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1. Introduction 39 

Ultra-high performance concrete (UHPC) and ultra-high performance fiber reinforced 40 

concrete (UHPFRC) have become a promising alternative to conventional materials in the 41 

construction of new structures due to its superior mechanical properties and durability. UHPC 42 

and UHPFRC are characterized with a high cement and silica fume content and a low water-to-43 

cement ratio, leading to an ultra-high compressive strength and a low permeability [1–4]. The 44 

raw materials for making UHPC and UHPFRC typically include water, cement, silica fume, 45 

high-range superplasticizer, supplemental fine materials (e.g., fly ash, quartz powder, silica 46 

powder), quartz sand, and fibers [1,5–10]. With the consistent growth of application of 47 

UHPC/UHPFRC in new construction, a large number of studies have been conducted on its 48 

mix proportions, production and/or curing procedures, as well as mechanical behavior of 49 

structural members made of UHPC/UHPFRC [3,4,6,7,11–21]. However, very limited studies 50 

have investigated the behavior of UHPC/UHPFRC under multiaxial stresses. The behavior of 51 

concrete under multiaxial stresses has long been recognized as an important element in 52 

understanding the behavior of concrete structural members in practice which are generally 53 

subjected to various loading conditions. The constitutive behavior of concrete under multiaxial 54 

stresses are key information necessary for finite element modelling of concrete structural 55 

members. One of the most typical multiaxial stress states is the triaxial compressive stress state 56 

with two equal lateral compressive stresses (commonly applied through a hydraulic pressure) 57 

in combination with axial compression, which is essential for the modelling of steel spiral and 58 

stirrup confined concrete [22], concrete filled in steel tube [23] and fiber reinforced polymer 59 

(FRP)-confined concrete members [19,24–28]. The tests on concrete under combined axial 60 

compression and hydraulic pressure are referred to as hydraulic pressure tests hereafter. 61 

Particularly, concrete with a constant lateral pressure throughout the loading process is 62 

commonly referred to as concrete with active confinement [29,30]. 63 

According to the literature, in terms of compressive strength, concrete with a strength 64 

ranging from 20 to 50 MPa is referred to as normal-strength concrete (NSC), while high-65 

strength concrete (HSC), high-performance concrete (HPC), or high-performance fiber 66 
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reinforced concrete (HPFRC) generally has a compressive strength exceeding 50 MPa [31,32]. 67 

Ultra-high strength concrete (UHSC) and UHPC/UHPFRC are generally characterized with a 68 

compressive strength of at least 120 MPa [33,34]. UHPC/UHPFRC generally does not contain 69 

coarse aggregates, while HSC/UHSC/FRC contains coarse aggregates.  70 

A large number of studies have been carried out on the triaxial compressive behavior of 71 

NSC, HSC, and fiber reinforced concrete (FRC) [29,30,35–46]. Following the pioneer study of 72 

Richart et al. [35], extensive experimental studies have been conducted on NSC under active 73 

confinement [36–39], leading to accurate stress-strain models [38,39]. The behavior of HSC 74 

under triaxial stress states has also been extensively investigated and a number of failure criteria 75 

and stress-strain models for HSC have been proposed [29,37–43]. The effect of steel fibers on 76 

the triaxial compressive behavior of HSC was found not significant [44,45].  77 

Compared with NSC and HSC, limited studies have been conducted on the triaxial 78 

compressive behavior of UHSC and UHPC [47–52]. Wang et al. [47] investigated the triaxial 79 

compressive behavior of cylindrical UHSC specimens with coarse aggregate (48 mm in 80 

diameter and 96 mm in height, i.e., 48 mm × 96 mm) with a compressive strength over 200 81 

MPa through hydraulic pressure tests. The tests were performed over an extensive range of 82 

confining pressures with large gaps (0, 25, 50, 100, 200 and 400 MPa). Very limited studies 83 

have been conducted so far on the triaxial compressive behavior of UHPC/UHPFRC through 84 

hydraulic pressure tests [45–49]. Wu et al. [49] investigated the effect of steel fiber content (0-85 

2.4%) on the triaxial compressive behavior of UHPC (called reactive powder concrete, RPC, 86 

in the original paper) with a compressive strength higher than 140 MPa through tests on 43.6 87 

mm × 130 mm cylinder specimens. It was found that the failure mode of UHPC specimens was 88 

affected by the steel fiber content, but the peak axial stress was little affected. Vogel et al. [50] 89 

tested four 150 mm × 300 mm cylindrical and five 100-mm-length cubic UHPC specimens. 90 

The compressive strength of their UHPC was measured to be 123 MPa and 149 MPa 91 

respectively. They found that the triaxial compressive strength of UHPC follows a power law 92 

function of the confining pressure and the development of triaxial compressive strength of 93 

UHPC was different from those of NSC and HSC. Strain data and stress-strain curves of the 94 
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tested specimens were not reported in their study. Wang et al. [51] conducted hydraulic pressure 95 

tests on both UHPC and UHPFRC cylindrical specimens (50 mm × 100 mm) with the confining 96 

pressure ranging from 0 to 50 MPa. The compressive strength of their UHPC/UHPFRC ranged 97 

from 119.8 MPa to 148.5 MPa. For most of their specimens, the axial stress decreased quickly 98 

after the peak stress even though the confining pressure was high, which is different with the 99 

results from [30,45,46,52]. They found that the enhancement in compressive strength of 100 

UHPFRC at a given hydraulic pressure was slightly lower than that of UHPC. Wu et al [52] 101 

performed a series tests of UHPC and UHPFRC with 0.5%, 1.0% and 1.5% steel fiber addition 102 

cylindrical specimens (50 mm × 100 mm), however, the uniaxial compressive strength of their 103 

UHPC and UHPFRC were 75.57 MPa, 84.07 MPa, 93.26 MPa and 99.98 MPa much lower than 104 

the general understanding [20,21]. 105 

The triaxial compressive behavior of UHPC or UHPFRC has not been fully understood 106 

based on the limited studies reviewed above. No reliable model has been proposed to accurately 107 

capture the axial stress-axial strain curves of UHPC or UHPFRC under triaxial compression. 108 

This paper therefore presents the results of an experimental program on UHPC and UHPFRC 109 

subjected to triaxial compression through hydraulic pressure tests. Various hydraulic pressures 110 

from 0 to 50 MPa were applied on cylindrical UHPC and UHPFRC specimens. In addition, two 111 

steel fiber volume ratios and two uniaxial compressive strengths were included as the test 112 

variables. The experimental program provided a much-needed supplement to the very limited 113 

existing test data on the triaxial compressive behavior of UHPC and UHPFRC. The test results 114 

showed that the confining pressure significantly enhanced both the strength and ductility of 115 

