of 100 X 200 mm in height as refer “100 × 200”, and the final letter e.g. “F” refers to the 

174 fiber concentration. The influence of fiber concentration was evaluated for the slenderness factor of 2, 3, 

175 and 4, incorporating the size-dependent compressive ductility behaviors in the softening region of the 

176 UHPFRC specimens. For each specimen size and fiber concentration, four specimens were investigated 
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177 under compressive loading. The mean values were considered to calculate the final stress-strain responses.  

178 It should be mentioned that the mean of the cylindrical specimen with a slenderness factor equal to 2 is 

179 considered a reference factor to evaluate the relationship between the other specimen size factors. 

180 2.1 Materials, mixing, and experimental testing 
181 This experimental section considered the mix composition as provided in  Table 1. It was based on the 
182 detailed UHPFRC mix design published in our previous research article by Sobuz, Visintin [1]. Sulphate-
183 resisting cement considering fineness index of 365 m2/kg was used in the UHPFRC mix. The silica fume 
184 incorporating bulk density of 625 kg/m3 was considered for the concrete mixture. The FM 2.34 of river 
185 sand was used in the concrete preparation in lieu of expensive silica sand. Cold-drawn hooked end wire 
186 4D steel fibers (Dramix-BG) was incorporated in the concrete mix as illustrated in Fig. 1. The properties 
187 of steel fiber provided by the manufacturer Bekaert Ltd in South Australia are illustrated in 

188          
189
190 Fig. 1. (a) 4D steel fiber (b) Single part of fiber with 60 mm length
191

192 Table 2. Sika ViscoCrete -10 superplasticizer was used in the concrete mixture. In addition, the UHPFRC 

193 mixing procedure was followed according to the Sobuz, Visintin [1]. 

194 Table 1: Mix proportions of UHPFRC
195

Material constituents (kg/m3)
Cement Sand Silica fume Steel fibers Water Superplasticizer

920 920 245 161 163 41.4

196

197          
(a)

4D 4D

(ii) (ii
i)(i)

(iv)

(i)  2.4 mm
(ii)  1.7 mm
(iii)  2.4 mm
(iv)  47 mm(b)
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198
199 Fig. 1. (a) 4D steel fiber (b) Single part of fiber with 60 mm length
200

201 Table 2: Properties of 4D steel fiber

Properties 4D Fiber

Tensile strength (MPa) 1500

Young’s modulus (MPa) 210

Length of fiber (mm) 60

Diameter (mm) 0.9

Aspect ratio 66

202

203 For each fiber concentration from 1% to 3%, three types of cylinders with 100 mm fixed in diameter with 

204 varying heights of 200 mm, 300 mm, and 400 mm were cast in the laboratory. Afterward, all the concrete 

205 specimens were kept in a fog room prior to the test day. Before testing, each specimen’s top and bottom 

206 compressive loading sides were grounded attentively to achieve a strong, level surface. All concrete 

207 specimen preparation and curing methods followed the code of standard ASTM-C31/C-31M-12 [38].

208 All of the specimens' compression strength and stress-strain responses were carried out by an Amsler 

209 machine rated capacity of 5000 kN at 56 day curing period complying ASTM-C39/C39M-12[39] as shown 

210 in Fig. 2. For determining the stress-strain response of the specimens, four LVDTs were equipped to 

211 determine the overall platen-to-platen contraction and three LVDTs placed equally in the lateral direction 

212 at half-length were instrumented to calculate the full lateral dilation. The rate of load was controlled at 50 

213 kN/min in the linear branch through load control; thereafter softening branch was followed by the 

214 displacement rate at 0.1mm/min to ensure the deflection control for capturing the complete stress-strain 

215 response.

216
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217

218 Fig. 2. UHPFRC specimens (a) preparation of varying sizes (b) typical test setup and instrumentation

219 3 Analytical program

220 3.1 Idealization of axial stress-strain response 
221 The stress-strain behavior of UHPFRC may be correlated when cylindrical or prismatic specimens are 

222 evaluated under concentric loading. The stress σax application in Fig.3 leads to an axial contraction of the 

223 specimen along the height Ldef. Fig. 4 shows how axial deformation changes as applied stress changes. The 

224 ascending branch (OA) till the peak strength (fcc) can be thought of as a linear material deformation known 

225 by the εmat recorded by strain gauges. That is, 

226 δ = 𝜀𝑚𝑎𝑡𝐿𝑑𝑒𝑓 (1)

(b)(a)

Axial LVDT

Lateral LVDT
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227

228 Fig. 3. Compressive deformation of concrete prism Fig. 4. Variation of axial deformation with applied 
229 stress

230

231 The stress-deflection relationship in Fig. 4 has reached a stage of nonlinearity. Fig. 4 is resulted by the 

232 creation of microcracks as a result of the fibers' interaction across the crack, which effectively limits 