UHPC and UHPFRC. The presence of steel fibers had significant effects on the axial stress-116 

axial strain behavior and the dilation behavior of UHPC. It was also found that existing models 117 

developed for NSC failed to predict the axial stress-axial strain behavior of UHPC and 118 

UHPFRC subjected to triaxial compression; new axial stress-axial strain models were therefore 119 

proposed in the present study. In addition, a new equation was proposed for the prediction of 120 

the axial strain-lateral strain relationship of the test UHPC and UHPFRC specimens. 121 



 

5 

 

2. Experimental program 122 

2.1. Test specimens  123 

In total, 14 UHPC and 18 UHPFRC cylindrical specimens (with a diameter of 50 mm and 124 

a height of 100 mm) were prepared and tested under triaxial compression with the confining 125 

pressure ranging from 0 to 50 MPa. Such a range of confining pressures generally covers the 126 

typical stress states of concrete in practical engineering (e.g., steel confined concrete, FRP-127 

confined concrete) [16,19–25]. Two nominally identical specimens were tested for each 128 

specimen configuration except for the specimens with a confining pressure of 0 MPa (i.e., 129 

specimens under uniaxial compression). Two concrete grades were covered for UHPC and the 130 

corresponding UHPFRC. The details of the test specimens are summarized in Table 1. Each 131 

specimen was given a name which starts with “UHPC” or “UHPFRC” representing the concrete 132 

type, followed by “1” or “2” denoting the higher or lower concrete strength grade, and then a 133 

two digit number representing the magnitude of the confining pressure. The name ends with 134 

one digit number (if exists) to differentiate between the two nominally identical specimens. For 135 

example, specimen UHPC-1-50-1 refers to the first specimen of the two nominally identical 136 

UHPC specimens with higher uniaxial concrete strength tested under a confining pressure of 137 

50 MPa. 138 

 139 

2.2. Materials and specimen preparation 140 

In the present study, UHPC was produced using the following raw materials: Portland 141 

cement, silica fume, fly ash, quartz sand, quartz powder, superplasticizer and water. The 142 

composition of UHPFRC is the same as UHPC, expect that straight steel fibers of 2% in volume 143 

fraction were added in the former. The key properties of the steel fibers are shown in Table 2. 144 

The mix proportions of UHPC and UHPFRC are given in Table 3. To achieve two concrete 145 

grades of UHPC and UHPFRC, two different values of water-to-binder ratio and slightly 146 

different amounts of superplasticizer were adopted as listed in Table 3.  147 

The mixing, casting and curing process of UHPC and UHPFRC specimens included the 148 

following steps: (1) dry-mixing cement, silica fume, fly ash, quartz sand, quartz powder in a 149 
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concrete mixer for around 3 minutes; (2) adding water and superplasticizer into the mixture and 150 

continuing mixing for around 7 minutes; (3) for UHPFRC, adding dispersed steel fibers into 151 

the mixture and mixing for around 5 minutes; (4) pouring the mixture into a plastic mold and 152 

vibrating the mold to ensure the compactness of concrete; (5) curing the specimens in room 153 

temperature for 24 hours before demolding, followed by steam-curing with a temperature of 90154 

±3℃ for 48 hours in accordance with ASTM C1856/C1856M-17 [33]; and (6) curing the 155 

specimens in a curing room with a temperature of 20±2℃ for at least 28 days. After curing, 156 

uniaxial compression tests were carried out on three identical cylindrical specimens (with a 157 

diameter of 100 mm and a height of 200 mm) for each group of UHPC and UHPFRC and the 158 

results are presented in Table 4. Before the triaxial compression tests, some voids on the surface 159 

of each specimen were filled with high-strength gypsum to ensure a smooth surface for well 160 

receiving the lateral pressure. Both ends of each specimen were capped with high-strength 161 

gypsum to ensure that the ends were perpendicular to the specimen axis and the axial load was 162 

uniformly applied on the cross-section (Fig. 1).  163 

 164 

2.3. Test set-up and instrumentation 165 

Both uniaxial and triaxial compression tests were performed on an MTS Model 815 Rock 166 

Mechanics Test System as shown in Fig. 2. While this system was designed for testing rock 167 

specimens, it is also suitable for testing UHPC and UHPFRC specimens due to their ultra-high 168 

compressive strength comparable to that of rock. The machine mainly consists of a vertical 169 

servo-controlled electro-hydraulic actuator with a load capacity of 4600 kN and a high-pressure 170 

vessel of up to 140 MPa (Fig. 2). During the loading process, the vessel is filled with hydraulic 171 

oil to apply the lateral confining pressure on the surface of the test specimen. To avoid the 172 

penetration of hydraulic oil into the specimens and thus ensure an effective application of lateral 173 

confining pressure, a heat-shrinkable tube made of fluorinated ethylene propylene was used to 174 

wrapping each test specimen (except for the specimens with a zero hydraulic pressure) before 175 

testing.  176 

For each test specimen, two axial strain extensometers at 180° apart covering a mid-height 177 
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region of 50 mm were installed to measure the axial strains of the specimen. The axial strains 178 

of the specimen could also be obtained from the full-height axial shortenings recorded by the 179 

MTS testing system. In addition, a ring chain type extensometer was installed around the mid-180 

height section of each specimen for measuring the lateral strains. The layouts of the 181 

extensometers are shown in Fig.3. The axial loads, confining pressures, axial strains, and lateral 182 

strains were recorded by a data acquisition system for every 0.2 seconds.  183 

 184 

2.4. Test procedure 185 

In the present paper, compressive stresses and strains are defined to be positive. The 186 

loading path of the specimens subjected to a hydraulic pressure is shown in Fig. 4: the axial 187 

stress 𝜎𝜎1  and the hydraulic pressure ( 𝜎𝜎2 = 𝜎𝜎3 ) were first applied to the specimen 188 

simultaneously with a load control rate of 0.1 MPa/s until the targeted value of the confining 189 

pressure (𝑓𝑓𝑙𝑙 ) was reached (Stage 1); after that, the confining pressure (𝜎𝜎2 = 𝜎𝜎3 ) was kept 190 

constant and the axial load was applied onto the specimen with a displacement control rate of 191 

0.001 mm/s (Stage 2). During Stage 2, the axial stress 𝜎𝜎1 increased to the compressive strength 192 

of the specimen (𝑓𝑓𝑐𝑐𝑐𝑐) and finally dropped as a result of failure. The maximum confinement ratio 193 

(𝑓𝑓𝑙𝑙/𝑓𝑓𝑐𝑐𝑐𝑐′ , where 𝑓𝑓𝑐𝑐𝑐𝑐′  is the uniaxial UHPC/UHPFRC strength) was approximately 0.5. 194 

 195 

3. Experimental observations and results 196 

3.1. Failure modes 197 

3.1.1. Specimens under uniaxial compression 198 

Both the UHPC and UHPFRC specimens failed with an explosive sound when the peak 199 

stress was reached. Typical failure modes of the UHPC and UHPFRC specimens are shown in 200 

Fig. 5. It can be seen that the UHPC and UHPFRC specimens exhibited significantly different 201 

failure modes. The UHPC specimens were crushed and split into several longitudinal pieces 202 

shortly after the peak stress was reached, while the UHPFRC specimens had more smeared 203 

cracks with a more gradual failure process after the peak stress accompanied with snapping 204 

pulling-out sounds of steel fibers. Compared with the UHPC specimens with a sudden brittle 205 
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failure, the UHPFRC specimens exhibited a certain level of ductility with a progressive failure 206 

due to the existence of steel fibers. The above observations on the failure modes of UHPC and 207 

UHPFRC specimens under uniaxial compression are consistent with those reported by other 208 

researchers [11,23,47,51,52]. 209 

 210 

3.1.2. Specimens under triaxial compression 211 

Fig. 6 shows failure modes of all UHPC and UHPFRC specimens under triaxial 212 

compression. A sharp diagonal major crack can be observed in the specimens, which is 213 

significantly different from the specimens under uniaxial compression (see Fig. 5). In addition 214 

to the major diagonal crack, some minor multiple diagonal cracks could also be observed on 215 

the surface of the specimen. It could be seen that an increase in confining pressure leads to a 216 

smaller inclined angle (with respect to horizon) of the major diagonal crack and a smaller 217 

diagonal crack width as shown in Fig. 6. The uniaxial concrete compressive strength does not 218 

seem to have an obvious effect on the failure modes of UHPC and UHPFRC specimens under 219 

various confining pressures (by comparing UHPC/UHPFRC-1 and UHPC/UHPFRC-2 220 

specimens).  221 

 222 

3.2. Uniaxial compressive strength and corresponding strain  223 

The test results of the specimens under uniaxial compression, including the average 224 

compressive strength and the corresponding axial strain are shown in Table 4. The average 225 

uniaxial compressive strengths of UHPC-1 and UHPC-2 were measured to be 126.9 MPa and 226 

101.0 MPa, respectively, while those of UHPFRC-1 and UHPFRC-2 were 151.5 MPa and 127.1 227 

MPa, respectively. The axial strains at peak stress of UHPFRC specimens are larger than those 228 

of UHPC specimens. The elastic moduli, calculated by the slope of the stress-strain curve 229 

between the axial strain of 0.00005 and that at 40% of the ultimate stress (according to ASTM 230 

C469/C469M [53]), of the test specimens are also listed in the table. 231 

 232 

3.3. Axial stress-strain curves 233 
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The axial stress-strain (axial strain and lateral strain) curves of the test UHPC and 234 

UHPFRC specimens under various confining pressures are shown in Fig. 7 and Fig. 8, 235 

respectively. The key test results, including the compressive strength (i.e., peak stress 𝑓𝑓𝑐𝑐𝑐𝑐) and 236 

the corresponding axial strain (𝜀𝜀𝑐𝑐𝑐𝑐), are listed in Table 5. The axial stresses were obtained from 237 

the applied axial loads divided by the concrete cross-sectional area. The axial strain 238 

extensometers covering a mid-height of 50 mm were used to obtain the axial strains; the lateral 239 

strains were obtained from the readings of the hoop ring chain type extensometer (Fig. 3). It 240 

should be noted that two UHPC specimens (UHPC-1-50-1 and UHPC-2-50-1) under a 241 

confining pressure of 50 MPa experienced premature failure due to the damage of the heat-242 

shrinkable tube, thus their results are excluded in the subsequent discussions. Fig. 7 and Fig. 8 243 

show that the stress-strain curves of two nominally identical specimens are generally close to 244 

each other, with the maximum difference in peak stress being 11.4% for specimen UHPFRC-245 

2-50.  246 

Fig. 9 shows the normalized axial stress (𝜎𝜎𝑐𝑐/𝑓𝑓𝑐𝑐𝑐𝑐′ ) and normalized axial strain (𝜀𝜀𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐) of 247 

specimens UHPC-1 and UHPFRC-2 which had similar uniaxial compressive strengths. The 248 

axial stress-strain curves of UHPC and UHPFRC specimens under triaxial compression 249 

generally consist of three branches: an ascending first branch up to the peak stress point (𝜀𝜀𝑐𝑐𝑐𝑐, 250 

𝑓𝑓𝑐𝑐𝑐𝑐); a descending branch after the peak stress; and a third branch which is much flatter (i.e., 251 

the stresses reduced much more gradually) than the second branch or even with a residual stress 252 

plateau. Compared with UHPC specimens, the first branch of the stress-strain curves of 253 

UHPFRC specimens seems to be longer and more curved especially for the specimens with a 254 

relatively high hydraulic pressure (40 MPa and 50 MPa). The UHPFRC specimens generally 255 

possess a more gradual stress reduction for the second branch (i.e., flatter second branch) 256 

compared with the UHPC specimens under the same hydraulic pressure as shown in Fig. 9, 257 

indicating the beneficial effects of steel fibers on the ductility of concrete. It is also seen from 258 

Fig. 9 that the addition of steel fibers enhances the residual stress; however, the enhancement 259 

in peak axial stress due to a confining pressure is reduced compared with that of UHPC without 260 

steel fibers.  261 



 

10 

 

In addition, it can be seen that the steep descending second branch of UHPC specimens is 262 

a little affected by the hydraulic pressure; however, the increase in hydraulic pressure evidently 263 

reduces the slope of the descending second branch of UHPFRC specimens (i.e., a slower 264 

reduction in the axial stress with respect to the axial strain). Fig. 8 also shows that the concrete 265 

grade has little effects on the shape of the stress-strain curves of UHPFRC specimens; however, 266 

specimens with a lower compressive strength (i.e., UHPFRC-2 series) obviously have a larger 267 

axial strain at the peak stress, leading to a longer portion before the peak stress, than the 268 

corresponding specimens with a higher compressive strength (i.e., UHPFRC-1 series). However, 269 

the effect of concrete grade on the stress-strain behavior of UHPC specimens was not obvious 270 