233 UHPFRC passively. Since microcracking pervades the whole specimen, any non-linearity on the linear part 

234 OA can be denoted a material feature. There are three stages defined for material deformation in Fig. 4 as 

235 the initial stage (𝜀𝑚𝑎𝑡2𝐿𝑡𝑒𝑠𝑡 ), post-initial stage (𝜀𝑚𝑎𝑡1𝐿𝑡𝑒𝑠𝑡 )  and the final stage (𝜀𝑚𝑎𝑡3𝐿𝑡𝑒𝑠𝑡 ) before first 

236 cracking stress (𝜎1), close to ultimate stress (𝜎2) and final (collapse) stress (𝜎3) respectively.  Additional 

237 loading causes a single sliding plane to form at an angle α in Fig. 3, at the weakest region in the concrete. 

238 In the softening region of the stress-deflection correlation in Fig. 4, the axial deformation caused by sliding 

239 is taken as H and can be calculated geometrically to determine the full deformation which is,  

240 δ = 𝜀𝑚𝑎𝑡𝐿𝑑𝑒𝑓 +𝐻 (2)

241 As a result, defining the non-material or local deformation (H1, H2, and H3) at various phases of loading 

242 with the accompanying stresses, as previously discussed, is required. If the specimen size in Fig. 3 was 

243 twice then the total height Ldef  = 2Ltest, the ascending area of the stress-strain behavior stays fixed as this is 

Base

Sliding Plane

H=ΔCosα

D

α

Ldef

σax

dpr

fcc

ax

2

3

mat1 testL

H3

H2

1
H1

A

mat2 testL

mat3 testL
D

C
B

DO
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244 a size-dependent nature by the equivalent strain owing to sliding H. The development of the material 

245 ductility model delineates the behavior into two stages, as shown in Fig. 5. 

246 Stage-1: Strain-based ascending branch material deformation

247 Stage-2: The material and sliding deformation of the descending branch

248 The primary method for analyzing the compression failure behavior of structural elements is nonlinear 

249 analysis, and the entire stress-strain curve of the unconfined concrete is required for the analysis [40].  

250 Several experiments on UHPFRC have been conducted to determine the global strain, which may 

251 subsequently be extracted to generate an analytical formulation [2]. In this regard, none of the existing 

252 equations can well estimate the overall stress-strain response of UHPFRC by means of the specimens' global 

253 strain (εaxgl) [41]. From global strain (εaxgl), it is possible to comprehend a specimen's size effect on the 

254 stress-strain relationship. Chen and Visintin [19] developed an equation for quantifying global strain for 

255 unconfined strength concrete from varying specimen sizes, 

256 (ε𝑎𝑥𝑔𝑙―2)𝑛 = [(ε𝑎𝑥𝑔𝑙―1)𝑛 ― (ε𝑚𝑎𝑡)𝑛]𝐿𝑝𝑟―1

𝐿𝑝𝑟―2
+ (ε𝑚𝑎𝑡)𝑛         (3)

257 Where εaxgl-1 is the global strain of a reference specimen of 200 mm and Lpr-1 is the specific length, εmat is 

258 the material strain, and Lpr-2 is the specific length/height of the target specimen.  The subscript η is the 

259 specimen size factor equivalent to Lpr-1/Lpr-2. This equation can apply to other types of concrete where the 

260 material properties, size factor, and global strain characteristics should be consistent with the specified 

261 concrete specimen. Fig. 5 illustrates the idealized stress-strain diagram for UHPFRC specimens under 

262 uniaxial compressive loads that produce the global strain, which is the function of stress. As can be 

263 observed, each specimen has the same material strain up to (σs), and each specimen's ascending branch has 

264 a comparable linear slope. The size-effect of the specimen is visualized in the diagram, and it can be seen 

265 that as the η decreases, there is a loss in ductility in the descending branch. On the other hand, as the η 

266 increases, ductility increases in in the softening zone.
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267 The analytical model proposed by Popovics [28] can output the full stress-strain response of concrete, 

268 including both the linear elastic and softening branches with the following equation, 

269 𝑓 = 𝑓0
𝜀
𝜀0

𝑛

𝑛 ― 1 + (𝜀
𝜀0

)2                             (4) 

270 Where f  is the predicted stress at strain ε, f0 is the measured peak strength, εo is the measured strain, and n 

271 is the factor controlling ductility. To include size-dependency, Chen, and Visintin [19] suggested a revised 

272 value of peak strain (εco) which was then incorporated in the modified Popovics’ model for quantifying the 

273 complete stress-strain behavior of the specimen. They used regression analysis on a large number of NSC 

274 test data to extract the value of εco. This adjusted εco with the strain-adjustment factor of eq (3) makes the 