(Fig. 7). The axial stresses of UHPC specimens with a zero hydraulic pressure dropped to nearly 271 

zero rapidly after the peak stress while the axial stresses of UHPFRC specimens dropped more 272 

gradually to a residual stress.  273 

 274 

3.4. Axial strain-lateral strain curves 275 

The axial strain-lateral strain curves of specimens under various confining pressures are 276 

shown in Fig. 10 and Fig. 11 for UHPC and UHPFRC specimens, respectively. Similar to NSC, 277 

the axial strain-lateral strain curves of UHPC/UHPFRC specimens with hydraulic pressure 278 

generally consist of two linear portions connected smoothly at the transition region. The curves 279 

of UHPC or UHPFRC specimens with different confining pressures are close to each other 280 

during the initial loading stages, but they diverge obviously in the second portion. The 281 

normalized axial strain (𝜀𝜀𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐) and lateral strain (𝜀𝜀𝑙𝑙/𝜀𝜀𝑐𝑐𝑐𝑐) curves of specimens UHPC-1 and 282 

UHPFRC-2 are shown in Fig. 12. For the UHPC specimens with a zero pressure, the lateral 283 

strains after the peak stress increased rapidly due to the brittle failure of the specimen, leading 284 

to an almost vertical line for the second portion of the axial strain-lateral strain curve. However, 285 

the UHPFRC specimens without confining pressure failed in a much more gradual process, 286 

leading to an inclined second portion after the sudden transition point as shown in Fig. 12. At a 287 

given axial strain, the lateral strain of an UHPC or UHPFRC specimen with a higher hydraulic 288 

pressure is smaller in magnitude, indicating that the dilation of concrete is more effectively 289 
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restricted by a larger confining pressure. Fig. 12 shows that the dilations of UHPC specimens 290 

are generally larger than UHPFRC specimens, especially for those with confining pressures of 291 

0, 10 and 30 MPa.  292 

 293 

4. Proposed axial stress-axial strain models 294 

Extensive research has been conducted on NSC under active confinement, leading to 295 

numerous axial stress-axial strain models (simply referred to as stress-strain models hereafter) 296 

[38,39,54,55]. However, it was found that these models are not able to well predict the stress- 297 

strain behavior of UHPC/UHPFRC due to its different shape characteristics of stress-strain 298 

curve compared with NSC or HSC as mentioned earlier. The stress- strain curve of unconfined 299 

UHPC/UHPFRC exhibits a much steeper descending branch after the peak stress due to its ultra 300 

high strength as demonstrated by existing studies and as shown in Fig. 7 and Fig. 8. As a result, 301 

it is necessary to develop new stress-strain models which are suitable for both unconfined and 302 

actively confined UHPC and UHPFRC. In this section, the stress-strain model proposed by 303 

Popovics [55] with some adaptions (Model I) is first evaluated, followed by a new stress-strain 304 

model (Model II). Model I employs a single equation for describing the entire stress-strain curve, 305 

which is largely controlled by the peak axial stress and the corresponding strain, while Model 306 

II is a two-segment stress-strain model which adopts separate equations for the ascending and 307 

descending branches. A test database was assembled for the regression analysis for obtaining 308 

the key parameters of the two models. The test data used in the regression analysis included the 309 

UHPC (including RPC) and UHPFRC specimens of the present study as well as those from 310 

existing studies [48–51]. Only the specimens with a uniaxial compressive strength higher than 311 

120 MPa and without coarse aggregates were included in the test database. The test database 312 

included totally 25 RPC specimens and 39 UHPC or UHPFRC specimens as listed in Table 6. 313 

 314 

4.1. Proposed axial stress-axial strain models 315 

4.1.1. Model I 316 

The equation of Popovics [55] has been widely employed in depicting the axial stress-317 



 

12 

 

axial strain curves of unconfined or actively confined NSC and HSC [29,39,54–59]. Therefore, 318 

Popovics’ equation is adopted in Model I, which is described in the following equation: 319 

 
𝜎𝜎𝑐𝑐
𝑓𝑓𝑐𝑐𝑐𝑐

=
(𝜀𝜀𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐) × 𝑟𝑟

𝑟𝑟 − 1 + (𝜀𝜀𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐)𝑟𝑟
 (1) 

 320 

 𝑟𝑟 =
𝐸𝐸𝑐𝑐

𝐸𝐸𝑐𝑐 − 𝑓𝑓𝑐𝑐𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐
 (2) 

where 𝜎𝜎𝑐𝑐 and 𝜀𝜀𝑐𝑐 are the axial stress and the axial strain;  𝑓𝑓𝑐𝑐𝑐𝑐 and 𝜀𝜀𝑐𝑐𝑐𝑐 are respectively the 321 

peak axial stress and the corresponding axial strain; 𝐸𝐸𝑐𝑐  is the elastic modulus of 322 

UHPC/UHPFRC, which can be calculated in 𝐸𝐸c = 35497.50 + 78.00 × 𝑓𝑓𝑐𝑐𝑐𝑐′  323 

(𝑓𝑓𝑐𝑐𝑐𝑐′  is the compressive strength of unconfined UHPC/UHPFRC) proposed by Teng et al [7] 324 

This equation was found to be reasonably accurate in predicting the test UHPC/UHPFRC 325 

specimens in the present study.  326 

 327 

4.1.2. Model II 328 

It was later found that Model I does not perform very well in capturing the descending 329 

branch of UHPC/UHPFRC. Therefore, Model II, which is a two-segment stress-strain model 330 

with separate equations for the ascending and descending branches, is proposed. The Popovics’ 331 

[55] equation (Eq. 1) is still employed for the ascending branch, while the following fractional 332 

equation is employed for the descending branch: 333 

 𝜎𝜎𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +
𝑓𝑓𝑐𝑐𝑐𝑐 − 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

1 + 𝑛𝑛× � 𝜀𝜀𝑐𝑐𝜀𝜀𝑐𝑐𝑐𝑐
− 1�

2      for 𝜀𝜀𝑐𝑐 > 𝜀𝜀𝑐𝑐𝑐𝑐 (3) 

where 𝑛𝑛 = 2
1+100𝑉𝑉𝑠𝑠𝑠𝑠

 (where 𝑉𝑉𝑠𝑠𝑠𝑠 is the steel fiber volume ratio) is the curve-fitting factor for 334 

the post-peak descending branch to distinguish the influence of steel fiber on the stress-strain 335 

relationship; 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the residual axial stress as discussed in detail in Section 4.3. Eq. (3) has 336 

the following characteristics: (I) when 𝜀𝜀𝑐𝑐 = 𝜀𝜀𝑐𝑐𝑐𝑐, 𝜎𝜎𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐; (II) when 𝜀𝜀𝑐𝑐 = +∞, 𝜎𝜎𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟. 337 

It is evident that the determination of peak stress point (𝑓𝑓𝑐𝑐𝑐𝑐, 𝜀𝜀𝑐𝑐𝑐𝑐) is critical in both Model 338 

I and Model II, and the residual axial stress 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is needed in Model II to generate the entire 339 

stress- strain curve. The calculations of these parameters are discussed in detail in the following 340 
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sections. 341 

 342 

4.2. Peak axial stress 𝑓𝑓𝑐𝑐𝑐𝑐 and corresponding strain 𝜀𝜀𝑐𝑐𝑐𝑐 343 

Similar to NSC and HSC under triaxial compression, the peak axial stress 𝑓𝑓𝑐𝑐𝑐𝑐 of UHPC 344 

or UHPFRC increases with the confining pressure 𝑓𝑓𝑙𝑙. The relationships between the peak axial 345 

stress and the confining pressure for all the collected specimens are shown in Fig. 13. It can be 346 

seen that the addition of steel fibers slightly reduces the axial stress enhancement for the 347 

specimen in the present study and Wang et al.’s study [51], but the effect of steel fibers is not 348 

significant in Wu et al.’s study [49]. A regression analysis of the test results led to the following 349 

equation for the peak axial stress 𝑓𝑓𝑐𝑐𝑐𝑐:  350 

 𝑓𝑓𝑐𝑐𝑐𝑐
𝑓𝑓𝑐𝑐𝑐𝑐′

= 1 + (3.1 − 16𝑉𝑉𝑠𝑠𝑠𝑠) × �
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐′
�
0.7

 (4) 

 351 

Similarly, the following equation was obtained for the axial strain at peak axial stress 𝜀𝜀𝑐𝑐𝑐𝑐 352 

based on a regression analysis of the test results: 353 

 𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

= 1 + (12 + 100𝑉𝑉𝑠𝑠𝑠𝑠) × �
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐′
�
1.05

 (5) 

The performance of Eq. (4) and Eq. (5) are shown in Figs. 13 and 14, respectively. It can be 354 

seen that the two equations fit the test results very well. The coefficient of determination (𝑅𝑅2) 355 

of Eq. (4) for UHPC and UHPFRC specimens are 0.85 and 0.88, respectively. The coefficient 356 

of determination (𝑅𝑅2 ) in predicting the axial strain at peak axial stress 𝜀𝜀𝑐𝑐𝑐𝑐  for UHPC and 357 

UHPFRC specimens are 0.93 and 0.92, respectively.  358 

 359 

4.3. Residual axial stress 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 360 

As discussed in the preceding sections, a residual axial stress (𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) may exist after the 361 

descending branch of the stress-strain curve of concrete under triaxial compression 362 

[39,41,58,60–63]. As shown in Figs. 7 and 8, this residual axial stress of UHPC and UHPFRC 363 

generally increases as the hydraulic pressure increases. The definition of such residual axial 364 
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stress in concrete, however, varies in different studies [41,62,63]. Xie et al. [41] considered the 365 

residual axial stress at the point where the slope of the remaining part of the descending curve 366 

is less than 2% of the initial slope of the ascending branch. Smith [62] defined the axial stress 367 

carried by concrete at a lateral strain of 0.03 as the residual axial stress. This method, however, 368 

is not applicable to some specimens with a long post-peak descending branch (e.g., specimens 369 

UHPFRC-1-10 and UHPFRC-2-10) as shown in Fig. 8. Samani and Attard [63] took the end 370 

points of axial stress-axial strain curves as the residual stress and found these definitions are 371 

close to the reported residual stress values in most cases. In the present study, the residual axial 372 

stress is defined based on the methods of Xie et al. [41] and Smith [62]. In the present study, a 373 

residual stress plateau is assumed to appear when the slope magnitude of the descending curve 374 

is less than 2% of the elastic modulus of UHPC/UHPFRC and the axial stress at the end of the 375 

axial stress-strain curve is then defined as the residual axial stress 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. If no stress plateau 376 

was identified for a test specimen, this specimen was excluded in the subsequent analysis and 377 

discussion for the residual axial stress.  378 

The relationships between the normalized residual axial stress 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑓𝑓𝑐𝑐𝑐𝑐′   and the 379 

confinement ratio 𝑓𝑓𝑙𝑙/𝑓𝑓𝑐𝑐𝑐𝑐′   for the test UHPC and UHPFRC specimens which had a stress 380 

plateau are shown in Fig. 15. Fig. 15 shows that the normalized residual stress is an almost 381 

linear function of the confinement ratio. A regression of the test results led to the following 382 

linear equation for 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: 383 

 
𝑓𝑓𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟
𝑓𝑓𝑐𝑐𝑜𝑜′

= 9𝑉𝑉𝑠𝑠𝑠𝑠 + 4.7 × �
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑜𝑜′
� (6) 

As shown in Fig. 15, Eq. (6) provides accurate estimations for the residual axial stresses of the 384 

test specimens of the present study (𝑉𝑉𝑠𝑠𝑠𝑠 = 2%). It should be noted that, due to the limit test data 385 

on UHPFRC with various values of 𝑉𝑉𝑠𝑠𝑠𝑠, only the UHPFRC specimens of the present study 386 

with 𝑉𝑉𝑠𝑠𝑠𝑠 = 2% were used for the regression analysis of Eq. (6). Eq. (6) may need refinement 387 

in the future when more test data on UHPFRC become available.  388 

 389 

4.4. Comparison with test results 390 

The comparison between the predictions of Model I and Model II and test results for the 391 
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test specimens in the present study and Wang et al. [48] are shown in Fig. 16. The predicted 392 

curve of each specimen under triaxial compression terminated when the average experimental 393 

ultimate axial strain was reached. It can be seen from Figs. 16(a) and (b) that the predictions of 394 

Model II agree reasonably well with the test curves of UHPC specimens with various confining 395 

pressures, while Model I fails to capture the sudden load drop after the peak stress and the 396 

residual axial stress especially for those with a relatively high confining pressure. Figs. 16(c) 397 

and (d) show that both Model I and Model II slightly overestimate the peak axial stress of 398 

UHPFRC specimens. The performance of Model I and Model II is very close for the UHPFRC 399 

specimens in the present study. Figs. 16 (c) and (d) show the comparison of the test results from 400 