275 stress-strain relationship completely size-dependent, and this relationship for any specimen size could be 

276 enumerated from one size of the specimen. The slenderness factor μ in this equation must be greater than 

277 or equal to 2 for consistent natural angel creation in the wedge cracking portion. In light of the adjusted 

278 value of εco, the amended Popovics's formula for the size influences stress-strain response is,  

279 𝑓 = 𝑓𝑐𝑜 

[(𝜀𝑎𝑥)
𝑝𝑜𝑝

𝜀𝑐𝑜 ]𝑟

𝑟 ― 1 + [(𝜀𝑎𝑥)
𝑝𝑜𝑝

𝜀𝑐𝑜 ]
𝑟 (5)

280 where 𝑟 is an influencing parameter that controls the softening behavior of the concrete, and  𝑟 =  

281
𝐸𝑐

[𝐸𝑐 ― ( 𝑓𝑐𝑜 𝜀𝑐𝑜)].  As a result, Popovics' equation produces the influence of size effect in the stress-strain 

282 behavior. The influencing elements have then been included to the modified Popovics analytical model to 

283 create a size-dependent stress-strain analytical model for UHPFRC.
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284

285 Fig. 5. Idealised size-dependent stress-strain curve for UHPC specimens

286 3.2 Extracting regression for UHPFRC 
287 For the analytical model, the global strain at peak compressive stress (fco) for a standard specimen of length 

288 200 mm, εco-200, can be used to create size-dependent characteristics. Peak strain can be transformed into 

289 global strain for a reference length of specimen 200 mm by using the strain-adjustment factor proposed by 

290 Chen, Visintin [19], 

291 𝜀𝑐𝑜―200 = (𝜀𝑐𝑜―𝑡𝑒𝑠𝑡 ― 𝑓𝑐𝑜

𝐸𝑐
)𝐿𝑝𝑟―𝑡𝑒𝑠𝑡

200 +
𝑓𝑐𝑜

𝐸𝑐
                          (6)

292 where, fco = Peak stress, εco-test = Peak strain from the test result, Lpr-test = Test specimen length 

293 Lpr= Test specimen length 

294 In this paper, authors have done a linear regression on 121 data from published research relevant to the 

295 global strain of the specimen at peak stress to determine relationships between εco-200 and fco.. The authors 

296 then separated the test findings into three distinct fiber concentrations, such as 1%, 2%, and 3%, and carried 

297 out linear regressions for each fiber concentration using test results of steel fibers with a comparable 

298 proportion from published literature. A comprehensive linear regression analysis was performed to establish 

299 a correlation between εco-200 and fco, as presented in Fig. 6, and the following equation is developed for the 

300 varying fiber concentrations of UHPFRC:  

301 For 1% fiber, 𝜀𝑐𝑜―200―1 = 6.42 × 10―6𝑓𝑐𝑜 +2.88 × 10―3 (7)
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302 For 2% fiber, 𝜀𝑐𝑜―200―2 = ―1.78 × 10―6𝑓𝑐𝑜 +3.88 × 10―3 (8)

303 For 3% fiber, 𝜀𝑐𝑜―200―3 = 1.08 × 10―6𝑓𝑐𝑜 +3.44 × 10―3 (9)

304 These equations represent the adjusted εco for the standard specimen size of UHPFRC. The size-dependent 

305 compressive ductility characteristics of UHPFRC may then be quantified by converting them into other 

306 sizes. 

307
308 Fig. 6: Regression analysis on the published test data

309 4 Test results and discussion

310 4.1 Compressive strength results

311 Axial stress-strain responses of UHPFRC consist of peak strength, peak strain, final collapse strength, and 

312 strain at different fiber concentrations are provided in Table 3. It is noted that every four specimens were 

313 tested for each slenderness factor and fiber concentration to determine the overall stress-strain behavior. In 

314 Table 3, it is observed that mean peak strengths showed a very close value to the corresponding specific 

315 specimen size with the same fiber concentration. Table 3 exhibits that incorporating higher fiber 

316 concentration, the peak strain and final failure strain increased significantly for each specimen size except 

317 Exp.100×300-2 and Exp.100×300-3, where the peak strength remained the same. This behavior directly 

318 demonstrates that fiber can enhance the ductility behavior of UHPFRC with higher dissipation of energy 

319 and higher residual stress rather than NSC agreeing with previous researchers [20]. 
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320

321

322 Table 3: Experimental results

Specimen 
Designation

Slenderness 
Factor

Modulus 
of 

Elasticity
(MPa)

Peak 
Mean 

Strength 
(MPa)

Standard 
Deviation, 

MPa

Peak 
Strain × 

10-5

Final 
Failure 

Strength 
(MPa)