Wang et al. [48] and the predictions from Model I and Model II. It can be seen that Model II 401 

captures the test curves more accurately. In general, Model II performs well in predicting the 402 

axial stress-axial strain curves of the UHPC and UHPFRC specimens under triaxial 403 

compression. 404 

 405 

5. Proposed equations for axial strain-lateral strain relationship 406 

The axial strain-lateral strain relationship is an essential element for understanding the 407 

dilation behavior of UHPC and UHPFRC under various confining pressures. Many equations 408 

have been proposed for the axial strain-lateral strain relationship of NSC or HSC. A typical and 409 

widely adopted one is the equation of Teng et al [64] originally proposed for unconfined, 410 

actively confined, and fiber reinforced polymer (FRP)-confined concrete, which is described in 411 

the following equation: 412 

 
𝜀𝜀𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐

= 0.85 �1 + 8
𝜎𝜎𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐′
� × ��1 + 0.75 �−

𝜀𝜀𝑙𝑙
𝜀𝜀𝑐𝑐𝑐𝑐

��
0.7
− exp �−7 �−

𝜀𝜀𝑙𝑙
𝜀𝜀𝑐𝑐𝑐𝑐

��� (7) 

where 𝜎𝜎𝑙𝑙 is the confining pressure (= 𝑓𝑓𝑙𝑙 for active confinement); and 𝜀𝜀𝑙𝑙 is the lateral strain.  413 

Fig. 17 shows the comparison of the predictions with Eq. (7) and the test curves of the 414 

UHPC and UHPFRC specimens in the present study (the test curves of the specimens in the 415 

existing studies are not reported). The predicted curve of each specimen terminated when the 416 

average experimental ultimate lateral strain was reached. It can be seen from Fig. 17 that the 417 

predictions of Eq. (7) generally overestimate the test curves of UHPC and UHPFRC specimens 418 
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except for the specimens with 10 MPa hydraulic pressure. This comparison indicates that the 419 

confinement effectiveness of UHPC/UHPFRC is lower than that of NSC. 420 

Teng et al’s [64] equation was thus modified to the following equation by considering the 421 

effects of ultra-high strength and the steel fibers in UHPC or UHPFRC: 422 

 
𝜀𝜀𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐

= �1 + 4.3 �
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐′
�
0.9

� × ��1 + 0.53 �−
𝜀𝜀𝑙𝑙
𝜀𝜀𝑐𝑐𝑐𝑐

��
(𝑓𝑓)

− exp �−7 �−
𝜀𝜀𝑙𝑙
𝜀𝜀𝑐𝑐𝑐𝑐

��� (8) 

 𝑓𝑓 = 0.58 × �
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐′
�

(0.1+0.5𝑉𝑉𝑠𝑠𝑠𝑠)

+ 0.3 (9) 

where 𝑓𝑓  is a function of the confinement ratio 𝑓𝑓𝑙𝑙/𝑓𝑓𝑐𝑐𝑐𝑐′  . Eq. (8) was developed based on a 423 

regression analysis using the test results of the present study. Fig. 17 shows that the proposed 424 

equations perform much better than the original equations of Teng et al [64] in predicting the 425 

axial strain-lateral strain curves of the test specimens.  426 

 427 

6. Conclusions 428 

This paper presents the results of a systematic experimental program on the triaxial 429 

compression behavior of UHPC and UHPFRC by testing 32 specimens, contributing to the so 430 

far largest test database of such tests. The experimental program included the steel fiber volume 431 

fraction, the uniaxial concrete strength, and the confining pressure (ranging from 0 to 50 MPa) 432 

as the key test variables. Based on the test results, two axial stress-axial strain models and new 433 

equations for the axial strain-lateral strain relationship for UHPC and UHPFRC under various 434 

confining pressures were proposed. The results and discussions presented in the paper allow the 435 

following conclusions to be drawn: 436 

 437 

(1) The failure patterns of UHPC and UHPFRC specimens under triaxial compression were 438 

found to be the major shear diagonal crack. An increase in confining pressure led to a 439 

smaller inclined angle (with respect to horizon) of the major shear crack. 440 

(2) The axial stress-strain relationships of UHPC specimens under various confining pressures 441 

exhibited a sudden axial stress drop after the peak stress while the UHPFRC specimens 442 
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showed better ductility (i.e., less steep descending branch after the peak stress) especially 443 

for those with a larger confining pressure. 444 

(3) The addition of steel fibers reduces the enhancement of peak axial stress due to a confining 445 

pressure.  446 

(4) A residual axial stress plateau exists at the end of the descending branch of the stress-strain 447 

curve for both the UHPC and UHPFRC specimens. The presence of steel fibers increases 448 

the value of the residual axial stress. 449 

(5) The widely used axial strain-lateral strain equation of Teng et al [64] for normal strength 450 

concrete was modified and recalibrated. The modified model provides accurate predictions  451 

for the axial strain-lateral strain curves of UHPC or UHPFRC specimens under various 452 

confining pressures.  453 

(6) The axial stress-axial strain models were firstly proposed based on the test results in present 454 

study. The new proposed models can provide reasonably accurate predictions in terms of 455 

the peak stress, the descending branch, and the residual plateau of the test specimens.  456 

 457 

The proposed axial stress-axial strain models and the axial strain-lateral strain equation were 458 

developed based only on limited test data; their accuracy needs to be further verified when more 459 

test data on UHPC/UHPFRC with wider ranges of concrete strength and steel fiber volume 460 

fraction become available in the future.  461 
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Table 1 Experimental program of triaxial compression tests 

Specimen 
Concrete 

grade 
Steel fiber        

volume fraction (%) 
Confining 

pressure (MPa) 

No. of 
identical 

specimens 
UHPC-1-0 1 0 0 1 
UHPC-1-10-1,2 1 0 10 2 
UHPC-1-30-1,2 1 0 30 2 
UHPC-1-50-1,2 1 0 50 2 

     
UHPC-2-0 2 0 0 1 
UHPC-2-10-1,2 2 0 10 2 
UHPC-2-30-1,2 2 0 30 2 
UHPC-2-50-1,2 2 0 50 2 

     
UHPFRC-1-0 1 2 0 1 
UHPFRC-1-10-1,2 1 2 10 2 
UHPFRC-1-20-1,2 1 2 20 2 
UHPFRC-1-30-1,2 1 2 30 2 
UHPFRC-1-40-1,2 1 2 40 2 
UHPFRC-1-50-1,2 1 2 50 2 

     
UHPFRC-2-0 2 2 0 1 
UHPFRC-2-10-1,2 2 2 10 2 
UHPFRC-2-30-1,2 2 2 30 2 
UHPFRC-2-50-1,2 2 2 50 2 

 