Final 
Failure 
Strain × 

10-3

Exp.100×200-1 2 35001 137 3.37 415 6.68 101
Exp.100×200-2 2 37246 155 5.2 443 4.39 148
Exp.100×200-3 2 37461 160 1.63 451 7.23 187
Exp.100×300-1 3 38023 124 4.97 354 0.63 092
Exp.100×300-2 3 38962 142 3.74 366 2.48 110
Exp.100×300-3 3 40583 142 1.26 370 1.47 132
Exp.100×400-1 4 35515 140 1.83 402 0.98 066
Exp.100×400-2 4 37279 142 2.94 396 1.95 080
Exp.100×400-3 4 34191 143 3.16 438 2.82 092

323  
324 Specimens with 2% and 3% fiber concentration2%, and 3% fiber concentration exhibited higher failure 

325 strength than those with 1% fiber concentration. Exp.100×300-1 and Exp.100×400-1 specimens exhibited 

326 the lowest failure strength, while the Exp.100×200-1 showed higher failure strength for a similar fiber 

327 concentration. The size effects are apparent from Table 3, as the higher size of the specimen revealed lower 

328 failure strength. Moreover, failure strain increases as fiber concentration increases, but it reduces as 

329 specimen size increases. Moreover, it is evident that UHPFRC failure strain is substantially larger than that 

330 of NSC and HSC. The failure strains for NSC and HSC are close to 0.0035 and 0.006, respectively, but the 

331 UHPFRC had the lowest failure strain, which was close to 0.0660. Similar behavior of UHPFRC at the 

332 failure stage was observed in the experimental investigation by Lim and Ozbakkaloglu [42]. This behavior 

333 suggests that UHPFRC has much greater serviceability than NSC and HSC.

334 4.1 Influence of size-dependency with fiber 

335 The experimental investigation incorporates the size-dependent stress-strain curves of UHPFRC specimens 

336 for different fiber concentrations, summarized as an average of four specimens in Fig. 10. It can be seen 

337 from Figs. 10 (a, b, and c) for UHPFRC specimens, ascending branch showed quite similar fashion in nature 
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338 and looked mostly linear until the peak stress; nevertheless, the softening branch followed the rapid 

339 reduction of strength until the stable plateau of stress was achieved, which represents greater overall energy 

340 absorption capacity and high ductility capacity [1, 20, 43]. As expected, the higher the fiber concentration 

341 in each size group, the higher was the total axial contraction of the specimens with substantial material 

342 ductility. This improved ductility is attributed to the steel fibers partially restraining the lateral expansion 

343 and preventing uncontrolled sliding with inclined sliding planes consenting for more significant axial 

344 contractions. It is also seen that as the slenderness factor of the specimen increases, the post-peak 

345 descending branch becomes steeper, showing a snapback phenomenon with brittle behavior of the wedge 

346 formation with the specimen length, and size effects are apparent, as illustrated in Figs. 10 (a, b, and c), 

347 strongly agrees with the experimental finding by Kazemi and Lubell [20]. It can be noted that the fiber 

348 concentrations 2% and 3% exhibited compressive strength up to 155 MPa and 160 MPa for the specimen 

349 of slenderness factor 2; consequently, the specimen of slenderness factor 3 and 4 showed quite similar 

350 compressive strength behavior. In addition, it can be noticed from Fig. 10 (c) that the size effects of the 

351 UHPFRC specimen with 3% fiber concentration exhibited the highest ductility and compressive strength 

352 due to the fiber bridging effect, which ensures smaller crack opening and good distribution of fiber during 

353 the mix that becomes internal bonding more apparent with concrete. 

354
(a) (b)
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(c)

Fig. 10:  Stress-strain responses due to different specimen sizes for (a) 1% fiber concentration (b) 2% 
fiber concentration (c) 3% fiber concentration

355
356 4.2 Comparison with present test results 

357 To compute the size-effect response of UHPFRC using the preceding experimental results, the analytical 

358 results with slenderness factors 2, 3, and 4 of the specimens with 1% fiber concentration are derived using 

359 Eqs. (6) and (7). Similarly, Eqs. (6) and (8) are used for 2%, and Eqs. (6) and (9) are used for 3% fiber 

360 concentration. For the analysis, 200 mm length/height of the specimen is considered as the standard size 

361 for each 1%, 2%, and 3% fiber concentration, where the Lpr-200 is regarded as the platen-to-platen overall 

362 contraction and termed as global strain and the conversion procedure of global strain for any other length 

363 explained in the earlier section. Then the predicted stress-strain analytical model for fiber concentrations 

364 1%-3% but different specimen sizes are compared against the experimental results as shown in Figs. 11 (a, 

365 b, and c), respectively. Examining the size-dependent stress-strain model of UHPFRC, it is manifested that 

366 the developed analytical approach is most precise in quantifying the size-dependent compressive ductility 

367 responses of the tested specimens, as illustrated in Figs. 11 (a, b, and c). Furthermore, the predicted 

368 responses exhibited a very close fit with the experimental investigation during the initial period, where the 

369 material exhibited linear behavior up to peak stress. There is an average difference of observed peak stress 
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370 with slenderness specimen factor 2 yielding 0.34%, 0.26%, and 10.5% between the predicted approach and 

371 the test results for fiber concentration 1%, 2%, and 3%, respectively. In addition, the peak stress with 

372 slenderness specimen factors 3 and 4 was also observed to be quite similar with varying fiber 

373 concentrations. This is particularly evident that the analytical predictions revealed a slightly higher value 

374 than the experimental results because the analytical approach is continually developed based on the 

375 fundamental assumption criteria. Moreover, the experimental results exhibited lower load capacities due to 

376 the formation of wedge after sliding zone and less composite action with weak fibre-interaction effect 

377 especially lower fiber concentration leading to larger crack opening that makes the stress at stable plateau 

378 condition. In general, it can be concluded that the size effects compressive ductility stress-strain prediction 

379 of different slenderness factors of the specimens using the analytical model mentioned in this study provides 

380 a conservative estimate of the test results. 

           (a)       (b)
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        (c)

                                            
Fig. 11: Comparison with present experimental results with different specimen sizes for (a) 1% fiber 

concentration (b) 2% fiber concentration (c) 3% fiber concentration

381
382 4.3 Comparison with published test results 
383 For validation of the analytical method, several available existing test results databases were incorporated 

384 into the method to compare and assess the size-dependent stress-strain behavior of UHPFRC. Numerous 

385 published experimental investigations have been done previously on varying specimen sizes with 1%, 2%, 

386 and 3% fiber concentrations that accomplished the slenderness factor condition of µ >= 2 [44-48]. The 

387 existing test data is compared against analytically predicted curves for incorporating 1%, 2%, and 3% fiber 

388 concentration of UHPFRC and plotted in Figs. 12 (a, b, and c), respectively. It can be noted that analytical 

389 results are referred to as ‘Models’ for easy recognition in the plots. All experimental setups followed a 

390 slenderness ratio µ = 2, and Lpr ranged from 50 mm to 200 mm in length. The respective analytical 

391 predictions can be employed using Eq. (4) for these test results, converting the test result for a cylindrical 

392 specimen Lpr = 200 mm. 

393 It can now be noted that the predicted approach gives a closer estimate of the test data, albeit a relatively 

394 slight variation observed with few test results. Despite the close fit observed in the linear ascending curves 

395 except for 1% fiber concentration, the softening branches of the stress-strain curves can be seen to have 

396 scatter results, especially for 1% and 3% fiber concentrations, as depicted in Figs. 12 (a and c). This would 

397 suggest that there may be complexity in measuring total dilation due to the formation of the wedge during 
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398 experimentation. In other means, the highest fiber concentration increased restraint to shrinkage, which 

399 leads to an increasing micro-cracking in the concrete at the post-sliding wedge zone. Similarly, the lowest 

400 fiber concentration is not effective in holding the fiber bridging effect resulting in a scattered softening 

401 response with a weaker bond and large crack opening in the specimen. It should be noted that the analytical 

402 model envisages the peak strain slightly lower than the experimental peak strain in the case of 3% fiber 

403 concentration; consequently, well agreement was observed between predicted and test peak strain for 1% 

404 and 2% fiber concentrations as illustrated in Figs. 12 (a and b). This could happen due to disparate 

405 experimental measurement methods for UHPC and irregular fiber matrix distribution in the concrete mixes 

406 [49].

(a) (b)

(c) 
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Fig. 12:  Comparison with published test results for (a) 1% fiber concentration (b) 2% fiber 
concentration (c) 3% fiber concentration

407 Further comparison can be made among the test results on the compressive behaviors of the specimens. 

408 Voo and Foster [45] achieved around 145 MPa for a 100 × 200  mm cylinder with 2% fiber concentration, 

409 while for the same size and fiber percentage, Kazemi and Lubell [20] achieved around 120 MPa. The model 

410 closely predicts similar peak stress for both test data, thus indicating it can be implicated in different 

411 experimental measurement techniques. Moreover, the higher residual stress exhibited in the experimental 

412 measurements is also predicted conservatively. The models can also accurately predict stable dilation in the 

413 softening region up to final failure, which indicates the models can determine the substantial ductility 

414 response of UHPFRC. Besides, higher fiber concentration leads to efficient confinement at the stable stress 

415 plateau position, which appears to be significant ductility behavior, and it can withstand a more extended 

416 period due to high cyclic fatigue loading like earthquakes. Thus, the model can be implemented to provide 

417 a long-term warning prior to structural failures, which allows preventive measures for the structures. The 

418 analytical model, which takes account of the size effects response, is found to predict the test data better; 

419 however, the model shortens the amount of future experimental work necessary for producing an advanced 

420 type of UHPC by incorporating varying materials and conventional methods [50].