  



 

 

 

Table 2 Properties of steel fibers 

Cross-section Fiber type Diameter (mm) 
Length 
(mm) 

Aspect ratio 
Tensile strength 

(MPa) 
Circle Straight 0.2 13 65 >2600 

 
  



 

 

 

Table 3 Mix proportions of UHPC and UHPFRC (𝑘𝑘𝑘𝑘/𝑚𝑚3) 

Series Cement  
Silica 
fume 

Fly ash 
Quartz 
sand 

Quartz 
powder 

Steel 
fiber 

Superplasticizer Water 

UHPC-1 800 240 112 960 224 0 40 208 
UHPC-2 800 240 112 960 224 0 36 240 
UHPFRC-1 800 240 112 960 224 156 40 208 
UHPFRC-2 800 240 112 960 224 156 36 240 

 

 
  



 

 

Table 4 Uniaxial compression test results 

Specimen 
Diameter 

(mm) 
Height 
(mm) 

Compressive 
strength (MPa) 

Axial strain at 
peak stress 

(%) 

Elastic 
modulus 

(GPa) 
UHPC-1 100 200 129.2  0.324  40.5  
UHPC-2 100 200 113.4  0.287  45.1  
UHPFRC-1 100 200 164.5  0.427  39.3  
UHPFRC-2 100 200 139.1  0.398  36.6  
UHPC-1 50 100 126.9  0.318  44.5  
UHPC-2 50 100 101.0  0.269  46.6  
UHPFRC-1 50 100 151.5  0.435  40.1  
UHPFRC-2 50 100 127.1 0.423 38.3 

 
  



 

 

Table 5 Triaxial compression test results 

Specimen 
𝑓𝑓𝑐𝑐𝑐𝑐 

(MPa) 
𝜀𝜀𝑐𝑐𝑐𝑐 
(%) 

𝑓𝑓𝑙𝑙 
(MPa) 

𝑓𝑓𝑙𝑙/𝑓𝑓𝑐𝑐𝑐𝑐′  𝑓𝑓𝑐𝑐𝑐𝑐/𝑓𝑓𝑐𝑐𝑐𝑐′  𝜀𝜀𝑐𝑐𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐 
𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

(MPa) 

UHPC-1-0 126.92  0.32  0  0.00  1.00  1.00  — 
UHPC-1-10-1 187.41  0.66  10  0.08  1.48  2.08  — 
UHPC-1-10-2 173.97  0.65  10  0.08  1.37  2.05  — 
UHPC-1-30-1 233.55  1.08  30  0.24  1.84  3.40  154.08  
UHPC-1-30-2 257.72  1.22  30  0.24  2.03  3.82  140.05  
UHPC-1-50-1 292.87  1.05  50  0.39  2.31  3.30  — 
UHPC-1-50-2 331.91  1.74  50  0.39  2.62  5.46  270.01  

        

UHPC-2-0 101.03  0.27  0  0.00  1.00  1.00  — 
UHPC-2-10-1 128.06  0.54  10  0.10  1.27  1.99  — 
UHPC-2-10-2 156.76  0.56  10  0.10  1.55  2.10  — 
UHPC-2-30-1 216.58  1.11  30  0.30  2.14  4.14  140.77  
UHPC-2-30-2 217.81  1.07  30  0.30  2.16  3.96  126.43  
UHPC-2-50-1 241.59  0.67  50  0.49  2.39  2.49  — 
UHPC-2-50-2 290.14  1.69  50  0.49  2.87  6.26  241.43  

        

UHPFRC-1-0 151.46  0.44  0  0.00  1.00  1.00  — 
UHPFRC-1-10-1 188.54  0.73  10  0.07  1.24  1.67  — 
UHPFRC-1-10-2 195.14  0.72  10  0.07  1.29  1.65  — 
UHPFRC-1-20-1 237.87  1.09  20  0.13  1.57  2.51  127.62  
UHPFRC-1-20-2 210.51  0.99  20  0.13  1.39  2.27  105.68  
UHPFRC-1-30-1 246.87  1.38  30  0.20  1.63  3.17  172.08  
UHPFRC-1-30-2 252.39  1.40  30  0.20  1.67  3.21  147.38  
UHPFRC-1-40-1 281.55  1.96  40  0.26  1.86  4.51  231.63  
UHPFRC-1-40-2 277.71  2.01  40  0.26  1.83  4.61  209.75  
UHPFRC-1-50-1 315.52  2.36  50  0.33  2.08  5.43  284.88  
UHPFRC-1-50-2 303.40  2.32  50  0.33  2.00  5.33  — 

        

UHPFRC-2-0 127.10  0.42  0  0.00  1.00  1.00  — 
UHPFRC-2-10-1 152.18  0.73  10  0.08  1.20  1.73  — 
UHPFRC-2-10-2 154.82  0.78  10  0.08  1.22  1.83  — 
UHPFRC-2-30-1 214.95  2.00  30  0.24  1.69  4.71  142.32  
UHPFRC-2-30-2 198.02  1.87  30  0.24  1.56  4.42  158.02  
UHPFRC-2-50-1 309.40  3.05  50  0.39  2.43  7.20  256.84  
UHPFRC-2-50-2 289.87  2.80  50  0.39  2.28  6.61  300.13  

Note: “—” is not applicable according to the definition in present study. 
  



 

 

Table 6 Triaxial compression tests of UHPC/UHPFRC specimens from literature 

Number 
Diameter 

(mm) 
Height 
(mm) 

𝑉𝑉𝑠𝑠𝑠𝑠 
(%) 

𝑓𝑓𝑐𝑐𝑐𝑐′  
(MPa) 

𝜀𝜀𝑐𝑐𝑐𝑐 
(%) 

𝑓𝑓𝑙𝑙 
(MPa) 

𝑓𝑓𝑐𝑐𝑐𝑐 
(MPa) 

𝜀𝜀𝑐𝑐𝑐𝑐 
(%) 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
(MPa) 

          
Zhang et al. [48]         
1 50 100 0 184 NA 5 239 0.97 — 
2 50 100 0 184 NA 10 271 1.06 — 
3 50 100 0 184 NA 20 294 1.37 — 
4 50 100 0 184 NA 30 327 1.65 — 
5 50 100 0 184 NA 40 351 2.03 — 