421 5 Analysis of the deformation-based segmental approach

422 An effective experimental study has been done to develop a material model that can be used in a numerical 

423 model to evaluate the rotational strength of plastic hinges of UHPFRC beam members. Due to the residual 

424 stress and tensile strength behavior of concrete, general design and evaluation of reinforced concrete 

425 members are based on size-independent strain-based [51-54]. As a result, sizes cannot possibly be 

426 introduced. In addition, the moment-curvature approach is unable to account for the creation of wedges 

427 during concrete softening, as it does not consider shear friction slip and cannot handle the size-dependency 

428 nature of the issue. To overcome the limitations of strain-based methods, a flexural segmental moment-

429 rotation approach has been proposed for analyzing reinforced concrete beams. This method enables the 
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430 measurement of deformation-based hinge rotation while considering the size-dependent mechanisms [55-

431 58]. 

432 The importance of a new type of UHPFRC reflects upon the industrial implication of concrete. To review 

433 the implication, the segmental moment-rotation approach is the method that can quantify the complete 

434 response of UHPFRC members, especially after cracking stages which provides a large strain capacity. To 

435 illustrate the inclusion of UHPFRC in the analysis, let us consider the segment in the constant moment 

436 region of the UHPC beam of length Lscm as illustrated in Fig.13. The beam length of Lscm has consisted of 

437 the length 2Ldef in which Ldef is taken as the length of the softening wedge that can form anywhere of the 

438 constant moment region, but for simplification of the analysis, it is considered symmetric about the 

439 centerline of the segment [59]. It is important to define the baseline (A, B), datum (E), and half the length 

440 Ldef from A to E when conducting the analysis due to its symmetrical nature. 

441 The numerical analysis has been performed to quantify the moment (M) for a given imposed end rotation 

442 (θ) and Euler-Bernoulli linear displacement at both ends of the segment in order to extract the differences 

443 of rotation with that applied moment which depends on the length of softening wedge Ldef which is size-

444 dependent as depicted in Fig. 13. In the region of concrete softening, the length Ldef can be any size. 

445 However, it is appropriate to choose a length that corresponds to a multiple of the crack spacing of the 

446 segment in the area of constant moment. [60]. The corresponding top concrete face deformation (δtop) is 

447 guessed for the known rotation, thus defining the neutral axis depth (dn).
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448
449 Fig. 13: Deformation-based segmental moment-rotation approach

450 The effective strain (ε) in the uncracked region is obtained by dividing the deformation A-A to B-B in Fig. 

451 14 by the half beam segment length Ldef. This is necessary to obtain the deformation (A-A to B-B) in the 

452 uncracked region.

453 By utilizing a size effect compressive stress-strain relationship, where Ldef is considered as the cylinder 

454 height, it is possible to compute the stress (σ), strain (ε), and force (F) in the concrete as shown in Fig. 14. 

455 The corresponding stress (σ) and force (F) can be calculated based on the stress-strain behavior for the 

456 reinforcing bars. The force in the reinforcement can be quantified by using well-established partial 

457 interaction theory at the serviceability limit state [59, 61-63] that is, the interfacial bond involving the steel 

458 bar and the surrounded concrete at the tension zone, referred to as tension stiffening phenomenon [58, 64]. 

459 In UHPFRC, when determining the ultimate hinge rotation, crack widths often become significant as 

460 tension stiffening plays a minor role. Consequently, steel is not explicitly allowed for tension stiffening. 

461 Once the internal forces (F) in Fig. 14 have been defined, they can be added to determine whether δtop 

462 equilibrium was attained for the given guess. If it is the ultimate moment corresponding to the rotation 

463 capacity, θ can be predicted; if not, the estimate δtop can be conformed until the equation reaches an 

464 equilibrium condition.
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465
466 Fig. 14: Deformation-based segmental moment-rotation approach for half section

467 6 Application of segmental analysis for UHPFRC beams

468 As an example of applying the bending numerical segmental moment rotational approach, consider a 

469 UHPFRC beam member with dimensions of 150 × 350 mm with an effective depth of beam 314 mm and 

470 reinforced with steel reinforcing bars of 3-16 mm diameter in the soffit area and bars of 2 – 10 mm diameter 

471 in the compression area of the beam. In the intended model, the steel reinforcement is assumed to be elastic 

472 and perfectly plastic, with a yield strength of 450 MPa. To evaluate the flexural ductility/rotational capacity 

473 of the reinforced UHPFRC beam element, the analysis considers the impact of fibers and UHPFRC 

474 concentration.

475 6.1 Influence of size factor 
476 To extrapolate the experimental data from the laboratory to field scale level, comprehending the influence 

477 of specimen slenderness factor obtained directly from the test results and then incorporating those properties 

478 in the numerical segmental moment-rotation method to predict the structural behavior of UHPFRC beam, 

479 which is quite realistic in terms of ductility. The moment-rotation behavior of reinforced concrete UHPFRC 

480 beam element incorporating the size-dependent stress-strain responses of the varying UHPFRC specimens 

481 with fiber concentrations of 1, 2, and 3% are quantified as shown in Figs—15 (a, b, and c). In addition, the 

482 moment-rotation responses of the beam were subsequently converted to moment-curvature by dividing the 

483 abscissa (rotation) in Figs. 15 (a, b, and c) by Ldef as illustrated in Figs. 15 (d, e, and f) could be used directly 

484 to obtain the disparity in flexural rigidity (EI) along with the moment, as depicted in Figs. 15 (g, h, and i). 
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485 These relationships from the model can next be employed to evaluate a UHPFRC member element over the 

486 full length, including the softening region with higher ductility of UHPC. 

(a) FC = 1% (d) FC = 1% (g) FC = 1%

(b) FC = 2% (e) FC = 2% (h) FC = 2%

(c) FC = 3% (f) FC = 3% (i) FC = 3%

Fig. 15:  Influence of fiber on moment versus rotation, curvature, and flexural rigidity for UHPFRC beam

487
488 It is interesting to note from all of the Figs. 15 (a-i) that as specimen size or slenderness increases, the 

489 UHPFRC beams exhibit snapback or become more brittle, and the phenomenon of size effects is amply 

490 illustrated, particularly on the moment-rotation and moment-curvature curves. This intrinsic behavior was 

491 mentioned by the additional researcher as well [20, 65, 66]. For instance, by reducing the specimen size, 

492 the rotation capacity of the UHPFRC beam in the post-peak softening region was improved; however, the 
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493 slope decreases as the specimen size decreases. Notably, the ductility/rotation capacity of the beam 

494 increased apparently as the size factor (η) of the specimen increased, while the opposite phenomenon is 

495 true when the η value reduces, as shown in Figs. 15 (a-i). Post-peak behavior from the moment-curvature 

496 curves shows the ductile behavior of UHPFRC which follows a similar pattern for RC beams to exhibit 

497 ductility [67, 68]. The specimen sizes noticeably affect the post-peak descending branch slope of the beam. 

498 In contrast, the initial slope of beam curves is insignificantly influenced regardless of the specimen size 

499 factor. Similar behavior was observed experimentally for UHPC beams by Yoo and Yoon [65]. This 

500 predominant behavior is consistent with the finding of Fantilli et al [66] that the softening strain of the RC 

501 beam exhibited a marginal size effect. This result shows a direct agreement of the UHPFRC beam in the 

502 descending branches, which is size-dependent as they can be attributed to the wedge formation at an early 

503 age during testing. 

504 6.2 Influence of steel fiber concentration
505 The rotation of reinforced concrete UHPFRC beam, including varying specimens' stress-strain material 

506 properties, is compared according to the different fiber concentrations and the specimen slenderness factor 

507 (e.g. µ = 2, 3, and 4) as depicted in Figs. 16 (a-i). In the analysis, moment-rotation responses are always 

508 size-dependent, which allows the deformation. Similarly, the transformation of moment-rotation to 

509 moment-curvature and then moment-flexural rigidity (EI) is also influenced by the size-dependency factor 

510 as shown in Figs. 16 (d-f) and Figs. 16 (g-i). 

(a) μ = 2 (d) μ =2 (g) μ = 2

(b) μ = 3 (e) μ = 3 (h) μ = 3
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(c) μ = 4 (f) μ = 4 (i) μ = 4

Fig. 16: Influence of size on moment versus rotation, curvature, and flexural rigidity of UHPFRC beam

511
512 It is seen that UHPFRC beams exhibited a more significant increase in rotation and curvature with the 

513 contribution of varying steel fiber concentration in ductile post-peak behavior, as illustrated in Figs. 16 (a-

514 c) and Figs. 16 (d-f); however, the flexural rigidity shows insignificant changes in the softening stages of 

515 the beam. Regardless of the fiber concentration, the initial slope of the ascending stage of the diagram 

516 appears to be linear elastic; consequently, the slope of the descending branch decreases as fiber 

517 concentration increases. The intrinsic behavior strongly agrees with the finding observed in the test results 

518 [20,65]. In addition, the lowest steel fiber concentration evinced the lowest rotation for UHPFRC beams 

519 observed after the post-peak region. In contrast, the highest-fiber concentration shows higher rotation 

520 employing greater ductility response with high energy absorption capacity. This predominantly response 