          
Wu et al. [49]         
6 43.6 130 0 143.15 0.47 10 234.25 NA — 
7 43.6 130 0 143.15 0.47 20 267.81 NA — 
8 43.6 130 0 143.15 0.47 40 332.53 NA — 
9 43.6 130 0 143.15 0.47 70 406.85 NA 350 
10 43.6 130 0.3 152.74 0.49 10 229.45 NA — 
11 43.6 130 0.3 152.74 0.49 20 260.62 NA 169 
12 43.6 130 0.3 152.74 0.49 40 332.53 NA 245 
13 43.6 130 0.3 152.74 0.49 70 402.06 NA 380 
14 43.6 130 1 155.14 0.49 10 225.86 NA — 
15 43.6 130 1 155.14 0.49 20 276.20 NA — 
16 43.6 130 1 155.14 0.49 40 348.12 NA 255 
17 43.6 130 1 155.14 0.49 70 408.05 NA 363 
18 43.6 130 1.7 164.73 0.52 10 228.25 NA 92 
19 43.6 130 1.7 164.73 0.52 20 278.60 NA 147 
20 43.6 130 1.7 164.73 0.52 40 343.32 NA — 
21 43.6 130 1.7 164.73 0.52 70 423.63 NA — 
22 43.6 130 2.4 159.93 0.53 10 234.25 NA 113 
23 43.6 130 2.4 159.93 0.53 20 276.20 NA — 
24 43.6 130 2.4 159.93 0.53 40 333.73 NA — 
25 43.6 130 2.4 159.93 0.53 70 430.82 NA — 

          
Vogel et al. [50]         
26 100 200 0 122.50 NA 10 178.00 NA NA 
27 100 200 0 122.50 NA 20 208.50 NA NA 
28 100 200 0 122.50 NA 30 230.50 NA NA 

          
Wang et al. [51]         
29 50 100 0 125.60 0.30 5 197.00 0.51 — 
30 50 100 0 125.60 0.30 10 215.90 0.58 — 
31 50 100 0 125.60 0.30 20 281.70 0.84 — 
32 50 100 0 125.60 0.30 30 296.40 0.84 — 



 

 

33 50 100 0 125.60 0.30 40 338.80 1.30 — 
34 50 100 0 125.60 0.30 50 374.80 1.63 — 
35 50 100 1.5 153.40 0.34 5 186.20 0.46 — 
36 50 100 1.5 153.40 0.34 10 236.00 0.67 112 
37 50 100 1.5 153.40 0.34 20 276.60 0.88 — 
38 50 100 1.5 153.40 0.34 30 332.70 1.10 — 
39 50 100 1.5 153.40 0.34 40 352.80 1.45 — 
40 50 100 1.5 153.40 0.34 50 358.10 1.81 — 

          

Note: “—” is not applicable according to the definition in present study, “NA” is not 
available in the study. 
 



 

 

 

Fig. 1. Surface patching using gypsum for specimens of triaxial compression tests 

 

  



 

 

 
Fig. 2. Triaxial compression test system 

  



 

 

 

 

Fig. 3. Layout of axial strain and lateral strain extensometers  

  



 

 

 

Fig. 4. Stress state of specimen and loading path of triaxial compression tests 

 

  



 

 

 

 

 

 

 

 

 

 

(a) UHPC-1                          (b) UHPC-2 

 

 

 

 

 

 

 

(c) UHPFRC-1                          (d) UHPFRC-2 

Fig. 5. Failure modes of UHPC and UHPFRC specimens (50 mm × 100 mm) under uniaxial compression 

 

 

  



 

 

 
(a) UHPC 

 



 

 

 

(b) UHPFRC 

Fig. 6. Failure modes of UHPC and UHPFRC specimens under triaxial compression 

 

  



 

 

 

(a) UHPC-1 

 

(b) UHPC-2 

Fig. 7. Stress-strain curves of UHPC under different confining pressures 
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(a) UHPFRC-1 

 

(b) UHPFRC-2 

Fig. 8. Stress-strain curves of UHPFRC under different confining pressures  

-4 -3 -2 -1 0 1 2 3 4
0

50

100

150

200

250

300

350

400

A
xi

al
 S

tr
es

s (
M

Pa
)

Lateral Strain(%)                         Axial Strain (%)

 UHPFRC-1-10-1   UHPFRC-1-10-2   UHPFRC-1-20-1   UHPFRC-1-20-2
 UHPFRC-1-30-1   UHPFRC-1-30-2   UHPFRC-1-40-1   UHPFRC-1-40-2
 UHPFRC-1-50-1   UHPFRC-1-50-2   UHPFRC-1-0

-5 -4 -3 -2 -1 0 1 2 3 4 5 6
0

50

100

150

200

250

300

350

A
xi

al
 S

tr
es

s (
M

Pa
)

Lateral Strain(%)                        Axial Strain (%)

 UHPFRC-2-10-1   UHPFRC-2-10-2   UHPFRC-2-30-1     UHPFRC-2-30-2
 UHPFRC-2-50-1   UHPFRC-2-50-2   UHPFRC-2-0



 

 

 

 

 

Fig. 9. Normalized axial stress−axial strain curves of UHPC and UHPFRC 
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(a) UHPC-1 

 
(b) UHPC-2 

Fig. 10. Axial strain-lateral strain curves of UHPC specimens under different confining pressures 
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(a) UHPFRC-1 

 
(b) UHPFRC-2 

Fig. 11. Axial strain-lateral strain curves of UHPFRC specimens under different confining pressures 
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Fig. 12. Normalized axial strain-lateral strain curves of UHPC and UHPFRC 
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(a) UHPC 

 
(b) UHPFRC 

Fig. 13. Relationship between normalized peak axial stress 𝑓𝑓𝑐𝑐𝑐𝑐/𝑓𝑓𝑐𝑐𝑐𝑐′  and confinement ratio 𝑓𝑓𝑙𝑙/𝑓𝑓𝑐𝑐𝑐𝑐′  
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(a) UHPC 

 
(b) UHPFRC 

Fig. 14. Relationship between normalized axial strain 𝜀𝜀𝑐𝑐𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐 and confinement ratio 𝑓𝑓𝑙𝑙/𝑓𝑓𝑐𝑐𝑐𝑐′   
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Fig. 15. Relationship between normalized residual axial stress 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑓𝑓𝑐𝑐𝑐𝑐′  and confinement ratio 𝑓𝑓𝑙𝑙/𝑓𝑓𝑐𝑐𝑐𝑐′  
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(c) UHPFRC-1 

 

  
(d) UHPFRC-2 
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(e) UHPC in Wang et al. [51] 

 

 
(f) UHPFRC in Wang et al. [51] 

Fig. 16. Comparison of axial stress-axial strain curves between test and prediction 
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(c) UHPFRC-1 
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Fig. 17. Comparison of axial strain-lateral strain curves between test and prediction 
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