521 leads to the steel fiber bridging effect during cracking that partially restrained the lateral amplification and 

522 allowed more significant axial contraction. It is seen from Figs. 16 (a, b, and c) that the rotation capacities 

523 are decreased by about 62% and 75% for the specimen slenderness factors of µ = 3 and 4, compared to the 

524 reference specimen slenderness factor (µ = 2) for the fiber concentration 1%. For 2% fiber concentration, 
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525 54%, and 80% decrease in the rotation capacities for the same instant of slenderness factor can be observed 

526 in Figs. 16 (a, b, and c). Finally, for 3% fiber concentration, the rotation capacities decreased by 49% and 

527 70% as illustrated in Figs. 16 (a, b, and c). In Figs. 16 (d-f), a similar observation is found for curvature 

528 behavior with the corresponding specimen slenderness factors with regard to reference, as mentioned earlier 

529 for the fiber concentrations 1%, 2%, and 3%. It can be understood that the greater the slenderness factor, 

530 the more significant the reduction of rotation/curvature capacity of the UHPFRC beam compared to the 

531 standard size of the specimen where the Ldef  is defined as 200 mm length in the wedge formation in the 

532 sliding zone of the beam.  In other words, higher fiber concentration demonstrates higher rotation/curvature 

533 capacity of beam element, which can be attributed to the strong fiber-bridging effect, good bond 

534 characteristics of concrete, and smaller crack opening. Due to the impact of different fiber concentrations, 

535 it is revealed that the ultimate moment capacity is quite similar.

536 7 Conclusions 

537 First, an experimental investigation was conducted out to quantify the size effects of compressive ductility 

538 responses of UHPFRC under uniaxial compression with varying fiber concentrations based on one standard 

539 size of specimen test to derive any sizes. Then the size effects on the stress-strain behavior is incorporated 

540 into the numerical flexural numerical segmental approach to simulate the rotation of the plastic hinge of the 

541 UHPFRC beam. Based on the research presented here, it can be drawn the following conclusions: -

542 i. The compressive ductility of the UHPHFRC specimen exhibited a relatively brittle nature in the 

543 load-carrying capacity as the slenderness factor of the specimen increased, which can be explained 

544 as a rapid reduction of specimen capacity due to the formation of wedges along the length of the 

545 specimens, indistinguishable in RC element which implies clear size-effect highly apparent to 

546 UHPFRC specimens. 

547 ii. UHPFRC specimens of smaller slenderness factors tend to show minor improvement of 

548 compressive strength, indicating specimen size effects on the improvement of strength of UHPFRC 

549 being modest. 
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550 iii. The addition of varying fiber concentrations increased the compressive ductility of UHPFRC, 

551 leading to a considerable increase in energy absorption capacity and as a result, ductility 

552 proportionately more influential in specimens with lower slenderness factor and higher fiber 

553 concentration. The inclusion of fibers insignificantly affected the compressive behavior of 

554 UHPFRC, which indicates the fiber is less sensitive to the increase in strength. This higher ductility 

555 characteristic should help the significant expansion of UHPFRC to ensure ample warning before 

556 the failure of the structure, which can be harnessed to measure the structure due to high-cyclic, 

557 seismic and blast loads. 

558 iv. The analytical model was developed to quantify the complete size-dependent stress-strain behavior 

559 of UHPFRC, which exploits the relationship between global peak strain (εco) and peak stress (fco) 

560 corresponding to the varying fiber concentrations. The analytical size-dependent model of 

561 UHPFRC for each fiber concentration agrees well with this study's test results; however, model 

562 presents reasonably good prediction with other published test data. This should help further refine 

563 the model, allowing full exploitation of the engineering properties of UHPFRC to optimize the 

564 design and reduce the cost of experimentation required when extrapolating the outcomes from 

565 laboratory to real structures.

566 v. The numerical flexural segmental method can quantify the ductility/rotation capacity of the 

567 UHPFRC beam due to the variation of fiber concentration and specimen size factor at all stages of 

568 loading. The approach has shown that RC beams' substantial flexural rotation/ductility capacity has 

569 been achieved particularly at higher fiber concentration; however, it predominantly decreased when 

570 the specimen size factor decreased, which could be explicated as a reduced capability of larger 

571 structures to allow wedge formations. 

572 vi. The analysis did not consider tension stiffening, as crack widths are usually wide in UHPFRC and 

573 hence tension stiffening has a negligible effect. However, it would be valuable to investigate the 

574 size effects response of RC beams, including the tension stiffening effect, in future studies.  In this 

575 study, the size effects phenomenon is not presently investigated experimentally; it is desirable that 
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576 future work involves analysing the flexural behavior of UHPFRC members and its size-dependency 

577 with varying fiber type and higher fiber concentration. 
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